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I.- PREFACIO 
Siguiendo la normativa de la Universidad Miguel Hernández de Elche para la 

“Presentación de Tesis Doctorales por compendio de publicaciones”, este documento se ha 

dividido en las partes siguientes: 

I.- Este Prefacio. 

II.- Un Resumen en español. 

III.- Un Summary en inglés. 

IV.- Una Introducción, en la que se presenta el tema de la Tesis y los antecedentes y objetivos 

del trabajo realizado. 

V.- Un resumen de los Materiales y métodos de las publicaciones de la Tesis. 

VI.- Un resumen de los Resultados y discusión de las publicaciones de la Tesis. 

VII.- Un resumen de las Conclusiones y perspectivas del trabajo realizado. 

VIII.- Una Bibliografía de los apartados IV-VII; algunas de las referencias que incluye se 

repiten en las bibliografías de los artículos incluidos en esta memoria. 

IX.- Un apartado de Publicaciones, que incluye las dos siguientes, en una de las cuales se 

indica el último factor de impacto [FI] publicado. 
 
Cabezas-Fuster, A., Micol-Ponce, R., Fontcuberta-Cervera, S., y Ponce, M.R. (2022). Missplicing 

suppressor alleles of Arabidopsis PRE-MRNA PROCESSING FACTOR 8 increase splicing fidelity 
by reducing the use of novel splice sites. Nucleic Acids Research 10, 5513-5527 [FI: 19,330; D1]. 

Cabezas-Fuster, A., Micol-Ponce, R., Sarmiento-Mañus, R., y Ponce, M.R. Cross-kingdom conservation 
of Arabidopsis RPS24 function in 18S rRNA maturation. Depositado en bioRχiv doi: 
10.1101/2023.04.21.537868. 

 

Una parte de los datos suplementarios de estos dos artículos no se ha incluido en esta 

memoria, por tratarse de tablas de gran longitud, que se han remitido a los miembros del 

tribunal en formato electrónico, en un archivo comprimido. 

X.- Un apartado de Agradecimientos. 
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II.- RESUMEN 
Casi todos los ARN eucarióticos maduran, sufriendo diferentes tipos de cortes exo y 

endonucleolíticos, la eliminación de algunos de sus segmentos y la sustitución y/o 

modificación química de determinados ribonucleótidos. Esto es así tanto para los que 

codifican proteinas (ARN mensajeros [ARNm]) como para los que no las codifican (ARN 

ribosómicos [ARNr] y otros). Se denomina metabolismo del ARN al conjunto de estos 

procesos, que se inicia con la síntesis de un transcrito primario y termina con la degradación 

del ARN maduro, usualmente posterior al cumplimiento de su función.  

Se denomina pre-ARNm al producto primario de la transcripción de los genes 

eucarióticos que codifican proteínas, que sufre un complejo proceso de maduración antes de 

convertirse en un ARNm apto para su exportación desde el núcleo al citoplasma y su 

traducción por el ribosoma. El splicing de los pre-ARNm es uno de sus mecanismos de 

maduración mejor conocidos, en el que suceden dos transesterificaciones sucesivas que 

conllevan la eliminación de un intrón y la ligación de los exones adyacentes. El splicing es 

realizado por el espliceosoma, una maquinaria ribonucleoproteica compleja, dinámica y muy 

precisa, que reconoce secuencias conservadas en los extremos de los intrones y exones de 

los pre-ARNm: los sitios donante (5′ splicing site; 5′SS) y aceptor (3′SS) del splicing. La 

eliminación de los intrones durante el splicing no siempre es idéntica para todas las moléculas 

de un mismo pre-ARNm, obteniéndose así diferentes variantes de ARNm maduro, que suelen 

ser específicas de tejido. Este fenómeno se denomina splicing alternativo y es una de las 

fuentes principales de la diversificación del proteoma de las plantas, y en particular, de los 

animales. 

La proteína ARGONAUTE1 (AGO1) de Arabidopsis thaliana (en adelante, Arabidopsis) 

es el componente más importante de los RNA-induced silencing complexes (RISC), que 

juegan un papel central en la regulación postranscripcional de la expresión génica mediada 

por los microARN (miARN). El alelo ago1-52 del gen AGO1 es hipomorfo, viable y portador 

de una mutación puntual en su vigésimo intrón, que genera un 3′SS nuevo, que el 

espliceosoma usa más frecuentemente que el genuino, que está inalterado. Como resultado, 

el alelo ago1-52 produce dos ARNm, uno silvestre y muy minoritario, y otro mutante; este 

último incluye 10 nucleótidos del vigésimo intrón, que desfasan su pauta de lectura. La 

traducción de este ARNm aberrante rinde una proteína AGO1-52 mutante, que además es 

mucho más abundante que la proteína AGO1 silvestre en el mutante ago1-52. 

Los componentes del espliceosoma están muy conservados en todos los eucariotas. 

Uno de ellos es PRE-MRNA PROCESSING FACTOR 8 (PRP8), una de las proteínas 

centrales del espliceosoma, que reconoce los 5′SS y 3′SS de los intrones de los pre-ARNm. 
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En todas las especies en las que se han estudiado, los alelos nulos de PRP8 son letales, y 

los hipomorfos causan alteraciones globales del splicing, que a su vez perturban el desarrollo. 

Hemos caracterizado en esta Tesis seis nuevos alelos mutantes del gen PRP8 de Arabidopsis, 

que fueron aislados en una búsqueda de supresores extragénicos del fenotipo morfológico de 

ago1-52. Hemos llamado a estos alelos morphology of argonaute1-52 suppressed 5-1 (mas5-

1) a mas5-6. Cuatro de los alelos mas5 del gen PRP8 de Arabidopsis causan sustituciones 

de uno de los aminoácidos de una región de PRP8 que forma una cavidad próxima al sitio 

activo de esta proteína. 

Hemos establecido que la causa de la supresión del fenotipo morfológico del mutante 

ago1-52 en los dobles mutantes mas5 ago1-52 es la restauración parcial del uso por el 

espliceosoma del 3′SS genuino del vigésimo intrón del gen AGO1, que a su vez conlleva una 

mayor producción del ARNm de AGO1 y la proteína AGO1 silvestres. Del análisis de las bases 

moleculares de la supresión del fenotipo de ago1-52 y otros mutantes también afectados en 

el splicing de genes concretos hemos concluido que nuestros alelos mas5 incrementan la 

fidelidad del splicing, favoreciendo el uso de los 5′SS y 3′SS genuinos tras la aparición por 

mutación de otros nuevos. En consecuencia, en los mutantes mas5 no se altera globalmente 

el splicing, por lo que crecen como el tipo silvestre o aún mejor. Dado que actualmente es fácil 

inducir mutaciones mediante CRISPR/Cas, la obtención en líneas celulares de alelos del gen 

PRP8 humano equivalentes a los mas5 de Arabidopsis podría ser de gran utilidad para el 

estudio y la eventual terapia de enfermedades causadas por defectos en el splicing de genes 

concretos, ya que podrían suprimir sus efectos deletéreos sin perturbar globalmente el 

splicing. 

El ribosoma citoplásmico 80S (en adelante, el ribosoma) es la maquinaria 

ribonucleoproteica que traduce a proteínas los ARNm de los genes nucleares. Está constituido 

por dos subunidades, que contienen cuatro ARNr y decenas de proteínas ribosómicas. La 

biogénesis del ribosoma es muy compleja y en ella participan tres ARN polimerasas y cientos 

de proteínas, conocidas colectivamente como factores de la biogénesis del ribosoma, que 

regulan de forma coordinada la transcripción de los genes del ADN ribosómico (ADNr), la 

maduración de los ARNr y el ensamblaje del ribosoma. En esta Tesis hemos caracterizado la 

función de RIBOSOMAL PROTEIN S24A (RPS24A) y RPS24B, una de las cuales está 

siempre presente, como componente estructural, en la subunidad menor del ribosoma de 

Arabidopsis. Los genes parálogos RPS24A y RPS24B son casi idénticos. El gen RPS24 

humano y el Rps24 de la levadura Saccharomyces cerevisiae son de copia única y codifican 

una proteína con un papel dual, ya que no solo es un componente estructural del ribosoma 

sino también un factor de su biogénesis, que actúa en la maduración del ARNr 18S. 
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Hemos caracterizado funcionalmente los genes parálogos RPS24A y RPS24B de 

Arabidopsis mediante abordajes genéticos y moleculares. Hemos obtenido alelos mutantes 

de ambos genes, probablemente nulos, y comprobado que su fenotipo morfológico es similar 

al de los alelos mutantes de genes implicados en la maquinaria de la traducción. Hemos 

concluido, tras intentar obtener dobles mutantes rps24a rps24b, que Arabidopsis necesita al 

menos dos copias silvestres de alguno de sus dos genes RPS24 para su viabilidad, y tres 

para su desarrollo normal. Estos resultados indican que RPS24A y RPS24B presentan 

haploinsuficiencia combinada; RPS24, su ortólogo humano, es de copia única y 

haploinsuficiente. 

Nuestro estudio de los mutantes rps24a y rps24b ha revelado defectos en la 

maduración de sus ARNr: en estas estirpes se acumulan precursores del ARNr 18S y está 

incrementada la transcripción del ADNr 45S, que codifica los tres ARNr mayores (25S, 18S y 

5,8S). Estos resultados sugieren funciones extrarribosómicas de RPS24A y RPS24B, en el 

procesamiento del pre-ARNr 45S y en la represión de la transcripción del ADNr 45S. Hemos 

observado fenotipos morfológicos y moleculares sinérgicos en las combinaciones dobles de 

rps24b con alelos mutantes de genes que codifican otros factores de la biogénesis del 

ribosoma. Hemos demostrado que RPS24A y RPS24B no solo juegan un papel estructural en 

el ribosoma, sino que actúan también como factores de la biogénesis del ribosoma, tal como 

hacen sus ortólogos humano y de la levadura.  
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III.- SUMMARY 
Most eukaryotic RNAs, whether protein coding, such as messenger RNAs (mRNAs), 

or non-coding, such as ribosomal RNAs (rRNAs) and others, suffer maturation processes that 

involve exo- and endo-nucleolytic cleavages, removal of segments of mature RNA precursors 

(pre-RNAs), and ribonucleotide substitutions and chemical modifications. These processes are 

collectively referred to as RNA metabolism, which begins with the synthesis of a primary 

transcript and ends with the degradation of mature RNAs, usually after the execution of their 

functions.  

Eukaryotic pre-mRNA, the primary product of the transcription of eukaryotic protein-

coding genes, suffers a complex maturation to become a mature mRNA suitable for export 

from the nucleus to the cytoplasm and translation by the ribosome. Splicing of pre-mRNAs is 

a well-known mechanism of maturation in which two successive transesterifications remove 

an intron and ligate the adjacent exons. Splicing is catalysed by the spliceosome, a dynamic, 

complex, and precise ribonucleoprotein complex, which recognises conserved sequences at 

the ends of pre-mRNA introns and exons: the donor 5′ splicing site (5′SS) and acceptor 3′ 

splicing site (3′SS). Intron removal during splicing is not always identical for all the molecules 

of a given pre-mRNA, which generates different mature mRNA variants from a single gene, 

which are usually tissue specific. This phenomenon is known as alternative splicing and is one 

of the major sources of proteome diversity in plants and, in particular, in animals. 

In Arabidopsis thaliana (hereafter, Arabidopsis), the ARGONAUTE1 (AGO1) protein is 

the most important component of the RNA-induced silencing complexes (RISC) that play a key 

role in the postranscriptional regulation of gene expression mediated by microRNAs (miRNAs). 

The ago1-52 allele of the AGO1 gene is hypomorphic, viable and carries a point mutation in 

its twentieth intron that generates a novel 3′SS, which is more frequently used by the 

spliceosome than the genuine one, which remains otherwise intact. Therefore, the ago1-52 

allele produces two mRNAs, one of which is wild-type and minoritary, while the other includes 

10 nucleotides from its twentieth intron, which in turn causes a reading frame shift. Translation 

of this aberrant mRNA yields a mutant AGO1-52 protein, which is much more abundant than 

the wild-type AGO1 protein in the ago1-52 mutant. 

Spliceosome components are highly conserved in all eukaryotes. PRE-MRNA 

PROCESSING FACTOR 8 (PRP8) is a core component of the spliceosome, which recognizes 

the 5′SSs and 3′SSs. In all species where the PRP8 gene has been studied, its null alleles are 

lethal, and its hypomorphic alleles cause global splicing alterations that disrupt development. 

In this Thesis, we characterized six new mutant alleles of Arabidopsis PRP8, which were 

isolated in a search for extragenic suppressors of the morphological phenotype of ago1-52. 
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We named these six mutant alleles morphology of argonaute1-52 suppressed 5-1 (mas5-1) to 

mas5-6. Four out of the six mas5 alleles of Arabidopsis PRP8 cause single amino acid 

substitutions within a PRP8 region that forms a cavity near to its active site.  

We found that the suppression of the mutant morphological phenotype of ago1-52 in 

the mas5 ago1-52 double mutants is caused by the partial restoration of the use by the 

spliceosome of the genuine 3′SS of the twentieth intron of the AGO1 gene, which in turn 

increases the levels of the wild-type AGO1 mRNA and AGO1 protein. From our analysis of the 

molecular basis of the suppression of the phenotypes of ago1-52 and other mutants with 

alterations in the splicing of specific genes, we concluded that our mas5 alleles increase 

splicing fidelity, favoring the use of the genuine 5′SSs and 3′SSs instead of the novel ones 

generated by point mutations. Therefore, in the mas5 mutants splicing is not globally altered, 

and these mutants grow normally and even better than their wild types. Given that it is currently 

easy to induce mutations by CRISPR/Cas, obtaining human cell lines carrying alleles of the 

PRP8 gene equivalent to the mas5 alleles of Arabidopsis may be useful for the study and 

subsequent therapy of diseases caused by aberrations in the splicing of specific genes. Such 

alleles of human PRP8 would be expected to suppress defects in the splicing of specific genes 

without globally perturbing splicing. 

The 80S or cytoplasmic ribosome (hereafter, the ribosome) is a ribonucleoprotein 

machinery that translates into proteins the mRNAs from nuclear genes. It is composed of two 

ribosomal subunits that contain some rRNAs and tens of ribosomal proteins. Ribosome 

biogenesis is a complex process that involves three RNA polymerases and hundreds of 

proteins, collectively known as ribosome biogenesis factors, which regulate the transcription 

of rDNA genes, rRNA maturation, and ribosome assembly. In this Thesis, we characterized 

the function of the Arabidopsis RIBOSOMAL PROTEIN S24A (RPS24A) and RPS24B 

proteins, one of which is always present at the small subunit of the ribosome; the paralog 

RPS24A and RPS24B genes are almost identical. Human RPS24 and Saccharomyces 

cerevisiae Rps24 are single-copy genes and each encode a protein that plays a dual role as 

a structural component of the ribosome and as a ribosome biogenesis factor acting in 18S 

rRNA maturation.  

We characterized the Arabidopsis RPS24A y RPS24B paralogs using classical and 

molecular genetic approaches. We obtained mutant alleles, likely null, for both genes, and 

found that their morphological phenotype is similar to that of other mutant alleles of genes 

involved in the translation machinery. After trying to obtain rps24a rps24b double mutants, we 

concluded that Arabidopsis needs at least two wild-type copies of either of these two genes to 

be viable, and three for its normal development. These results indicate that Arabidopsis 
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RPS24A and RPS24B show combined haploinsufficiency. It is of note that the single-copy 

human RPS24 gene is haploinsufficient.  

We found alterations in rRNA maturation in the rps24a and rps24b mutants, which 

accumulate 18S rRNA precursors, and that the transcription of the 45S rDNA, which encodes 

three rRNAs (25S, 18S and 5.8S), is increased. These results suggest that RPS24B has an 

extraribosomal function in 45S pre-rRNA processing and in the repression of 45S rDNA 

expression. We also found synergistic molecular and morphological phenotypes in the double 

mutant combinations of rps24b with alleles of genes encoding ribosome biogenesis factors. 

These results demonstrate that RPS24A and RPS24B not only are structural components of 

the ribosome, but also act as ribosome biogenesis factors, as their yeast and human orthologs 

do.  
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IV.- INTRODUCCIÓN 
IV.1.- Diversidad del transcriptoma eucariótico 

El transcriptoma de los procariotas y los eucariotas es heterogéneo, ya que está 

formado por miles de moléculas de ARN distintas, que difieren en sus secuencias, 

mecanismos de maduración, funciones y número de cada una de ellas en las células. Los 

ARN eucarióticos pueden clasificarse en dos grandes grupos: los mensajeros (ARNm), que 

codifican proteínas, están poliadenilados en su extremo 3′ y son traducidos por los ribosomas, 

y los que no las codifican, no están poliadenilados ni se traducen, y son funcionales per se (Li 

y Liu, 2019).  

Aunque las células eucarióticas contienen ribosomas citoplásmicos y organulares 

(mitocondriales, y en las plantas, también cloroplásticos), en esta Tesis nos referiremos 

exclusivamente a los primeros. En la traducción de los ARNm por el ribosoma intervienen dos 

tipos de ARN no codificantes: los ARN transferentes (ARNt), que descodifican la secuencia 

de los ARNm y aportan aminoácidos a las proteínas nacientes, y los ARN ribosómicos (ARNr), 

que son componentes estructurales del ribosoma [revisado en Pertea (2012)]. La ARN 

Polimerasa I (ARN Pol I) sintetiza el precursor de los ARNr de mayor tamaño (los 25S, 18S y 

5,8S), y la ARN Pol III, los de los ARNt y del ARNr 5S. En la biogénesis del ribosoma también 

participan los ARN pequeños nucleolares (snoRNA), cuyos precursores son sintetizados por 

la ARN Pol II, que también cataliza la síntesis de los ARNm de todas las proteínas que 

intervienen en este proceso, a las que se denomina factores de la biogénesis del ribosoma 

[apartado IV.3.2, en la página 19; revisado en Barba-Aliaga et al. (2021)]. 

Existen otros tipos de ARN no codificantes, con función reguladora, que se clasifican 

en función de su longitud y biogénesis. Los microARN (miARN), cuyos precursores son 

sintetizados por la ARN Pol II o la ARN Pol III, según la especie, son los que mejor se han 

estudiado, por su gran importancia en la regulación postranscripcional de la expresión de 

muchos genes que codifican proteínas [revisado en O'Brien et al. (2018)]. En todos los 

eucariotas, las ribonucleasas de la familia ARGONAUTE (AGO) son las efectoras del 

silenciamiento génico postranscripcional que ejercen los miARN sobre sus ARNm diana, cuya 

traducción impiden. En Arabidopsis thaliana (en adelante, Arabidopsis), AGO1 juega un papel 

central en las rutas de regulación mediadas por los miARN y los alelos nulos del gen AGO1 

son letales [revisado en Zhang et al. (2015a); Li et al. (2022)].  

 

IV.2.- Metabolismo de los ARN eucarióticos 
IV.2.1.- Maduración de los ARNm eucarióticos 

En los procariotas, la transcripción de los genes que codifican proteínas genera 
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moléculas de ARNm que requieren muy pocas o ninguna modificación, cuya traducción ocurre 

casi simultáneamente a su síntesis. Sin embargo, en los eucariotas la transcripción genera un 

transcrito primario (pre-ARNm) que es procesado cotranscripcionalmente en el núcleo, 

mediante la adición de una caperuza (cap) de guaninas a su extremo 5′, de una cola de 

adenosinas (poli-A) al 3′ y la eliminación de los intrones, en un proceso de corte y ligación 

denominado splicing [apartado IV.2.2; revisado en Bentley (2014)]. La caperuza del extremo 

5′ y la cola poli-A del 3′ protegen a los ARNm de su degradación por exonucleasas, desde la 

transcripción hasta la traducción. La caperuza 5′ facilita además la traducción del ARNm, al 

ser reconocida por factores de iniciación de la traducción [revisado en Ramanathan et al. 

(2016)]. La cola poli-A facilita la exportación del ARNm del núcleo al citoplasma, ya que a ella 

se unen proteínas de los complejos de exportación, y una vez en el citoplasma, otras que 

regulan el inicio de su traducción [revisado en Dreyfus y Régnier (2002); Rodríguez-Molina y 

Turtola (2022)]. 

 

IV.2.2.- El splicing de los pre-ARNm 
IV.2.2.1.- Tipos de splicing 

El splicing genera un ARNm en el que la región codificante no está interrumpida, que 

contiene una pauta de lectura abierta que puede ser traducida por el ribosoma. La existencia 

de más de un intrón en muchos genes eucarióticos posibilita su splicing alternativo, que 

enriquece el proteoma de los animales y las plantas [revisado en Wilkinson et al. (2020)]. La 

eliminación de los intrones y la unión subsiguiente de los exones adyacentes se ejecuta en el 

splicing mediante dos reacciones de transesterificación sucesivas, catalizadas por el 

spliceosoma. Este complejo ribonucleproteico reconoce secuencias específicas situadas en 

los límites de los intrones y los exones de los pre-ARNm: los sitios donante o 5′ (5′ splice site; 

5′SS) y aceptor o 3′ (3′SS) del splicing, que contienen dinucleótidos muy conservados, en los 

extremos 5′ y 3′ de los intrones, respectivamente [revisado en Wilkinson et al. (2020)].  

Existen dos tipos de intrones, que difieren en las secuencias de sus 5′SS y 3′SS, sobre 

los que actúan dos espliceosomas diferentes: los de tipo U2, que son los mayoritarios en todos 

los genomas eucarióticos y son procesados por el espliceosoma mayor, y los de tipo U12, 

minoritarios (unos 300 en Arabidopsis), por el menor [revisado en Turunen et al. (2013); Ding 

et al. (2022)]. En los siguientes apartados de esta Tesis se hará referencia únicamente al 

splicing de los de tipo U2 y, por tanto, al espliceosoma mayor, que se nombrará sin adjetivar.  

 

IV.2.2.2.- Estructura y función del espliceosoma 
El espliceosoma es el conjunto de proteínas y ribonucleoproteínas que intervienen de 
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forma directa o indirecta en el splicing de los pre-ARNm. Su composición es dinámica, ya que 

sus componentes se ensamblan y desensamblan formando nueve diferentes complejos a lo 

largo del splicing. Se conocen unas 170 proteínas humanas que participan en el splicing, como 

parte de alguno de los complejos del espliceosoma o como factores que intervienen en alguna 

etapa del proceso [revisado en Wahl et al. (2009); Turunen et al. (2013)]. Se han identificado 

en Arabidopsis 430 proteínas presuntamente homólogas de las que forman los espliceosomas 

de la levadura (unas 50-60) y humano (Koncz et al., 2012). 

Las U1, U2, U4, U5 y U6 snRNP (small nuclear ribonucleoproteins) contienen un 

snRNA (small nuclear RNA), que es rico en uridinas y da nombre a la partícula. Su núcleo 

central común incluye siete proteínas de los tipos Smith proteins (Sm) y Sm-like (Lsm), que 

forman una estructura anular a la que se unen los U snRNA [revisado en Will y Lührmann 

(2001)]. Al núcleo de las U snRNP (en adelante, partículas U) se suma un número variable de 

hasta 50 proteínas diferentes y específicas de cada partícula [revisado en Will y Lührmann 

(2011)]. Además de las proteínas que forman parte de las partículas U, otras 100 actúan como 

factores implicados en el splicing o en otros procesos relacionados con el metabolismo del 

ARNm, como la finalización de la transcripción, la exportación del ARNm del núcleo al 

citoplasma y el control de la calidad del ARNm (apartado IV.2.3, en la página 16; Fabrizio et 

al., 2009).  

Los 5′SS y 3′SS contienen invariablemente los dinucleótidos GU y AG en los extremos 

5′ y 3′ de cada intrón, respectivamente (Figura 1). Los nucleótidos inmediatamente posteriores 

o anteriores a estos dinucleótidos también son parte de los 5′SS y 3′SS, pero su grado de 

conservación es menor; de hecho, solo son esenciales los dinucleótidos GU y AG para un 

splicing correcto (Brown et al., 1996). En los intrones existen otras dos regiones conservadas 

y necesarias para la liberación del extremo 3′ del exón 1 (según la nomenclatura de la Figura 

 

 
 
 
 
 
 
Figura 1.- Estructura de un intrón de tipo U2, con indicación de las secuencias implicadas en el splicing. 
Las líneas negras representan a los intrones, y los rectángulos blancos, a los exones. Se indican las 
secuencias de los 5′SS y 3′SS, el sitio de ramificación y el tramo de pirimidinas [Y(n)]. Se destacan con 
letras azules los nucleótidos conservados e invariantes. Y, R y N representan pirimidina, purina y 
cualquier base nucleotídica, respectivamente. Los rectángulos verdes con un símbolo + representan las 
señales potenciadoras del splicing, y los rojos con un símbolo −, las represoras. Modificada a partir de 
Will y Lührmann (2011) y Syed et al. (2012).  

YAG GURAGU 5′ YNCURAC Y(n) 3′ + − + − 
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1): el sitio de ramificación (Branch Point; [BP]) con una A invariante, 15-50 nucleótidos aguas 

arriba del 3′SS y situado junto a un segmento de unas 10 pirimidinas, denominado tramo de 

pirimidinas [Polypyrimidine Tract (PT); Tolstrup et al. (1997)].  

Otras secuencias intrónicas y exónicas actúan como elementos reguladores del 

splicing, ya que a ellas se unen factores de unión a ARN para estimularlo o dificultarlo: los 

Exonic Splicing Enhancer (ESE) e ISE (Intronic Splicing Enhancer) y Exonic Splicing Silencer 

(ESS) e Intronic Splicing Silencer (ISS), respectivamente [revisado en Smith y Valcárcel 

(2000); Figura 1, en la página 10].  

Los complejos que se ensamblan y desensamblan sucesivamente durante el splicing 

difieren en su composición y/o conformación tridimensional. El complejo E es el primero en 

formarse, al reconocer la partícula U1 al 5′SS del intrón, al cual se une. El complejo E se 

convierte en complejo A (preespliceosoma) al unirse la partícula U2 al sitio de ramificación 

(Figura 2, en la página 12). El complejo B (precatalítico) es el primero al que se considera un 

espliceosoma completo; se forma tras la unión del complejo A a la partícula trimérica 

U4/U6.U5, ensamblada previamente, que formará parte del núcleo catalítico del 

espliceosoma. Tras su reclutamiento, las helicasas de ARN PRE-MRNA PROCESSING 

FACTOR 28 (PRP28) y BAD RESPONSE TO REFRIGERATION 2 (BRR2) retiran del 

complejo a las partículas U1 y U4, respectivamente, posibilitando la interacción de la partícula 

U6 con el 5′SS, el sitio de ramificación y la partícula U2, formándose así el complejo Bact (B 

activado). El primer complejo en el que el núcleo catalítico del espliceosoma está 

completamente formado es el Bact. En este complejo, el 5′SS del pre-ARNm se encuentra en 

el núcleo catalítico. La ATPasa PRP2 transloca el sitio de ramificación al núcleo catalítico, 

remodelando así la estructura de Bact, que se convierte en complejo B* (catalíticamente 

activo), que cataliza la primera de las dos reacciones de transesterificación del splicing (Figura 

2, en la página 12). 

En la primera reacción de transesterificación, el grupo hidroxilo 2′ de la A del sitio de 

ramificación ataca al grupo fosfato que une al exón 1 (según la nomenclatura de la Figura 1) 

con la G del 5′SS (Figura 3A, en la página 13). Se obtiene así un intermediario formado por 

un exón 1 con su extremo 3′ libre y un lazo intrónico unido al extremo 5′ del exón 2 (Figura 

3B). Se denomina complejo C a esta estructura, cuya composición es la misma que la del 

complejo B*, salvo por el lazo intrónico (Figura 2). Para la segunda reacción de 

transesterificación, la ATPasa PRP16 remodela la estructura del complejo B* para permitir su 

acceso al 3′SS, formándose así la denominada conformación de ligación de exones o 

complejo C*. En esta reacción, el grupo hidroxilo 3′ libre del exón 1 ataca al grupo fosfato del 

extremo 5′ del exón 2, propiciando la ligación de ambos exones (Figura 3B y C). La estructura 
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que incluye el lazo intrónico y los exones ligados se denomina complejo P 

(postespliceosómico). A continuación, PRP22 libera al ARNm maduro y los factores de 

ligación unidos en los exones, a la vez que el intrón es degradado y se reciclan los 

ribonucleótidos resultantes y las partículas U del espliceosoma [Figura 2; revisado en Will y 

Lührmann (2011); Shi (2017); Wilkinson et al. (2020)].  

 
 

           
Figura 2.- Diagrama del ensamblaje y desensamblaje de los complejos del espliceosoma de tipo U2 
durante el splicing. Los exones e intrones están representados por rectángulos y líneas, respectivamente. 
BP: sitio de ramificación. Las partículas U se representan con círculos. Las flechas negras continuas 
indican las etapas de ensamblaje y desensamblaje de los distintos complejos, y las grises discontinuas 
el reciclaje de las partículas U. Se indican con letras rojas y negras los nombres de los complejos y las 
principales enzimas implicadas en cada etapa del proceso, respectivamente. Modificado a partir de Will 
y Lührmann (2011). 
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Figura 3.- Detalles de las reacciones de transesterificación que ocurren durante el splicing de un intrón 
de tipo U2. Modificado a partir de https://content.labxchange.org/learning-item-assets/LS1A_Ch+10_ 
Transcription/LS1A_Ch+10_Transcription_Fig+17.png 
 

IV.2.2.3.- Actividad de PRP8 en el splicing 
PRP8 (PRPF8 en la especie humana, por Pre-mRNA processing factor 8) es una 

proteína grande, de 230-280 kDa, y muy conservada, que forma parte del núcleo catalítico del 

espliceosoma, participando en sus complejos precatalíticos (B y Bact), catalíticos (B*, C y C*) 
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y postcatalíticos (P e ILS) [revisado en Grainger y Beggs (2005)]. PRP8 ha sido muy estudiada 

en la levadura Saccharomyces cerevisiae, que paradójicamente es una especie con muy 

pocos genes con intrones (Spingola et al., 1999). PRP8 presenta cuatro dominios altamente 

conservados en sus regiones central y carboxiterminal, denominados Reverse transcriptase-

like, Endonuclease-like, RNaseH-like y Jab1/MPN, separados por regiones con estructuras 

desordenadas y flexibles, conocidas como Linkers. Dichos dominios forman una cavidad, 

cargada positivamente y próxima al núcleo catalítico del espliceosoma, que interacciona 

directamente con el 5′SS, el 3′SS y el sitio de ramificación [revisado en Galej et al. (2014)]. En 

la región aminoterminal de PRP8 se encuentra el dominio N, que interacciona con la partícula 

U5 (Turner et al., 2006).  

PRP8 interviene en las dos reacciones de transesterificación del splicing, formando 

parte de las partículas U5 y trimérica U4/U6.U5 [revisado en Grainger y Beggs (2005)]. El 

centro de la cavidad de PRP8 mantiene su conformación durante las diferentes etapas del 

splicing, pero su dominio N rota durante la activación del espliceosoma, posicionando 

adecuadamente al sitio activo de la proteína en cada uno de los complejos [revisado en Shi 

(2017)]. El domino Jab1/MPN de PRP8 interacciona directamente con la helicasa BRR2, 

regulando la actividad de esta última durante la fase catalítica y la separación de las partículas 

U durante el desensamblaje del espliceosoma [revisado en Absmeier et al. (2016)].  

La interacción entre PRP8 y los 5′SS y 3′SS resulta evidente en los análisis de algunos 

alelos del gen Prp8 de la levadura, que suprimen las alteraciones del splicing de los pre-ARNm 

de genes cuyas funciones no están relacionadas con el metabolismo del ARN. El splicing 

aberrante de dichos pre-ARNm se debe a mutaciones en sus 5′SS o 3′SS genuinos (también 

llamados canónicos, auténticos o verdaderos) o a la selección preferente por el espliceosoma 

de 5′SS y 3′SS nuevos, creados por mutaciones. El efecto supresor de varios alelos mutantes 

de Prp8 de la levadura se debe a que sus mutaciones modifican la cavidad que forma el sitio 

activo de PRP8, lo que evidencia la importancia de esta proteína como un elemento central 

del espliceosoma [revisado en Grainger y Beggs (2005)].  

PRP8 fue identificado por primera vez en una búsqueda de mutantes letales 

termosensibles de la levadura, en los que se acumulaban moléculas de pre-ARNm en 

condiciones restrictivas, como consecuencia de un ensamblaje incorrecto del espliceosoma 

(Lustig et al., 1986). Los alelos nulos del gen PRP8 de Arabidopsis causan en homocigosis 

una letalidad muy temprana: se interrumpe el desarrollo embrionario al no formarse el 

suspensor, una estructura de soporte que es la primera que se diferencia durante la 

embriogénesis. Debido a este rasgo fenotípico de sus alelos mutantes, PRP8 se denominó 

inicialmente SUSPENSOR2 (SUS2; Schwartz et al., 1994). Algunas mutaciones nulas que 
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dañan el extremo carboxilo de la PRP8 humana causan retinitis pigmentosa, una enfermedad 

que cursa con degeneración de la retina, que usualmente causa ceguera (McKie et al., 2001). 

Se desconoce el motivo de que dichas mutaciones en PRP8 y en genes que codifican otros 

componentes del espliceosoma, que se expresan ubicuamente, alteren específicamente un 

tejido como la retina. Se ha propuesto que la causa es la gran demanda de proteínas de la 

retina, uno de los tejidos de mayor tasa metabólica [revisado en Yang et al. (2021)]. 

 

IV.2.2.4.- El splicing alternativo 
Se denomina splicing alternativo de un pre-ARNm al procesamiento que conlleva la 

retención o eliminación de alguno de sus intrones o exones, respectivamente, como 

consecuencia de la selección diferencial de determinados 5′SS o el 3′SS por el spliceosoma. 

Esta retención o eliminación puede ser total o parcial. Se llama exones constitutivos a los que 

están presentes en todas las variantes del ARNm de un gen que sufre splicing alternativo 

(Figura 4A). El splicing alternativo es un mecanismo de regulación postranscripcional que 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            
Figura 4.- Tipos de eventos de splicing alternativo. Los rectángulos blancos y verdes representan exones 
constitutivos y alternativos, respectivamente, y las líneas rojas, intrones. Los eventos de splicing 
constitutivo y alternativo se indican con líneas continuas y discontinuas, respectivamente. (A) Splicing 
constitutivo. (B) Exclusión de un exón. (C) Retención de un intrón. (D) Uso de un 5′SS alternativo 
presente en un intrón. (E) Uso de un 3′SS alternativo presente en un intrón. (F) Exclusión mutua de 
exones. (G) Uso de dos promotores alternativos (el símbolo  señala los sitios de iniciación alternativa 
de la transcripción). (H) Uso de dos señales de poliadenilación (poli-A) alternativas. Modificado a partir 
de Wang y Burge (2008).  
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modula la expresión génica en diferentes tejidos, etapas del desarrollo o respuestas a 

estímulos, que puede producir múltiples variantes del ARNm de un gen, que a su vez pueden 

rendir diferentes isoformas de una proteína, contribuyendo así a la diversificación del 

proteoma [revisado en Graveley (2001); Lareau et al. (2004)].  

La selección alternativa de los 5′SS y 3′SS es consecuencia de la existencia en los 

pre-ARNm de 5′SS y 3′SS alternativos, susceptibles de ser usados por el espliceosoma, o de 

los denominados 5′SS y 3′SS débiles, que requieren la actuación de factores activadores para 

ser reconocidos por el espliceosoma. Además de los 5′SS y 3′SS alternativos y los débiles, 

también intervienen factores de unión a ARN que estimulan o inhiben el splicing al unirse a 

las secuencias reguladoras ESE, ISE, ESS o ISS [revisado en Syed et al. (2012); Figura 1, en 

la página 10]. El 95% de los genes humanos que contienen intrones sufren splicing alternativo, 

mientras que en Arabidopsis es el 61% (Pan et al., 2008; Marquez et al., 2012).  

Existen cuatro eventos de splicing alternativo frecuentes, que pueden darse en un 

mismo transcrito: la exclusión exónica, cuando un exón no es incluido en el ARNm (Figura 4B, 

en la página 15); la retención intrónica, cuando un intrón permanece en el ARNm maduro 

(Figura 4C), y el uso de 5′SS y 3′SS alternativos (Figura 4D y E), que incrementa la longitud 

de un exón a expensas de un intrón, o viceversa. Los tipos minoritarios son la exclusión mutua 

de exones (Figura 4F), que rinde transcritos alternativos que se diferencian en un exón, 

presente en una pero no en la otra variante del ARNm, y el uso alternativo de los exones inicial 

(5′) o terminal (3′) como consecuencia de la existencia de promotores y señales de 

poliadenilación alternativos, respectivamente (Figura 4G y H; revisado en Wang y Burge 

(2008)]. Los eventos de splicing alternativo más comunes en los genes humanos son los de 

eliminación de exones (40%), mientras que la retención intrónica supone menos del 5% 

[revisado en Keren et al. (2010); Reddy et al. (2013)]. Por el contrario, la retención intrónica 

es la más común en las plantas, suponiendo un 40% del total, y la eliminación de exones es 

solo del 8%, mientras que el resto de los eventos se deben principalmente al uso alternativo 

de los 5′SS y 3′SS (revisado en Reddy et al. (2013)]. 

El splicing alternativo contribuye principalmente a la regulación negativa de la 

expresión génica en las plantas, al alterar la pauta de lectura de un ARNm, cuya traducción 

puede por tanto rendir proteínas truncadas y usualmente no funcionales (Marquez et al., 

2012). Estos transcritos aberrantes pueden ser dianas de los mecanismos de control de la 

calidad del ARNm, que evitan su traducción, como la ruta Nonsense-Mediated Decay (NMD), 

que degrada en el citoplasma a los ARNm que contienen un codón de terminación prematuro 

[revisado en Rebbapragada y Lykke-Andersen (2009); Nicholson et al. (2010)].  

Tanto en las plantas como en los animales se han identificado genes que poseen en 
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el extremo 3′ de algunos de sus intrones tripletes NAG en tándem, que el espliceosoma usa 

como 3′SS alternativos. Las variantes de ARNm resultantes conservan su pauta de lectura 

abierta, pero a la vez incorporan o eliminan uno (cuando son dos los tripletes en tándem: 

NAGNAG) o más codones (Sinha et al., 2010). En los animales y las plantas, este tipo de 

splicing alternativo en secuencias NAG en tándem puede generar diferencias tisulares en el 

proteoma (Bradley et al., 2012). Se han descrito unos 5.000 genes de Arabidopsis que 

contienen secuencias NAG en tándem en alguno de sus intrones, que son usadas como 3′SS 

alternativos; algunos de estos genes codifican factores del splicing (Iida et al., 2008; Schindler 

et al., 2008).  

 

IV.2.2.5.- Alteraciones del splicing  
El splicing puede alterarse globalmente como consecuencia de mutaciones en los 

genes que codifican los componentes del espliceosoma o sus proteínas asociadas. Estas 

mutaciones causan un incremento generalizado de los eventos de retención intrónica o de las 

alteraciones en la fidelidad del splicing, al modificar las frecuencias relativas de selección de 

los 5′SS y 3′SS genuinos y alternativos [revisado en Daguenet et al. (2015)]. Por el contrario, 

las mutaciones que dañan los 5′SS y 3′SS genuinos, el sitio de ramificación o los elementos 

activadores o silenciadores del splicing de genes concretos pueden causar alteraciones 

específicas en el patrón de splicing de estos últimos, pero no globales.  

Las alteraciones del splicing de genes concretos dan cuenta de la tercera parte de las 

enfermedades genéticas hereditarias [revisado en Lim et al. (2011); Padgett (2012)]. En 

efecto, la eliminación o alteración de las secuencias necesarias para el splicing, 

principalmente los 5′SS y 3′SS, son la causa principal de generación de variantes de ARNm 

que provocan patologías. En el cáncer, sin embargo, prevalecen las mutaciones en los ESE 

y ESS, que inducen la exclusión exónica en algunos protooncogenes, que a su vez causa un 

incremento de su actividad (Sterne-Weiler et al., 2011; Mort et al., 2014; Supek et al., 2014).  

   

IV.2.3.- Mecanismos de control de calidad del ARNm  
El metabolismo del ARNm, desde la síntesis del pre-ARNm hasta su exportación al 

citoplasma, no está exento de errores. La traducción de ARNm aberrantes producidos por un 

splicing alternativo o defectuoso puede generar proteínas truncadas y/o potencialmente 

tóxicas para la célula. Existen mecanismos de control de calidad de los ARNm que controlan 

su integridad durante su procesamiento, exportación y traducción.  

El complejo TREX (TRanscription-Export) es el regulador principal de la exportación 

de los ARNm del núcleo al citoplasma. El complejo TREX se asocia cotranscripcionalmente a 
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los ARNm, propiciando su translocación a los poros nucleares al reclutar factores de 

exportación [revisado en Katahira (2012); Heath et al. (2016); Ehrnsberger et al. (2019)]. Los 

poros nucleares contienen unas 30 nucleoporinas, proteínas que forman una estructura en 

forma de cesta en la membrana nuclear, a través de la cual se exportan al citoplasma muchas 

macromoléculas y la mayoría de los ARNm. Dicha estructura presenta una parte externa en 

ambas caras de la membrana, con zonas de interacción con los factores de exportación, y 

una transmembrana, que forma el canal de traslocación [revisado en Björk y Wieslander 

(2017); Meier et al. (2017)].  

El núcleo celular retiene moléculas de ARNm que sufren eventos de retención de 

intrones cortos y las que poseen 5′SS o 3′SS débiles, que el espliceosoma reconoce peor que 

los genuinos y, por tanto, usa poco o nada (Boutz et al., 2015). Para la exportación nuclear 

del ARNm no solo es relevante el splicing, sino también la longitud de la cola poli-A, que debe 

ser de unos 50 nucleótidos; si es mayor se propicia la retención nuclear, que es completa 

cuando supera los 250 nucleótidos (Fuke y Ohno, 2008). La retención nuclear del ARNm 

también puede ser cotranscripcional, si se impide el reclutamiento de los factores de 

exportación, o postranscripcional, mediante su anclaje a diferentes estructuras nucleares, 

como la cromatina, que puede dificultar la separación de la ARN Pol II. También puede darse 

acumulación de ARNm en agregados nucleares o en la región interna de los poros nucleares 

[revisado en Wegener y Müller-McNicoll (2018)].  

Los ARNm que contienen un codón de terminación prematura son reconocidos y 

degradados en la ruta NMD [revisado en Behm-Ansmant et al. (2007)], en la que intervienen 

tres factores muy conservados en todos los eucariotas, denominados UP-FRAMESHIFT1 

(UPF1), UPF2 y UPF3 [revisado en Conti y Izaurralde (2005)]. Las uniones entre exones 

consecutivos que se producen tras el splicing quedan señalizadas por un Exon Junction 

Complex (EJC; Le Hir et al., 2001). Dado que los codones de terminación normales suelen 

localizarse en el último exón de un gen, la posición de los EJC es crítica para el reconocimiento 

de los de terminación prematura: UPF2 y UPF3 activan a UPF1, que se une a los ARNm con 

algún codón de terminación situado aguas arriba de un EJC, promoviendo su degradación. 

Se impide así la síntesis de proteínas truncadas [revisado en Behm-Ansmant et al. (2007)].  

 

IV.3.- El ribosoma eucariótico 
IV.3.1.- Función, estructura y composición del ribosoma  

El ribosoma citoplásmico eucariótico o 80S es un complejo ribonucleoproteico 

compuesto por dos subunidades, la 60S y la 40S, constituidas por cuatro ARNr y varias 

decenas de proteínas ribosómicas [revisado en Ramakrishnan (2002)]. La subunidad 40S 
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contiene el ARNr 18S y descodifica los ARNm que se incorporan al ribosoma. En la subunidad 

60S radica el núcleo catalítico para la síntesis de la cadena polipeptídica y contiene los ARNr 

25S, 5,8S y 5S [revisado en Merchante et al. (2017)]. Son 81 las proteínas ribosómicas que 

integran el ribosoma en Arabidopsis: 33 de la subunidad 40S, y 48 de la 60S (Barakat et al., 

2001; Carroll et al., 2008; Carroll, 2013).  

 

IV.3.2.- Biogénesis del ribosoma 
La biogénesis del ribosoma es un proceso clave para cualquier célula, que conlleva un 

elevado gasto energético [revisado en Ni y Buszczak (2023)]. Son partes del proceso de 

generación de nuevos ribosomas la transcripción de los genes que codifican sus componentes 

estructurales y su maduración, su ensamblaje independiente en las subunidades 60S y 40S, 

la maduración de las propias subunidades y su exportación al citoplasma, y su ensamblaje 

final en un ribosoma 80S competente para llevar a cabo la traducción de los ARNm [revisado 

en Kressler et al. (2017); Sáez-Vásquez y Delseny (2019)]. 

La biogénesis del ribosoma se inicia en el nucleolo con la transcripción por la ARN Pol 

I del ADNr, denominado 45S en las plantas, 47S en la especie humana y 35S en los hongos. 

El ADNr 45S (47S o 35S) codifica los tres ARNr mayores que son componentes estructurales 

del ribosoma: el 25S, el 18S y el 5,8S. La ARN Pol II transcribe en el nucleoplasma los genes 

que codifican las proteínas ribosómicas, los factores de la biogénesis del ribosoma y los 

snoRNA. El ADNr 45S codifica el ARNr 45S, que es sintetizado por la ARN Pol III. El 

procesamiento del pre-ARNr 45S se inicia cotranscripcionalmente para generar finalmente los 

ARNr maduros 25S, 18S y 5,8S, mediante una serie de cortes endo y exonucleolíticos 

catalizados por decenas de factores de la biogénesis del ribosoma; ocurre en la región del 

componente fibrilar denso, uno de los tres compartimentos funcionales del nucleolo [revisado 

en Sáez-Vásquez y Delseny (2019)].  

El procesamiento de los pre-ARNr ocurre coordinadamente con su ensamblaje con las 

proteínas ribosómicas en la región del componente granular del nucleolo, generándose así 

las subunidades prerribosómicas. Las proteínas ribosómicas estabilizan la estructura 

tridimensional de los ARNr, evitando plegamientos indebidos y facilitando la unión sucesiva 

de las siguientes. Las subunidades ribosómicas 40S y 60S, ensambladas pero inmaduras, se 

exportan al citoplasma, donde se producen las últimas etapas de la maduración de los ARNr 

y la incorporación de las últimas proteínas ribosómicas. Las subunidades ribosómicas 

maduras se ensamblan formando el ribosoma 80S, a la vez que se eliminan algunos factores 

de ensamblaje que no formarán parte del ribosoma maduro [revisado en Kressler et al. (2017)].  

 



Introducción    20 

 

IV.3.2.1.- Estructura, organización y expresión de los ADNr 
Los genes ADNr 45S (47S o 35S) y ADNr 5S están organizados en tándem y su 

número varía entre especies. Arabidopsis cuenta con unas 750 copias del ADNr 45S por 

genoma haploide, situadas en los brazos cortos de los cromosomas acrocéntricos 2 y 4 

(Figura 5; Copenhaver y Pikaard, 1996a; b; Douet y Tourmente, 2007; Robledo et al., 2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                
Figura 5.- Estructura y localización de los genes del ADNr 45S en Arabidopsis. (A) Estructura de una 
unidad del ADNr 45S, en la que los rectángulos naranjas, verdes y grises representan las regiones que 
codifican los ARNr 18S, 5,8S y 25S, respectivamente. Las regiones intergénicas (IGS) que separan las 
repeticiones se representan con una línea negra fina, y las espaciadoras internas (ITS1 e ITS2) y externas 
(5′-ETS y 3′-ETS) con una línea negra gruesa. El símbolo  señala el sitio de inicio de la transcripción. 
Se representa en azul la inserción de 1,2 kb del 5′-ETS y la región polimórfica de las VAR en el acceso 
Col-0 (R1-R5), que se ha ampliado para destacar sus repeticiones internas (rectángulos negros). (B) 
Localización de los ADNr 45S (en naranja) y 5S (en verde) en los cromosomas de Col-0. Modificado a 
partir de Sáez-Vásquez y Delseny (2019).  

 

Las regiones codificantes de los tres ARNr estan separadas por dos espaciadores 

internos (Internal Transcribed Spacer [ITS]) en cada unidad del ADNr 45S: el ITS1 entre las 

regiones de los ARNr 18S y 5,8S, y el ITS2, entre las del 5,8S y el 25S. Dos espaciadores 

externos (External Transcribed Spacer [ETS]) flanquean las regiones codificantes: el 5′-ETS 

se sitúa aguas arriba de la región del ARNr 18S, y el 3′-ETS, aguas abajo de la del 25S (Figura 

5). Cada unidad del ADNr 45S está separada de sus vecinas por un espaciador intergénico 

(Intergenic Spacer [IGS]), que contiene el promotor del gen ADNr 45S [revisado en Sáez-

Vásquez y Delseny (2019)]. La transcripción de los ADNr 45S, 47S y 35S por la ARN Pol I 
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rinde un transcrito primario policistrónico, denominado pre-ARNr 45S, 47S y 35S (Gruendler 

et al., 1991; Doelling y Pikaard, 1995).  

Las agrupaciones en tándem de los ADNr 45S, 47S y 35S se encuentran en las 

regiones de los organizadores nucleolares (Nucleolus Organizer Regions [NOR]), cuyo 

nombre deriva de que el nucleolo se organiza en torno a las repeticiones de ADNr cuando la 

ARN pol I comienza a transcribirlas. Los 3′-ETS de los ADNr 45S de Arabidopsis son 

polimórficos y su transcripción rinde diferentes isoformas del pre-ARNr 45S, a las que se ha 

denominado variantes VAR. En el acceso Columbia-0 (Col-0) se han detectado cuatro VAR 

(VAR1-VAR4), asociándose mayoritariamente la VAR1 a la expresión de los genes del NOR2, 

y las otras tres, a los del NOR4 (Figura 5, en la página 20; Earley et al., 2010; Pontvianne et 

al., 2010; Chandrasekhara et al., 2016). La existencia de estos polimorfismos ha permitido 

establecer que no todas las copias del ADNr 45S se expresan. Los ADNr 45S del NOR2 de 

Col-0 están epigenéticamente silenciados, expresándose solo durante los primeros días tras 

la germinación (Earley et al., 2006; Pontvianne et al., 2010); los del NOR4 están 

transcripcionalmente activos durante el resto del ciclo de vida de la planta (Chen y Pikaard, 

1997; Fransz et al., 2002).  

Se han identificado reguladores de la expresión de los ADNr 45S del NOR2. Las 

chaperonas de histonas NUCLEOLIN1 (NUC1) y NUC2 actúan de forma antagónica, 

activando y reprimiendo la transcripción de dichos ADNr 45S, respectivamente. CELL 

DIVISION CYCLE 48A (CDC48A), HISTONE DESACETYLASE 6 (HDA6) y MORPHOLOGY 

OF ARGONAUTE1-52 SUPPRESSED2 (MAS2) reprimen la expresión de estos ADNr 45S 

[revisado en Sáez-Vásquez y Delseny (2019)].  

Existen en Arabidopsis unas 1.000 copias del ADNr 5S por genoma haploide (Campell 

et al., 1992), situadas en las regiones pericentroméricas de los cromosomas 3, 4 y 5 (Figura 

5; Murata et al., 1997; Fransz et al., 1998; Tutois et al., 1999). Cada gen del ADNr 5S tiene 

unos 500 pb, de las que 120 corresponden a la unidad de transcripción y el resto constituyen 

un espaciador intergénico (Cloix et al., 2003; Layat et al., 2012). En Col-0 solo se transcriben 

las copias del ADNr 5S del cromosoma 4 y las del brazo largo del 5 (Douet y Tourmente, 

2007). 

 

IV.3.2.2.- Procesamiento de los pre-ARNr 
Durante el procesamiento de los pre-ARNr 45S, 47S o 35S se eliminan los 5′-ETS, 3′-

ETS, ITS1 e ITS2 (Figura 6, en la página 22). Este proceso está muy conservado en los 

eucariotas, habiéndose estudiado principalmente en la levadura y la especie humana. La gran 

conservación estructural y funcional de los factores de la biogénesis del ribosoma y de las 
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rutas de maduración de los ARNr facilita su estudio en otras especies, como Arabidopsis 

(Tomecki et al., 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                       
Figura 6.- Procesamiento del pre-ARNr 45S en Arabidopsis. Se muestran sus tres rutas de maduración 
de los ARNr. Las líneas verticales en el pre-ARNr 45S señalan los sitios de corte endonucleolíticos; las 
flechas, los cortes que ocurren en cada etapa, en las que también se indican en azul los factores 
implicados; la línea horizontal discontinua, la membrana nuclear, y las flechas que la atraviesan, la salida 
de las distintas especies de pre-ARNr y ARNr al citoplasma. Modificado a partir de Sáez-Vásquez y 
Delseny (2019). 

 

La maduración de los ARNr comienza en el 5′-ETS, que posee varios sitios de corte 

endonucleolítico, que reciben diferentes nombres según la especie; en Arabidopsis se 

denominan A123B, P, P1, P′ y P2 (Figura 6). El 5′-ETS es más largo en Arabidopsis que en la 
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levadura o los animales, como consecuencia de una inserción de 1,2 kb (Figura 5, en la página 

20; Tomecki et al., 2017). La primera etapa de la eliminación del 5′-ETS humano y de la 

levadura es un corte endonucleolítico en el sitio P. En Arabidopsis, sin embargo, le precede 

la degradación exonucleolítica de la antes mencionada inserción de 1,2 kb hasta el sitio de 

corte A123B, ubicado aguas arriba de P (Figura 6, en la página 22). Esta degradación es 

catalizada por la 5′-3′ EXORIBONUCLEASE2 (XRN2; Sáez-Vásquez et al., 2004; 

Zakrzewska-Placzek et al., 2010).  

La eliminación del 3′-ETS comienza con un corte endonucleolítico en el pre-ARNr que 

se está transcribiendo, que causa su separación de los complejos de elongación de la 

transcripción, que contienen la ARN Pol I, finalizando así la transcripción. En la levadura, dicho 

corte lo realiza la RNase three1 (Rnt1), y en Arabidopsis, su ortóloga RNASE THREE LIKE 2 

(RTL2; Comella et al., 2008). No se ha establecido como actúa RTL2 ni se ha determinado su 

sitio de corte [revisado en Tomecki et al. (2017); Sáez-Vásquez y Delseny (2019)]. La molécula 

resultante, denominada pre-ARNr 35S(P) en Arabidopsis (35S en la levadura y 45S en la 

especie humana), es procesada mediante dos rutas alternativas (Henras et al., 2015): la 

denominada del ITS1 primero (ITS1 first), que es la mayoritaria y se inicia con un corte en el 

ITS1 (Zakrzewska-Placzek et al., 2010), y la del 5′-ETS primero (5′-ETS first), que es 

minoritaria y conlleva la degradación total del 5′-ETS antes de que sucedan cortes en los ITS 

(Figura 6; Weis et al., 2015b).  

La ruta del 5′-ETS primero se inicia con dos cortes sucesivos en los sitios P′ y P2 del 

precursor 35S(P), que dan lugar a los pre-ARNr 33S(P′) y 32S, respectivamente. Se producen 

a continuación otros dos cortes en los sitios A2 y B1L del ITS1, que rinden el pre-ARNr 20S, 

precursor del ARNr 18S, y el pre-ARNr 27BS/L, precursor de los ARNr 5,8S y 25S. El ITS1 está 

totalmente ausente del pre-ARNr 27BS/L (Figura 6; Zakrzewska-Placzek et al., 2010; Weis et 

al., 2015a). Un corte en C2 separa a continuación el precursor 7S del ARNr 5,8S, y el 26S del 

ARNr 25S. El pre-ARNr 7S sufre una degradación exonucleolítica hasta el sitio E′, se exporta 

al citoplasma y allí completa su procesamiento, tras el corte en E, generando el ARNr 5,8S 

maduro. Por su parte, el pre-ARNr 26S sufre un corte en C1 que genera el ARNr 25S, que se 

exporta maduro al citoplasma (Figura 6). 

En la ruta del ITS1 primero, un corte en el sitio A3 fragmenta el pre-ARNr 35S(P), 

rindiendo los precursores P-A3 y 27SA3 (Weis et al., 2015a). Se elimina a continuación el 5′-

ETS del pre-ARNr P-A3, mediante cortes en P′ y P2, generándose así el pre-ARNr 18S-A3, que 

con un último corte en D, realizado en el citoplasma por NIN1 (ONE) BINDING PROTEIN 1 

(NOB1), produce el ARNr 18S maduro (Veith et al., 2012; Missbach et al., 2013). Por su parte, 

el pre-ARNr 27SA3, sufre un corte en C2 que produce el pre-ARNr A3-C2, precursor del ARNr 
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5,8S, y el pre-ARNr 27SBS/L, precursor del ARNr 25S. Estos dos fragmentos sufren un 

procesamiento muy similar al descrito para los pre-ARNr 7S y 26S para dar lugar a los ARNr 

maduros correspondientes (Figura 6, en la página 22). 

A pesar de la gran conservación entre estas rutas de procesamiento, se siguen 

identificando sitios de corte distintos entre diferentes eucariotas. Por ejemplo, los pre-ARNr 

equivalentes a los 35S, 33S y 32S de Arabidopsis se han detectado en la especie humana, 

pero no en la levadura (Zakrzewska-Placzek et al., 2010; Missbach et al., 2013; Henras et al., 

2015; Weis et al., 2015b; Maekawa et al., 2018). Esta diferencia sugiere que, mientras que en 

Arabidopsis (sitios P, P1, P′ y P2) y la especie humana (A0, A1 y A2) los cortes son 

postranscripcionales, sus equivalentes en la levadura (A0, A1 y A2) son cotranscripcionales 

[revisado en Sáez-Vásquez y Delseny (2019)].  

Se ha identificado en Arabidopsis una tercera ruta de procesamiento que parece ser 

específica de las plantas (Palm et al., 2019). En esta ruta, llamada del ITS2 primero (ITS2 

first), se produce un corte inicial en el sitio C2, que fragmenta el pre-ARNr 35S(P) en dos 

precursores: el pre-ARNr P-C2, que contiene las secuencias de los ARNr 18S y 5,8S, y el pre-

ARNr 26S, que contiene la del ARNr 25S (Figura 6). Esta ruta solo se ha detectado en 

mutantes portadores de alelos del gen INVOLVED IN RNA PROCESSING 7 (IRP7), en los 

que se observa una acumulación de estos precursores en tejidos de rápida proliferación, tras 

un tratamiento con auxinas. En esta ruta, IRP8 e IRP9 son necesarios para el procesamiento 

del pre-ARNr 5′-5,8S, que también parece ser exclusivo de las plantas (Palm et al., 2019).  

 

IV.3.2.3.- Las proteínas ribosómicas 
Las proteínas ribosómicas son componentes estructurales del ribosoma maduro. 

Existen unas 80 en los ribosomas eucarióticos 80S, que están muy conservadas entre los 

hongos, los animales y las plantas (Doudna y Rath, 2002). Los genes que codifican proteínas 

ribosómicas son transcritos en el núcleo y sus ARNm se traducen en el citoplasma. Las 

proteínas ribosómicas son posteriormente importadas al núcleo.  

Las proteínas ribosómicas no solo son componentes estructurales del ribosoma, ya 

que también son fundamentales en las diferentes etapas de la maduración de los ARNr: la 

maduración de los pre-ARNr ocurre a la vez que se incorporan a las partículas 

prerribosómicas. De hecho, las proteínas ribosómicas participan en el reclutamiento de 

algunos factores de la biogénesis del ribosoma y guían el plegamiento adecuado de los pre-

ARNr en su incorporación a la partícula prerribosómica en la levadura [revisado en de la Cruz 

et al. (2015)]. 
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IV.3.2.3.1.- Genes que codifican proteínas ribosómicas 
Las 80 proteínas que conforman el ribosoma 80S humano están codificadas por 85 

genes [revisado en Uechi et al. (2001); Melnikov et al. (2012)], mientras que en la levadura 

son 137 los genes que codifican sus 78 proteínas ribosómicas (Planta y Mager, 1998). Como 

consecuencia de las duplicaciones genómicas que han sufrido las plantas a lo largo de su 

evolución, son dos o más genes parálogos los que codifican cada proteína ribosómica 

(Barakat et al., 2001). Se han identificado 255 genes de Arabidopsis que codifican proteínas 

ribosómicas, que se agrupan en 81 familias génicas (Barakat et al., 2001; Carroll et al., 2008; 

Hummel et al., 2012; Ding et al., 2022); 103 de estos genes codifican las 33 proteínas 

ribosómicas de la subunidad 40S, y los restantes 152, las 48 de la subunidad 60S. Una de 

estas familias génicas de Arabidopsis cuenta con 7 miembros, que producen 7 proteínas 

RPS15 casi idénticas (Carroll et al., 2008). En otras especies vegetales el número de genes 

es mucho mayor: Brassica napus cuenta con 996 genes de proteínas ribosómicas (Lysak et 

al., 2005; Whittle y Krochko, 2009).  

Los análisis transcriptómicos de los genes parálogos de Arabidopsis que codifican 

proteínas ribosómicas han revelado que casi todos se expresan, muchos de ellos con distintos 

patrones espaciales y/o temporales (Schmid et al., 2005; Savada y Bonham-Smith, 2014). En 

la levadura, sin embargo, muchos de estos genes están pseudogenizados (Wolfe y Shields, 

1997). Los análisis proteómicos del ribosoma 80S han confirmado que sus proteínas suelen 

estar codificadas por un único gen en los mamíferos, y entre uno y dos en la levadura, mientras 

que en las plantas ninguna de las proteínas ribosómicas estudiadas está codificada por un 

único gen [revisado en Carroll (2013)].  

 

IV.3.2.3.2.- Funciones extrarribosómicas de las proteínas ribosómicas 
Se denomina haploinsuficiencia a una condición genética en la que la presencia de un 

único alelo funcional de un gen no es suficiente para rendir un fenotipo silvestre y, en 

consecuencia, la heterocigosis para un alelo silvestre y otro hipomorfo o nulo rinde un fenotipo 

mutante [revisado en Veitia (2002); Navarro-Quiles et al. (2023)]. Aunque en Arabidopsis se 

han identificado pocos casos de haploinsuficiencia, en la especie humana son muchas las 

enfermedades neurodegenerativas y alteraciones del desarrollo embrionario que se deben a 

loci haploinsuficientes [revisado en Zug (2022)]. Esto puede explicarse por la mayor tolerancia 

a los cambios en los niveles de ploidía de las plantas respecto a los animales [revisado en 

Meinke (2013)].  

Se denomina no complementación no alélica al fenómeno que manifiestan algunos 

diheterocigotos para los alelos silvestres y mutantes recesivos de dos genes no ligados, cuyo 
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fenotipo es mutante a pesar de que los correspondientes heterocigotos simples son 

fenotípicamente silvestres [revisado en Hawley y Gilliland (2006)]. Se denomina 

haploinsuficiencia combinada a la no complementación no alélica que no muestra 

especificidad de alelo y es dependiente de dosis, que se ha descrito para las familias génicas 

de Arabidopsis que codifican las proteínas ribosómicas RPS6, RPL5, RPL23 y RPL36. Estas 

familias génicas incluyen genes parálogos muy redundantes, y sus diheterocigotos presentan 

un fenotipo similar al de los homocigotos simples (Degenhardt y Bonham-Smith, 2008; 

Fujikura et al., 2009; Creff et al., 2010; Casanova-Sáez et al., 2014).  

La existencia de genes parálogos que codifican proteínas ribosómicas total o 

parcialmente redundantes ha posibilitado la adquisición, en algunos casos, de funciones 

adicionales a las que realizan en el ribosoma, que pueden estar relacionadas o no con la 

traducción [revisado en Xiong et al. (2021)]. Son ejemplos de ello en Arabidopsis las proteínas 

RPS2, RPS6, RPL10 y RPL24; tal como a continuación se detalla, mientras que las dos 

primeras tienen funciones extrarribosómicas, ya que actúan como factores de la biogénesis 

del ribosoma, las dos últimas participan en procesos no relacionados con la traducción. 

La familia RPS2 incluye seis genes, cuyos mutantes simples tienen el fenotipo 

característico de hojas apuntadas y crecimiento lento que causan los alelos de otros genes 

de la maquinaria de la traducción. Los cuádruples mutantes obtenidos combinando alelos de 

pérdida de función de genes RPS2 presentan defectos en el procesamiento del 5′-ETS y un 

retraso en el de los precursores de los ARNr 25S y 18S (Hang et al., 2021). A su vez, la familia 

RPS6 incluye dos genes redundantes, que manifiestan no complementación no alélica y son 

esenciales (Creff et al., 2010). Las proteínas RPS6 se unen al promotor del ADNr 45S, cuya 

transcripción reprimen (Kim et al., 2014). 

La familia RPL10 incluye tres genes, que codifican proteínas que son sustratos de la 

NUCLEAR SHUTTLE PROTEIN (NSP)-INTERACTING KINASE (NIK). La fosforilación de las 

proteínas RPL10 por NIK propicia su translocación al núcleo, en donde activa la respuesta 

antiviral (Carvalho et al., 2008). Los genes RPL10 también están relacionados con la 

respuesta al estrés causado por la radiación ultravioleta; sus alelos nulos son deficientes en 

dicha respuesta, en un grado variable (Ferreyra et al., 2010a; Ferreyra et al., 2010b). La familia 

RPL24 incluye dos miembros, que son esenciales para el inicio de la traducción de muchas 

proteínas, como algunas de respuesta a las auxinas. Las proteínas RPL24 se translocan al 

núcleo, en donde interaccionan con los transcritos primarios de los genes que codifican 

miARN, para facilitar su procesamiento (Li et al., 2017).  

 Las fosfoproteínas acídicas ribosómicas (RRP) son proteínas ribosómicas que forman 

parte de una protuberancia lateral de la subunidad 60S (Szick et al., 1998). La familia RRP3 
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es exclusiva de las plantas, y en Arabidopsis está formada por dos parálogos. Se ha 

encontrado a RRP3 en complejos que se forman bajo condiciones de estrés causado por 

temperaturas altas, que contienen principalmente proteínas de respuesta a choque térmico. 

RRP3 actúa como chaperona de otras proteínas o de ARN, protegiendo a las plantas ante el 

estrés térmico causado por el calor o el frío, respectivamente (Kang et al., 2016). 

  

IV.3.2.4.- Fenotipos causados por defectos en la biogénesis del ribosoma o en 
la traducción  
 La biogénesis del ribosoma requiere un equilibrio entre las concentraciones de los 

componentes del ribosoma, razón por la que la transcripción de los genes implicados y la 

síntesis de las proteínas ribosómicas y los factores de la biogénesis del ribosoma debe estar 

estrictamente regulada (Laferté et al., 2006). La depleción de solo uno de los componentes 

de la maquinaria de biogénesis del ribosoma puede alterar la producción de los restantes y 

causar la formación de ribosomas defectuosos. La disfunción de alguno de los genes que 

codifican proteínas ribosómicas o factores de la biogénesis del ribosoma causa un fenotipo 

característico. Una de la especies en las que se ha observado este fenómeno es Arabidopsis, 

en la que la homocigosis para alelos de insuficiencia de función de genes de la maquinaria de 

la traducción ralentiza el desarrollo de las plantas, que tienen hojas apuntadas con márgenes 

dentados (Horiguchi et al., 2011).  

 Las enfermedades humanas causadas por mutaciones en genes que codifican 

proteínas ribosómicas o factores de la biogénesis del ribosoma se denominan ribosomopatías 

[revisado en Narla y Ebert (2010)]. Aunque los defectos producidos por la pérdida de función 

de un componente de la maquinaria de la traducción deberían alterar el desarrollo en cualquier 

histotipo, se manifiestan especialmente en la hematopoyesis. Por ejemplo, la anemia de 

Diamond-Blackfan es una enfermedad congénita rara, asociada a insuficiencias en la médula 

ósea, causadas por mutaciones en genes que codifican factores de la biogénesis del ribosoma 

o proteínas ribosómicas, entre ellos los de la familia RPS24 (revisado en Kampen et al. 

(2020)]. El síndrome de Shwachmann-Diamond es otra ribosomopatía, que altera las 

funciones del páncreas y la médula ósea como consecuencia de la incorrecta maduración de 

la subunidad 60S (Woloszynek et al., 2004; Weis et al., 2015c). Por último, el síndrome de 

hipoplasia cartílago-cabello, que se caracteriza por la escasa actividad del cartílago de 

crecimiento de los huesos largos, se debe a mutaciones en el gen del ARN nuclear no 

codificante Ribonuclease Mitochondrial RNA Processing (RMRP) que inhiben el corte del ITS1 

del pre-ARNr 47S y, en consecuencia, dificultan la maduración de los ARNr 18S y 5,8S (Thiel 

et al., 2005; Goldfarb y Cech, 2017).  
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 Las ribosomopatías, además, incrementan el riesgo de sufrir cáncer (Taskinen et al., 

2008; Alter et al., 2018; Vlachos et al., 2018), ya que pueden propiciar la aparición de  

ribosomas especializados en la traducción de determinados ARNm [revisado en Elhamamsy 

et al. (2022)], reduciendo la expresión de genes supresores de tumores como TUMOR 

PROTEIN 53 (TP53), o incrementando la de protooncogenes como B-CELL LYMPHOMA 2 

(BCL-2). En estos dos últimos casos se favorecería la formación de tumores [revisado en 

Kampen et al. (2020)]. Además, la presencia de ribosomas defectuosos también induce estrés 

oxidativo, por la generación de especies reactivas de oxígeno. Aunque estas últimas reducen 

la proliferación celular, también dañan moléculas como el ADN. Las mutaciones en los 

protooncogenes y genes supresores de tumores propician procesos tumorales [revisado en 

De Keersmaecker et al. (2015); Kampen et al. (2020)]. 

 

IV.4.- Antecedentes y objetivos 
IV.4.1.- Identificación de supresores del fenotipo morfológico de ago1-52 

El silenciamiento génico mediado por miARN es uno de los principales mecanismos 

de regulación postranscripcional de la expresión génica en los animales y las plantas. El 

principal efector de esta ruta en Arabidopsis es la proteína ARGONAUTE1 (AGO1), una 

endonucleasa de ARN que impide la traducción de los ARNm a los que se ha unido por 

complementariedad un miARN (Bartel, 2009). El mutante ago1-52 fue identificado en una 

búsqueda de mutantes foliares realizada en el laboratorio de José Luis Micol. Dichos mutantes 

se indujeron mediante tratamiento de semillas del acceso Landsberg erecta (Ler) con 

metanosulfonato de etilo (EMS), un mutágeno que genera transiciones G→A, y en 

consecuencia, también C→T (Berná et al., 1999; Jover-Gil et al., 2012). El alelo ago1-52 

presenta una transición G→A en su vigésimo intrón, que provoca la aparición de un 3′SS 

nuevo, que el espliceosoma utiliza más frecuentemente que el genuino, que está inalterado. 

Como resultado, ago1-52 produce dos ARNm, uno silvestre y muy minoritario, y otro mutante, 

que incluye 10 nucleótidos del vigésimo intrón, que además desfasan su pauta de lectura. La 

traducción de este ARNm aberrante genera una proteína AGO1-52 mutante, con 55 

aminoácidos menos y 15 diferentes de los de la proteína silvestre AGO1 en su extremo 

carboxilo. Además, la proteína mutante AGO1-52 es mayoritaria frente a la silvestre AGO1 

silvestre en el mutante ago1-52 (Jover-Gil et al., 2012; Sánchez-García et al., 2015). 

Un escrutinio posterior, realizado en el laboratorio de María Rosa Ponce tras una 

mutagénesis de segundos sitios del mutante ago1-52, permitió la identificación de 23 líneas 

portadoras de mutaciones supresoras de su fenotipo morfológico. A los correspondientes 

genes supresores se les denominó MORPHOLOGY OF ARGONAUTE1-52 SUPPRESSED 
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(MAS; Aguilera-Díaz, 2009; Micol-Ponce et al., 2014). Diez de las mutaciones mas dañaban 

el gen AT4G02720, que codifica el presunto ortólogo de la NFκB activating protein (NKAP) 

humana, y fue denominado MAS2 (Sánchez-García et al., 2015). Otras once líneas eran 

portadoras de mutaciones en el gen PRE-MRNA PROCESSING FACTOR 8 (PRP8), que 

codifica la proteína PRP8, un factor central del espliceosoma, que está ampliamente 

conservado en los eucariotas (apartado IV.2.2.3, en la página 13). Todas las mutaciones mas2 

y mas5 son de cambio de sentido, y las que se estudiaron con más detalle resultaron ser 

dominantes frente a su alelo silvestre. 

 

IV.4.2.- Identificación de interactores de MAS2 
Las mutaciones puntuales mas2 son supresores extragénicos del fenotipo morfológico 

del mutante ago1-52 porque corrigen parcialmente el splicing aberrante del alelo ago1-52: 

reducen el uso preferente por el espliceosoma del 3′SS nuevo generado por una mutación 

G→A en el vigésimo intrón del gen AGO1 (Sánchez-García et al., 2015). En efecto, mientras 

que los niveles del ARNm silvestre de AGO1 fueron casi indetectables en el mutante simple 

ago1-52, su nivel respecto al del ARNm AGO1-52 mutante se incrementó ligeramente en los 

dobles mutantes ago1-52 mas2. La causa molecular de la supresión fue aún más evidente al 

analizar las concentraciones relativas de la proteína silvestre AGO1 y la mutante AGO1-52: 

se igualaron en el doble mutante, mientras que AGO1 fue muy minoritaria en el mutante simple 

ago1-52 (Sánchez-García et al., 2015). Estos resultados sugirieron la relación directa o 

indirecta de MAS2 con el splicing de los pre-ARNm del gen AGO1, la exportación al citoplasma 

de sus ARNm defectuosos y/o su traducción. 

El estudio de MAS2 reveló que es un gen esencial en Arabidopsis. Su silenciamiento 

parcial en estirpes transgénicas productoras de miARN artificiales produjo plantas con un 

fenotipo pleiotrópico, más pequeñas que las silvestres, ligeramente cloróticas y con hojas 

apuntadas y con margen dentado; esta observación sugirió la implicación de MAS2 en la 

traducción. Además, el análisis de la biogénesis del ribosoma en una de dichas estirpes reveló 

la implicación de MAS2 en la represión de la transcripción del ADNr 45S (Sánchez-García et 

al., 2015).  

La identificación de interactores de la proteína nuclear MAS2 mediante ensayos del 

doble híbrido de la levadura confirmó su naturaleza multifuncional, ya que parecía actuar en 

diferentes rutas del metabolismo de los ARN. Trece de las 14 presuntas interactoras de MAS2 

no se habían estudiado previamente en las plantas. Tres de ellas eran ortólogas de factores 

que se habían encontrado asociados a alguno de los complejos del espliceosoma en otras 

especies. Otras tres resultaron ser ortólogas de proteínas que actúan como factores de la 
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biogénesis del ribosoma en otras especies. Dos de estas últimas tenían ortólogas humanas y 

de la levadura que eran factores de la biogénesis del ribosoma: RIBOSOMAL RNA 

PROCESSING 7 (RRP7), que participa en la maduración del ARNr 18S en ambas especies 

(Baudin-Baillieu et al., 1997; Tafforeau et al., 2013) y NUCLEOLAR PROTEIN 53 (NOP53), 

que actúa en la maduración de los ARNr 5,8S y 25S de la levadura y los 5,8S y 18S humanos 

(Granato et al., 2005; Sydorskyy et al., 2005; Thomson y Tollervey, 2005; Tafforeau et al., 

2013). Poco después de publicarse el artículo del laboratorio de María Rosa Ponce sobre 

MAS2 (Sánchez-García et al., 2005), otros autores llamaron SMALL ORGAN 4 (SMO4) al gen 

NOP53 de Arabidopsis, por los defectos en la proliferación celular causados por sus alelos 

mutantes (Zhang et al., 2015b). Los estudios de RRP7 y SMO4 (NOP53) realizados en el 

laboratorio de María Rosa Ponce demostraron su conservación funcional como factores de la 

biogénesis del ribosoma, ya que participan en la maduración de los ARNr 18S y 5,8S, 

respectivamente (Micol-Ponce et al., 2018; Micol-Ponce et al., 2020). RRP7 también parecía 

jugar un papel represor de la transcripción del ADNr 45S, como MAS2 (Micol-Ponce et al., 

2018). La tercera interactora de MAS2 potencialmente relacionada con la biogénesis del 

ribosoma fue RPS24B, una de las dos coortólogas de la proteína ribosómica RPS24 humana 

y de la levadura, que no solo son componentes estructurales del ribosoma 80S, sino que 

también presentan funciones extrarribosómicas, actuando como factores de la biogénesis del 

ribosoma en la maduración del ARNr 18S (Ferreira-Cerca et al., 2005; Choesmel et al., 2008; 

Robledo et al., 2008).  

 

IV.4.3.- Objetivos de esta Tesis 
Los principales objetivos iniciales de esta Tesis Doctoral fueron establecer (1) la 

naturaleza molecular del efecto de las mutaciones mas5 sobre la función de PRP8, así como 

la de su supresión de los fenotipos de mutantes en los que está alterado el splicing de genes 

concretos, y (2) si RPS24B y su paráloga RPS24A tienen funciones extrarribosómicas, tal 

como ocurre con sus ortólogas humana y de la levadura, que actúan en la biogénesis del 

ribosoma.  

En cuanto al primer objetivo inicial, nos propusimos: (1) analizar los efectos de las 

mutaciones mas5 sobre la estructura primaria de la proteína PRP8, (2) deducir el impacto de 

las mutaciones mas5 sobre la estructura secundaria y actividad de PRP8, (3) establecer el 

mecanismo molecular de la supresión del fenotipo del mutante ago1-52 por las mutaciones 

mas5, (4) analizar los eventuales efectos supresores de las mutaciones mas5 sobre mutantes 

con diferentes alteraciones en el splicing de genes concretos, y (5) analizar el impacto global 

de las mutaciones mas5 en el splicing de los pre-ARNm de Arabidopsis.  
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En cuanto al segundo objetivo inicial, nos propusimos: (6) caracterizar alelos mutantes 

insercionales y puntuales de RPS24B y RPS24A, y estudiar su eventual redundancia 

funcional, (7) determinar la localización subcelular de las proteínas RPS24A y RP24B, (8) 

inferir mediante abordajes genéticos las eventuales relaciones funcionales de RPS24A y 

RPS24B con RRP7, SMO4 (NOP53) y otros genes que codifican factores de la biogénesis del 

ribosoma, (9) estudiar la maduración de los ARNr en los mutantes simples rps24a y rps24b y 

en sus combinaciones dobles con alelos mutantes de genes que codifican factores de la 

biogénesis del ribosoma, (10) analizar la expresión del ADNr 45S en los mutantes rps24a y 

rps24b, y (11) identificar interactores físicos de RPS24B. 
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V.- MATERIALES Y MÉTODOS 
Para la redacción de los apartados I a VII de esta memoria se han seguido las mismas 

pautas que en Tesis anteriores de los laboratorios de María Rosa Ponce y José Luis Micol. 

En este apartado de Materiales y métodos se reproducen literalmente algunas frases 

procedentes de dichas Tesis. Se ha preferido usar los acrónimos ADN y ARN para los ácidos 

desoxirribonucleico y ribonucleico, respectivamente, ya que son de uso común en los medios 

de comunicación españoles. Sin embargo, hemos mantenido el término “splicing”, y adoptado 

“espliceosoma” como versión castellanizada de spliceosome, ya que ambos se recogen en 

“Enclave de Ciencia” (https://enclavedeciencia.rae.es), una plataforma que pretende dar 

soporte a la comunicación científica y tecnológica, que ha desarrollado la Real Academia 

Española (RAE) en colaboración con la Fundación Española para la Ciencia y la Tecnología 

(FECYT). Además, splicing está ampliamente aceptado en la mayoría de los textos docentes 

de genética y biología molecular en español; sus alternativas, como “ayuste” o “corte y 

empalme” nos parecen poco adecuadas, al ser “ayuste” un término inusual, y “corte y 

empalme”, poco riguroso. También hemos usado repetidas veces el acrónimo SS (de “splice 

site”). Tal como recomienda la RAE, en esta memoria no se pluralizan las siglas, y por tanto 

se escribe “el ARN” y también “los ARN”.  

La nomenclatura que se aplica en esta memoria a genes y mutaciones se atiene a las 

pautas propuestas para Arabidopsis por Meinke y Koornneef (1997). Hemos empleado la 

tipografía cursiva exclusivamente para los genes, alelos, mutaciones y mutantes. También 

hemos escrito splicing en cursiva para destacar su carácter foráneo y que conserva su 

pronunciación original. No hemos traducido al español la mayoría de los nombres de genes y 

proteínas que se mencionan en esta memoria. Los transgenes se denotan según lo 

establecido en las instrucciones a los autores de la revista Plant Cell. Los genotipos 

completos, como api6-1/rps24b-2, en los que los alelos de un gen en cromosomas homólogos 

se separan con una barra, se han utilizado únicamente cuando fue imprescindible. Salvo que 

se indique lo contrario, los individuos que se describen en este trabajo son homocigóticos para 

la mutación que se menciona en cada caso. Hemos utilizado en algunos casos un punto y 

coma como separador entre mutaciones no alélicas.  

Las estirpes de Arabidopsis, los procedimientos para su manipulación y las 

condiciones de cultivo usados en esta Tesis se describen en las páginas 49 y 109. Hemos 

identificado mutaciones puntuales mediante análisis del ligamiento a marcadores moleculares 

(en las páginas 49 y 109). Hemos realizado análisis histológicos y morfométricos y de 

microscopía confocal de los mutantes a estudio (en las páginas 49 y 110). Hemos aislado 

ARN para su retrotranscripción seguida de PCR cuantitativa (RT-qPCR), semicuantitativa y 
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para su secuenciación masiva (en las páginas 49, 50 y 110). Hemos construido fusiones 

traduccionales con el gen de la proteína fluorescente verde (en la página 108). Hemos 

realizado análisis de tipo western y northern (en las páginas 49 y 110), así como de hibridación 

in situ fluorescente de ARN e inmunolocalización (en las páginas 50 y 111). Hemos 

identificado interactores físicos mediante coinmunoprecipitación y su posterior análisis por 

cromatografía líquida con espectrometría de masas (en la página 111). También hemos 

realizado alineamientos de secuencias aminoacídicas, así como análisis bioinformáticos del 

splicing alternativo y la visualización tridimensional de proteínas cristalografiadas (en la página 

50).
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VI.- RESULTADOS Y DISCUSIÓN 
 El alelo ago1-52 del gen AGO1 de Arabidopsis es hipomorfo y viable y fue aislado en 

el laboratorio de José Luis Micol y caracterizado en el de María Rosa Ponce. El mutante ago1-

52 es portador de una mutación puntual que crea un 3′SS nuevo, que es elegido por el 

espliceosoma más frecuentemente que el genuino, del que dista 10 nucleótidos. Como 

consecuencia, en el mutante ago1-52 coexisten dos variantes del ARNm del gen AGO1, una 

de ellas minoritaria y de secuencia silvestre, y otra mayoritaria y mutante, que es 10 

nucleótidos más larga que la silvestre. La traducción de estos dos ARNm rinde dos proteínas: 

una silvestre y otra mutante y mayoritaria.  

Las mutaciones mas5 son supresores extragénicos del fenotipo morfológico del 

mutante ago1-52. Se identificaron en una mutagénesis de segundos sitios realizada en el 

laboratorio de María Rosa Ponce, anterior al comienzo de esta Tesis Doctoral. Se estableció 

mediante análisis iterativo del ligamiento a marcadores moleculares que las mutaciones mas5 

son alelos del gen PRP8, que codifica el factor central del espliceosoma (página 50). Todas 

las mutaciones mas5 resultaron ser de cambio de sentido, y al menos dos de ellas, 

dominantes en cuanto a su efecto supresor (Micol-Ponce et al., 2014).  

Hemos establecido que todas las mutaciones mas5 causan la sustitución de un 

aminoácido por otro cargado positivamente, o de uno con carga negativa por otro sin ella 

(página 52); mediante su reconstrucción tridimensional in silico, hemos establecido que estas 

sustituciones afectan a algunos de los dominios que forman parte de una cavidad de la 

proteína PRP8 implicada directamente en el reconocimiento de los 5′SS y 3′SS y el sitio de 

ramificación de los pre-ARNm. También dañan esta cavidad casi todas las mutaciones del 

gen PRP8 con efectos supresores descritas en otras especies, como la levadura (Grainger y 

Beggs, 2005).  

 Hemos obtenido combinaciones dobles mutantes de mas5-1 con cuatro mutaciones 

puntuales e hipomorfas del gen AGO1, una de las cuales (la antes mencionada ago1-52) crea 

un 3′SS nuevo, otras dos (ago1-25 y ago1-27) causan sustituciones de aminoácidos sin alterar 

el splicing del pre-ARNm del gen AGO1, y la cuarta (ago1-51) elimina un 5′SS genuino. Solo 

hemos observado supresión del fenotipo morfológico de ago1-52 en los dobles mutante mas5 

ago1-52 (página 53). Hemos comprobado que en el doble mutante mas5-1 ago1-52 se 

incrementa la concentración relativa del ARNm AGO1 y la proteína AGO1 silvestres, respecto 

a lo que se observa en el mutante simple ago1-52. Hemos establecido que este fenotipo 

molecular del doble mutante se debe al incremento del uso por el espliceosoma del 3′SS 

genuino frente al nuevo creado por la mutación ago1-52 (página 53). 
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 También hemos combinado mas5-1 con alelos mutantes de genes no relacionados ni 

con AGO1 ni con el splicing, cuyas mutaciones eliminan un 5′SS (ago1-51 y sca3-1) o un 3′SS 

(anu4-1 y ang1-2) genuinos, o crean un nuevo 5′SS (icu13-1). Su estudio indica que la 

mutación mas5-1 suprime el fenotipo morfológico y molecular de icu13-1, al incrementar el 

uso por el espliceosoma del 5′SS genuino en las plantas mas5-1 icu13-1 (página 53). Sin 

embargo, mas5-1 no suprime el fenotipo morfológico de los mutantes ago1-51, ang1-2, anu4-

1 y sca3-1, cuyas mutaciones dañan los 5′SS o 3′SS (página 56). Considerados en conjunto, 

estos resultados indican que las mutaciones mas5 incrementan la fidelidad del splicing al 

reducir parcialmente el uso por el espliceosoma de los 5′SS y 3′SS nuevos generados por una 

mutación puntual.  

 Hemos demostrado también que mas5-1 y mas5-3 no alteran globalmente el splicing, 

a diferencia de su alelo hipomorfo prp8-7 (Sasaki et al., 2015). En efecto, mas5-1 y mas5-3 

solo afectan al 0,1% del total de los transcritos que hemos analizado mediante secuenciación 

masiva de ARN, principalmente relacionados con eventos de retención intrónica (página 56), 

mientras que en el mutante prp8-7 este tipo de alteraciones del splicing sucede en el 6,7% de 

los intrones.  

Concluimos que nuestros alelos mas5 del gen PRP8 de Arabidopsis incrementan la 

fidelidad del splicing al favorecer específicamente el uso de los 5′SS y 3′SS genuinos frente a 

los alternativos en secuencias NAG en tándem, o a los nuevos, generados por mutaciones 

puntuales. Los alelos mas5 de PRP8 no alteran globalmente el splicing, a diferencia de los 

alelos hipomorfos de este gen (Sasaki et al., 2015).  

 También hemos caracterizado en esta Tesis los genes parálogos RPS24A y RPS24B 

de Arabidopsis, empleando para ellos dos mutantes insercionales (rps24b-2 y rps24a-1) y uno 

portador de una mutación puntual inducida mediante EMS (api6, otro alelo de RPS24B; en la 

página 88). Hemos intentado combinar rps24b-2 y rps24a-1 y solo hemos obtenido 

diheterecigotos; la ausencia de dobles mutantes y sesquimutantes revela la existencia de no 

complementación no alélica entre estos dos genes e indica no solo su alto grado de 

redundancia funcional sino también su dependencia de dosis. En otras palabras, RPS24A y 

RPS24B manifiestan haploinsuficiencia combinada, ya que se necesitan al menos dos copias 

silvestres de alguno de los dos para la viabilidad de la planta, y tres para que su fenotipo sea 

silvestre (página 90). Hemos localizado RPS24B principalmente en el nucleolo, pero también 

en el nucleoplasma y el citoplasma, mediante la obtención de una fusión traduccional 

RPS24B:GFP y su transferencia a plantas Col-0 (página 90), confirmando así los resultados 

previamente obtenidos en diferentes análisis de los proteomas nuclear y nucleolar (Pendle et 

al., 2005; Montacié et al., 2017; Palm et al., 2019; Ayash et al., 2021).  
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La RPS24 humana y la de Saccharomyces cerevisiae son factores de la biogénesis 

del ribosoma, cuya pérdida de función causa la acumulación de precursores del ARNr 18S y 

la disminución de los niveles del ARNr 18S maduro (Ferreira-Cerca et al., 2005; Choesmel et 

al., 2008; Robledo et al., 2008). Hemos constatado que los mutantes rps24a-1, api6 y rps24b-

2 acumulan el pre-ARNr P-A3, un precursor del ARNr 18S, y que sus niveles del ARNr 18S 

maduro son inferiores a los del tipo silvestre (página 92).  

Hemos obtenido dobles mutantes combinando rps24b-2 y alelos de genes que 

codifican otros factores de la biogénesis del ribosoma. Los fenotipos morfológicos de los 

dobles mutantes de rps24b-2 con smo4-3, mtr4-2, parl1-2 y rrp7-1 resultaron sinérgicos 

(página 96). Los niveles de los precursores del ARNr 5,8S fueron más altos en los dobles 

mutantes rps24b-2 smo4-3 y rps24b-2 mtr4-2 (página 96) que en los mutantes simples smo4-

3 y mtr4-2. Este fue un resultado inesperado, ya que en el mutante simple rps24b-2 no se 

acumula ningún pre-ARNr 5,8S. Hemos observado hipertrofia del nucleolo en el mutante 

simple rps24b-2 y los dobles mutantes rps24b-2 mtr4-2 y rps24b-2 smo4-3, que atribuimos al 

estrés nucleolar que deben causar las alteraciones de la maduración de los ARNr (página 98). 

Hemos constatado mediante RT-PCR y RT-qPCR (página 98) un aumento en los niveles de 

transcripción del ADNr 45S en los mutantes rps24; esta observación refuerza la hipótesis de 

que la acumulación del pre-ARNr 5,8S en los dobles mutantes rps24b-2 smo4-3 y rps24b-2 

mtr4-2 es consecuencia del incremento de la transcripción de los genes ADNr 45S, y además 

demuestra que RPS24A y RPS24B regulan la transcripción del ADNr 45S. Por último, hemos 

constatado que varios factores de la biogénesis del ribosoma coinmunoprecipitan con la 

proteína de fusión RPS24B-GFP (página 100), observación que también apoya la hipótesis 

de la actuación de RPS24A y RPS24B como factores de la biogénesis del ribosoma en 

Arabidopsis. 

En conclusión, hemos obtenido resultados que indican que las proteínas redundantes 

RPS24A y RPS24B de Arabidopsis presentan un alto grado de conservación funcional con 

sus ortólogas humana y de la levadura, ya que no solo actúan en estas tres especies como 

componentes estructurales de la subunidad 40S del ribosoma, sino también como factores de 

la biogénesis del ribosoma, interviniendo en la maduración del ARNr 18S. La participación de 

RPS24A y RPS24B en la regulación de la transcripción del ADNr 45S, sin embargo, no se ha 

descrito para sus ortólogas humana y de la levadura, lo que supondría una divergencia 

evolutiva. 
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VII.- CONCLUSIONES Y PERSPECTIVAS 
VII.1.- Los alelos mas5 del gen PRP8 incrementan la fidelidad del splicing 

PRP8 es el componente central del espliceosoma y está muy conservado en los 

eucariotas. Esta proteína reconoce los 5′SS, los 3′SS y los sitios de ramificación de los 

intrones, e interviene en el ensamblaje y el reciclaje del espliceosoma. La mayoría de los 

alelos mutantes viables del gen PRP8 previamente identificados en los eucariotas son 

hipomorfos y alteran globalmente el splicing, causando fundamentalmente un incremento en 

los eventos de retención intrónica. Hemos caracterizado en esta Tesis seis alelos mas5 del 

gen PRP8 de Arabidopsis, que incrementan la fidelidad del splicing, reduciendo el uso por el 

espliceosoma de los 5′SS o 3′SS nuevos creados por mutaciones puntuales, como los de los 

mutantes ago1-52 e icu13-1. También hemos constatado que en los mutantes mas5 se reduce 

el uso por el espliceosoma de los 3′SS alternativos, que es poco frecuente en la estirpe 

silvestre Col-0; estos 3′SS alternativos forman parte de grupos de trinucleótidos NAG 

dispuestos en tándem en el extremo 3′ de muchos intrones. Hemos demostrado que los alelos 

mas5 de PRP8 favorecen el uso del 3′SS proximal (el más cercano al extremo 5′ del grupo de 

trinucleótidos NAG en tándem), que es el más usado por la estirpe silvestre. 

Desconocemos el mecanismo molecular por el que los alelos mas5 incrementan la 

fidelidad del splicing. Nuestro análisis in silico de la estructura tridimensional de PRP8 indica 

que los aminoácidos afectados por las mutaciones mas5 se encuentran en regiones muy 

cercanas al sitio activo de esta proteína, que interacciona directamente con el pre-ARNm. Se 

requerirán análisis adicionales para interpretar los efectos de las mutaciones mas5 sobre la 

estructura secundaria de las proteínas PRP8 mutantes. Consideramos verosímil que estas 

mutaciones modifiquen la estructura secundaria de la cavidad de PRP8 y, en consecuencia, 

sus interacciones con los pre-ARNm y/o con las proteínas que conforman los distintos 

complejos del espliceosoma.  

Se conocen mutaciones puntuales que dañan intrones y están asociadas a 

enfermedades humanas, como el cáncer. Se sabe que muchas de ellas, que habían pasado 

desapercibidas al no afectar a regiones codificantes, generan 5′SS o 3′SS nuevos, cuyo uso 

por el espliceosoma rinde proteínas aberrantes, usualmente truncadas. Arabidopsis podría 

ser muy útil como sistema modelo para el estudio de la base molecular de estas 

enfermedades. Saccharomyces cerevisiae dista mucho de ser el mejor sistema para este fin, 

dado que la mayoría de sus genes carecen de intrones y su splicing alternativo es casi 

inexistente. Dado que actualmente es fácil inducir mutaciones mediante CRISPR/Cas, la 

obtención en líneas celulares de alelos del gen PRP8 humano equivalentes a los mas5 de 

Arabidopsis podría ser de gran utilidad para el estudio y la eventual terapia de enfermedades 
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causadas por defectos en el splicing de genes concretos, ya que podrían suprimir sus efectos 

deletéreos sin perturbar globalmente el splicing.  

 

VII.2.- RPS24A y RPS24B son factores de la biogénesis del ribosoma  
El análisis de la composición de los ribosomas eucarióticos 80S revela su 

heterogeneidad histotípica, que se ha relacionado con su especialización para traducir 

determinadas subpoblaciones de ARNm. Esta heterogeneidad estructural es fruto de la 

existencia de familias génicas de parálogos que codifican proteínas ribosómicas, un fenómeno 

que se manifiesta particularmente en el reino vegetal, como consecuencia de la tolerancia de 

las plantas a las duplicaciones génicas y genómicas. Los genes RPS24A y RPS24B de 

Arabidopsis presentan patrones de expresión espaciotemporales similares y codifican 

proteínas casi idénticas, lo que sugiere su redundancia funcional. Nuestro análisis de estos 

genes ha confirmado experimentalmente esta hipótesis y ha revelado su dependencia de 

dosis: el requerimiento de al menos dos copias silvestres de alguno de los dos parálogos para 

la viabilidad de Arabidopsis y de al menos tres para su desarrollo normal. Casos de 

haploinsuficiencia combinada como el de RPS24A y RPS24B se habían descrito previamente 

para otras familias de proteínas ribosómicas de Arabidopsis, como las de RPS6, RPL5, RPL23 

y RPL36. 

Las duplicaciones génicas favorecen la diversificación funcional del proteoma, y en el 

caso de los genes que codifican proteínas ribosómicas, que algunas de ellas adquieran 

funciones extrarribosómicas, una de las cuales es actuar como factores de la biogénesis del 

ribosoma. Nuestros análisis moleculares de los mutantes simples rps24a y rps24b y sus 

dobles mutantes con alelos de otros genes implicados en el procesamiento del pre-ARNr 45S 

han demostrado que RPS24A y RPS24B actúan como factores de la biogénesis del ribosoma, 

concretamente en la maduración del ARNr 18S, tal como hacen sus ortólogos humano y de 

la levadura. Hemos constatado también que RPS24A y RPS24B regulan negativamente la 

expresión del ADNr 45S. Esta observación se ve confirmada por los fenotipos sinérgicos de 

los dobles mutantes de rps24a o rps24b con alelos de perdida de función de RRP7 y PARL1, 

que codifican represores de la transcripción del ADNr 45S previamente conocidos. En 

consecuencia, RPS24B tendría un doble papel en la biogénesis del ribosoma, actuando 

primero en la regulación transcripcional de los genes del ADNr 45S, y posteriormente, en la 

maduración de los ARNr. La implicación de RPS24A y RPS24B en la biogénesis del ARNr 

18S revela un alto grado de conservación funcional con sus ortólogos humano y de la 

levadura. El papel que parecen jugar RPS24A y RPS24B en la regulación de la transcripción 

del ADNr 45S no ha sido descrito para ninguno de sus ortólogos.
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ABSTRACT

Efficient splicing requires a balance between high-
fidelity splice-site (SS) selection and speed. In Sac-
charomyces cerevisiae, Pre-mRNA processing fac-
tor 8 (Prp8) helps to balance precise SS selection
and rapid, efficient intron excision and exon join-
ing. argonaute1-52 (ago1-52) and incurvata13 (icu13)
are hypomorphic alleles of the Arabidopsis thaliana
genes ARGONAUTE1 (AGO1) and AUXIN RESIS-
TANT6 (AXR6) that harbor point mutations creating a
novel 3′SS and 5′SS, respectively. The spliceosome
recognizes these novel SSs, as well as the intact
genuine SSs, producing a mixture of wild-type and
aberrant mature mRNAs. Here, we characterized five
novel mutant alleles of PRP8 (one of the two Ara-
bidopsis co-orthologs of yeast Prp8), naming these
alleles morphology of ago1-52 suppressed5 (mas5).
In the mas5-1 background, the spliceosome prefer-
entially recognizes the intact genuine 3′SS of ago1-
52 and 5′SS of icu13. Since point mutations that
damage genuine SSs make the spliceosome prone
to recognizing cryptic SSs, we also tested alleles
of four genes carrying damaged genuine SSs, find-
ing that mas5-1 did not suppress their missplicing.
The mas5-1 and mas5-3 mutations represent a novel
class of missplicing suppressors that increase splic-
ing fidelity by hampering the use of novel SSs, but
do not alter general pre-mRNA splicing.

INTRODUCTION

Pre-mRNA splicing is a co-transcriptional, high-fidelity
process consisting of two sequential transesterifications car-
ried out by the spliceosome, resulting in the excision of an
intron and the ligation of its flanking exons. These reac-
tions depend on conserved intronic and exonic sequences:
the branch-point sequence (BPS) and the 5′ splice site (5′SS)

and 3′SS (reviewed in 1–3). Mutations that damage gen-
uine (authentic) SSs or create novel SSs frequently produce
a mixture of wild-type and aberrant mature mRNAs from
a single pre-mRNA; these mutations are a major cause of
several rare human diseases, including inherited mental dis-
orders (4).

Pre-mRNA processing factor 8 (named Prp8 in the yeast
Saccharomyces cerevisiae and PRPF8 in humans, and re-
ferred to across species as PRP8) is a core component of
the spliceosome, as well as its largest (>2,000 amino acids)
and most highly conserved protein. PRP8 is an essential
gene whose loss of function causes global splicing defects
in all organisms studied. The S. cerevisiae Prp8 gene was
identified based on its conditional lethal alleles, and human
PRPF8 was identified based on the retinopathies caused by
its loss-of-function alleles (1).

Efficient splicing requires a balance between high-fidelity
sequence selection and speed. Structural analysis has re-
vealed two alternative conformations of PRP8: one pro-
motes fidelity over catalytic efficiency and the other pro-
motes efficient, error-prone splicing (5). Indeed, some mis-
sense alleles of PRP8 suppress missplicing of pre-mRNAs
carrying mutations that damage SSs, which are not effi-
ciently recognized by the spliceosome. Such extragenic sup-
pressor alleles of PRP8 reduce the frequency of selection
of cryptic SSs by the spliceosome in S. cerevisiae, humans,
Caenorhabditis elegans and Arabidopsis thaliana (hereafter
Arabidopsis) (1,6).

ARGONAUTE1 (AGO1) is a key factor of microRNA
(miRNA) pathways in Arabidopsis. The ago1-52 mutation
creates a novel 3′SS in the last intron of AGO1 and the
spliceosome uses this novel 3′SS more frequently than the
genuine 3′SS, causing missplicing of the AGO1 pre-mRNA
(7,8). In a genetic screen for second-site suppressors, we
previously mutagenized homozygous ago1-52 plants using
ethyl methanesulfonate (EMS) and identified 22 lines car-
rying extragenic suppressor mutations of its morphologi-
cal phenotype (9). We named the suppressor genes MOR-
PHOLOGY OF AGO1-52 SUPPRESSED (MAS). Eleven
of the suppressed lines carried mutant alleles of the gene we
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named MAS2, which encodes the Arabidopsis ortholog of
human NF-�B activating protein (NKAP) (10). The mas2
mutations are predicted to cause amino acid substitutions,
and the corresponding mutated MAS2 proteins act as dom-
inant informational suppressors that partially suppress the
missplicing of ago1-52 by an unknown mechanism (8).

Five of the suppressor lines carried novel alleles of PRP8
(AT1G80070), a gene that we initially dubbed MAS5. The
Arabidopsis genome has two PRP8 co-orthologs (11), but
only AT1G80070 has been well studied, and tradition-
ally named PRP8 (its mutant alleles are named prp8).
Due to the lethal effects of its loss-of-function mutations,
other studies have named PRP8 as ABNORMAL SUS-
PENSOR 2 (SUS2), EMBRYO DEFECTIVE 14 (EMB14),
EMB33 and EMB177 (12). The other PRP8 co-ortholog
is AT4G38780, whose loss-of-function alleles do not seem
to cause any phenotypic effect (11). The mas5 alleles of
PRP8 may represent a novel class of missplicing suppres-
sors that promote splicing fidelity by disfavoring the use of
novel 3′SSs and 5′SSs created by mutation.

MATERIALS AND METHODS

Plant material and growth conditions

Arabidopsis thaliana Landsberg erecta (Ler), Columbia-0
(Col-0), Wassilewskija (Ws-2), and Enkheim-2 (En-2) wild-
type accessions were obtained from the Nottingham Ara-
bidopsis Stock Center (NASC) and propagated in our lab-
oratory for further analysis. Seeds of prp8-6 (in the Ler ge-
netic background) and prp8-7 (Col-0) mutants were pro-
vided by C. Dean and M. Matzke, respectively; ago1-2
(Ws-2) by C. Benning; ago1-25 and ago1-27 (Col-0) by
H. Vaucheret; and sca3-1, anu4-1, and ang1-2 (Ler) by
J.L. Micol. Seeds of icu13 (En-2; N349), sar1-4 (Col-0;
SALK 126801) and atprmt5-1 (Col-0; SALK 065814) were
provided by NASC. The ago1-51, ago1-52 and mas5 mu-
tants were isolated in our laboratory (7,10). Seed steriliza-
tion and sowing, plant culture and crosses were performed
as previously described (13,14).

Positional cloning of MAS5 and genotyping of single and
double mutants

Genomic DNA extraction from mas5-1 plants and map-
ping of the mas5-1 mutation by iterative linkage analy-
sis to molecular markers were performed as previously de-
scribed (15,16). The PCR primers used for fine mapping are
listed in Supplementary Table S1. The mas5 point muta-
tions were identified by Sanger sequencing using the primers
described in Supplementary Table S2. At least two M3
plants carrying each mas5 allele were backcrossed twice.
Plants that were phenotypically wild type but genotypically
AGO1/AGO1;mas5/mas5 (AGO1 being the wild-type allele
of the AGO1 gene) were selected from the F2 progeny. The
mas5 homozygous plants of the F2 progeny derived from
the second backcross were used for all further studies de-
scribed here. The ago1 mas5 double mutants studied in this
work were also reconstructed from the mas5 lines isolated
after two backcrosses.

The single and double mutants carrying point mutations
were genotyped by Sanger sequencing (ago1-51, ago1-52,
ago1-25, ago1-27, mas5-1, mas5-2, mas5-3, mas5-4, mas5-
5, mas5-6, prp8-6, anu4-1, ang1-2, sca3-1 and icu13) or by
restriction with MboII (prp8-7). The sar1-4 and atprmt5-
1 insertional mutants were genotyped by PCR amplifica-
tion. The primers used are listed in Supplementary Table S2.
Most Sanger sequencing reactions and electrophoreses were
carried out in our laboratory with ABI PRISM BigDye Ter-
minator Cycle Sequencing kits and an ABI PRISM 3130xl
Genetic Analyzer (Applied Biosystems). Some Sanger se-
quencing reactions were carried out at Stab Vida (Caparica,
Portugal).

Plant morphometry and histology

Rosette pictures were taken with a Nikon SMZ1500 stere-
omicroscope equipped with a Nikon DXM1200F digi-
tal camera. For large rosettes, several pictures from the
same plant were assembled with the Photomerge tool
of Adobe Photoshop CS3 software. The backgrounds of
the rosette pictures were homogenized using the Adobe
Photoshop CS3 software without modifying the rosette
images.

For cell size measurements, first-node leaves, collected 21
days after stratification (das), were cleared with ethanol and
chloral hydrate, and mounted on slides. The samples were
photographed under a Leica DMRB microscope equipped
with a Nikon DXM1200 digital camera. The micrographs
were transformed into diagrams by drawing the cell mar-
gins on a Cintiq 18SX Interactive Pen Display (Wacom) and
using Adobe Photoshop CS3 software. Whole rosette area
and palisade mesophyll cell size were measured with NIS
Elements AR 3.1 (Nikon) software, as previously described
(17).

RT-qPCR analysis

RNA isolation was performed using TRIzol Reagent (In-
vitrogen). Following cDNA synthesis, RT-qPCR analyses
were performed in a Step-One Real-Time PCR System (Ap-
plied Biosystems) as previously described (7). Three biolog-
ical replicates were used, each consisting of a mixture of
three rosettes collected 15 das. Three technical replicates
were used per biological replicate. The ACTIN2 (ACT2)
housekeeping gene was used as an internal control for rela-
tive quantification.

Immunoblot analysis

Immunoblot analyses were performed as previously de-
scribed (18). The anti-AGO1 (AS09 527; Agrisera), anti-
CUL1 (kindly provided by J.C. del Pozo), and anti-RbcL
(AS03 037; Agrisera) primary antibodies were used at
1:10,000, 1:3,000 and 1:2,500 dilutions, respectively. West-
ernSure HRP Goat anti-Rabbit IgG (LI-COR) secondary
antibody was used at 1:50,000 dilution. Detection was per-
formed using the WesternSure PREMIUM Chemilumines-
cent Substrate (LI-COR) and a C-Digit Blot Scanner (LI-
COR). The Image Studio Analysis (LI-COR) software was
used for band quantification.
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RNA-seq and splicing analysis

Three biological replicates, each consisting of 5 �g of to-
tal RNA (isolated with TRIzol Reagent [Invitrogen]) from
three rosettes collected 15 das, were sent to Novogene (Cam-
bridge, United Kingdom) for high-throughput sequencing.
cDNA libraries were produced with the NEBNext Ultra
RNA Library Prep Kit for Illumina (New England Biolabs)
and sequenced on a NovaSeq 6000 Illumina platform using
a S4 Flow Cell and a 2 × 150 bp paired-end run. More than
98.5 M non-stranded 150 bp paired-end reads, equivalent
to 14.8 Gbp of raw data, were generated from each library
(Supplementary Table S3). All the FASTQ files were sub-
mitted to the Sequence Read Archive (SRA) database of
the National Center for Biotechnology Information (NCBI)
under the BioProject accession PRJNA787038 (https://
www.ncbi.nlm.nih.gov/sra/PRJNA787038).

Splicing analysis was carried out at the Bioinformat-
ics for Genomics and Proteomics Unit of the Centro Na-
cional de Biotecnologı́a (CNB, Madrid). Quality and pu-
rity of raw reads were assessed with FastQC 0.11.9 (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
FastQ Screen 0.14.1 (19), respectively. Reads were aligned
against the Arabidopsis Ler genome (NCBI accession
GCA 001651475.1), using STAR 2.7.9a (20) with de-
fault parameters, except for –alignIntronMax and –
alignMatesGapMax, which were set to 15,000. Poten-
tial optical duplicates and secondary alignments were
identified and removed using the Picard Toolkit (https://
broadinstitute.github.io/picard/) to get the effective reads
from the aligned reads (Supplementary Table S3). Finally,
differential splicing events were determined for each group
pair (mas5-1 or mas5-3 versus Ler) by applying the standard
pipeline defined for the ASpli 2.4.0 R package (21), and in-
dicating a minimum read length of 100 bp and a maximum
intron size of 14,334 bp, which corresponds to that of the
longest intron in the reference genome. Briefly, multiexonic
genes were divided into bins, which were then classified as
exclusively exonic (including the external exons, defined as
the first or last exon of a transcript), exclusively intronic,
original intron (Ios, defined as introns before splitting, re-
sulting from the retention/inclusion of two or more sub-
bins), or annotated alternative splicing bins. Bins (exclud-
ing the external exons and Ios) were subjected to differen-
tial splicing analysis if genes with which they were associ-
ated were expressed above a minimum threshold of 10 reads
in both genotypes compared, and if bins had >5 reads in
at least one genotype. Finally, reads at the bin level were
normalized to the read counts of their corresponding gene,
and the differential bin usage was estimated. Only those bin-
based splicing events with a false discovery rate (FDR) <0.1
and an absolute Delta (percent spliced-in, PSI) or Delta
(percent intron retention, PIR) >5% were considered sta-
tistically significant.

RNA fluorescence in situ hybridization

Tissue preparation and RNA fluorescence in situ hybridiza-
tion (RNA-FISH) were performed as previously described
(22,23), using a 40-mer fluorescein-labeled oligo(dT) probe
(Eurofins Genomics) at a concentration of 0.5 �g/ml in Per-
fectHyb Plus Hybridization Buffer (Sigma-Aldrich). Flu-

orescein was excited at 488 nm and its emission collected
at 515/30 nm, maintaining the same detector gain to al-
low direct comparisons of fluorescence intensity between
samples.

Accession numbers

Sequence data from this article can be found at
The Arabidopsis Information Resource (TAIR;
https://www.arabidopsis.org) under the following accession
numbers: PRP8 (AT1G80070), AGO1 (AT1G48410),
SCA3 (AT2G24120), ANU4 (AT1G02280), ANG1
(AT2G27530), AXR6 (AT4G02570; also called ICU13),
SAR1 (AT1G33410) and ATPRMT5 (AT4G31120).

RESULTS

Isolation of dominant mutant alleles of PRP8 that suppress
the morphological phenotype of ago1-52

ago1-52, a recessive and hypomorphic allele of AGO1,
causes a pleiotropic phenotype (7) that is easily distinguish-
able from that of its wild type Ler at any developmental
stage (Figure 1A and B). We performed a second-site mu-
tagenesis screen for suppressors of the morphological phe-
notype of ago1-52 (10). The suppressor mutation carried
by the M3 progeny of an M2 plant (P8 25.1) was named
mas5-1 (Figure 1C) and crossed to Col-0 to obtain an F2
mapping population. Two phenotypic classes were defined:
plants exhibiting the phenotype of ago1-52 and plants sim-
ilar to a wild-type Col-0/Ler hybrid. We genotyped plants
from each class for 32 molecular markers known to be poly-
morphic between Col-0 and Ler, as well as for the presence
of ago1-52 and its AGO1 wild-type allele.

Iterative linkage analysis of these F2 plants with addi-
tional molecular markers, allowed us to define a 446-kb can-
didate interval flanked by cer461530 and cer470312 (Sup-
plementary Table S1) that harbored the mas5-1 suppressor
mutation. Among the genes within the above interval, we
considered AT1G80070 (PRP8) to be the best candidate
gene for MAS5, since it is one of the two co-orthologs en-
coding PRP8, the largest factor of the core spliceosome. In-
deed, Sanger sequencing of AT1G80070 in ago1-52 mas5-
1 plants revealed a G→A mutation that is predicted to
cause an E1769K substitution (Figure 1I). We sequenced
AT1G80070 in all lines carrying putative extragenic sup-
pressors of ago1-52 that we had isolated in our screen and
identified 10 that carried mas5 alleles with mutations in
PRP8 (Supplementary Figure S1). Six of these mas5 alleles
are unequivocally of different origins and some alleles were
isolated twice in lines originating from the same parental
group subjected to mutagenesis.

The mas5-1 to mas5-6 alleles of PRP8 caused different
degrees of suppression in the M3 generation (Figure 1C–H).
The mas5-1 and mas5-2 mutations are identical even though
they were derived from different parental groups and there-
fore originated from independent mutational events (Sup-
plementary Figure S1). However, the ago1-52 mas5-1 and
ago1-52 mas5-2 plants of the M3 generation had different
morphological phenotypes (Figure 1C and D), likely due to
the presence of other mutations resulting from EMS muta-
genesis. For example, the ago1-52 mas5-2 mutant also car-
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Figure 1. Molecular nature and effects of the mas5 alleles of PRP8 examined in this study. (A–H) Suppression of the morphological phenotype of ago1-52
by the mas5 mutations. Rosettes of (A) the wild-type Ler, (B) the ago1-52 single mutant, and the (C) ago1-52 mas5-1, (D) ago1-52 mas5-2, (E) ago1-52 mas5-
3, (F) ago1-52 mas5-4, (G) ago1-52 mas5-5, and (H) ago1-52 mas5-6 double mutants. The plants shown in (C–H) belong to the M3 generation of the genetic
screen described in (10) and still had not been backcrossed to Ler. Photographs were taken 21 days after stratification (das). Scale bars: 4 mm. (I) Schematic
representation of the PRP8 gene, indicating the nature and positions of the mas5 mutations and their predicted effects on the PRP8 protein. Empty and
filled boxes represent untranslated and coding exonic regions, respectively. Lines between boxes represent introns, and red arrows indicate the positions of
point mutations. Mutated nucleotides are shown in red. (J) Schematic representation of the PRP8 domains. The same colors have been used to highlight
the regions of the PRP8 gene encoding the corresponding domains (in I), and those domains in the PRP8 protein (in J). Sequence and domain information
about PRP8 was obtained from TAIR10 (https://www.arabidopsis.org/) and (3). (K) Prediction of the Arabidopsis PRP8 3D structure with indication of
the residues altered by the mas5 mutations. The structure was downloaded from AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/; PDB:
AF-Q9SSD2-F1) and visualized with the ChimeraX 1.2.5 software (https://www.rbvi.ucsf.edu/chimerax/). PRP8 domain colors are the same than those
used in (J), and residues altered by the mas5 mutations are shown in red. The close-up view of PRP8 surface, with focus on the region containing the mas5
mutations, has been shaded to highlight the protein cavities and pockets.
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ried mas2-7, an allele of MAS2 that also suppresses ago1-52
(8). The mutational burden caused by EMS is also clearly
evidenced by the chlorotic phenotype of the ago1-52 mas5-6
M3 plant shown in Figure 1H, as also observed in all ago1-
52 mas5 lines shown in Figure 1. mas5-1 and mas5-3 F2
plants, from second backcrosses to Ler, were used for all
further studies in this work.

The finding of six allelic mas5 mutations of independent
origin in a single genetic screen strongly supports the hy-
pothesis that PRP8 is the causal gene for the suppression
of the ago1-52 phenotype in the ago1-52 mas5-1 to ago1-
52 mas5-6 double mutants. The known functional role of
PRP8 as a core component of the spliceosome also suggests
that the mas5 alleles act as informational suppressors of the
aberrant splicing of ago1-52.

Mutations in yeast Prp8 that act as missplicing suppressors
map to the same regions that harbor mas5 mutations in Ara-
bidopsis PRP8

Crystallographic structural analyses revealed the existence
of five functional domains in yeast Prp8 (Figure 1J and K,
and Supplementary Figure S2): the Reverse transcriptase-
like, Linker, Endonuclease-like (24), RNase H-like (25) and
C-terminal Jab1/MPN (26) domains. Crystallography also
revealed the existence of a cavity formed by the Reverse
transcriptase thumb (one of the three subdomains of the Re-
verse transcriptase-like domain [amino acids 1257–1375]),
the Endonuclease-like domain (amino acids 1652–1821),
and the RNase H-like domain (amino acids 1836–2091;
Figure 1J and K, and Supplementary Figure S2). This cav-
ity is involved in the interaction of PRP8 with the 5′SS,
3′SS and BPS of any intron (Supplementary Figures S3 and
S4), contributing to the fidelity of the two splicing steps, and
is where most missplicing suppressor mutations that have
been mapped in yeast and humans are located (3,24,27,28).

To find the residues in yeast Prp8 that are homolo-
gous to those that the mas5-1 to mas5-6 mutations af-
fect in Arabidopsis PRP8, we performed a multiple align-
ment of the amino acid sequences of PRP8 orthologs.
We focused on species with the highest number of previ-
ously described mutations, including informational miss-
plicing suppressor alleles from humans, S. cerevisiae, and
C. elegans (Supplementary Figure S2). Then, using the
cryo-electron microscopy (cryo-EM) structures of the yeast
spliceosomal and post-spliceosomal complexes assembled
on a single-intron pre-mRNA from the Protein Data Bank
(https://www.rcsb.org) and the ChimeraX 1.2.5 software for
their visualization, we located the homologous residues in
Prp8 (Supplementary Figures S3 and S4). Specifically, we
located the homologous residues in the most recently deter-
mined cryo-EM structures for five of the eight major func-
tional states of the spliceosome: activated complex (Bact;
PDB: 7DCO, at 2.5 Å resolution; 29), catalytically activated
complex (B*; PDB: 6J6Q, at 3.7 Å resolution; 30), catalytic
step I complex (C; PDB: 7B9V, at 2.8 Å resolution; 31), cat-
alytically activated step II complex (C*; PDB: 5WSG, at
4.0 Å resolution; 32), and post-catalytic complex (P; PDB:
6BK8, at 3.3 Å resolution; 33).

Most amino acids affected by the mas5 mutations in Ara-
bidopsis PRP8 are conserved across all PRP8 orthologs and

five of these mutations affect residues of the cavity men-
tioned above, including the Linker region (Figure 1I-K and
Supplementary Figures S2-S4). Three mas5 mutations caus-
ing the highest levels of suppression are located close to each
other, affecting the end of the Endonuclease-like domain
(mas5-1 and mas5-2) and the start of the RNase H-like do-
main (mas5-5). The mas5-3 and mas5-6 mutations damage
the Linker region (amino acids 1375–1648), where several
missplicing suppressor mutations also occur in yeast Prp8
(Figure 1I-K, Supplementary Figures S2-S4, and Supple-
mentary Table S4).

The identical mas5-1 and mas5-2 mutations (Figure 1I–
K) are predicted to cause an E1769K change, which substi-
tutes a basic amino acid by an acidic one; their most similar
mutation affecting the homologous residue of yeast is D-
135, which causes an E1817G change, substituting a non-
polar amino acid by an acidic one (Supplementary Figure
S2 and Supplementary Table S4). This D-135 mutation sup-
presses missplicing caused by mutations in position 2 of the
5′SS of a reporter gene, which is used as a cryptic 5′SS (34).
The mas5-5 mutation causes a D1894N change, which cor-
responds to D1942 of yeast Prp8. D and N are polar amino
acids, but the substitution caused by mas5-5 adds an amino
group and removes the negative charge of D (Supplemen-
tary Figure S2). In the B* to P yeast spliceosomal com-
plexes, the homologous residues to those of Arabidopsis
PRP8 affected by the mas5-1 (mas5-2) and mas5-5 muta-
tions are very close to each other (Supplementary Figures
S3 and S4).

The amino acids affected by mas5-3 (R1547K) and mas5-
6 (G1524R) do not correspond to those of yeast suppressor
mutations identified in the same region (W1609R, W1575R,
E1576V, and T1565A; Supplementary Figure S2) (35). This
region forms a disordered loop that interacts with the BPS
(24). However, the mas5-3 and mas5-6 missense mutations
cause opposite changes. On the one hand, R and K are simi-
lar positively charged amino acids, and the R1547K change
only eliminates two amino groups. On the other hand,
the G1524R substitution in the mas5-6 mutant adds three
amino groups and a positive charge. We found that the yeast
Prp8 residue homologous to the PRP8 residue affected by
the Arabidopsis mas5-3 mutation (R1595) forms part of the
so-called 1585-loop of this protein (amino acids 1585–1598
[32] or 1576–1599 [33]), which interacts directly with the in-
tron lariat–3′ exon in the C* spliceosomal complex, stabiliz-
ing the 3′SS for the second transesterification (Supplemen-
tary Figure S4). However, the yeast Prp8 residue homolo-
gous to the PRP8 residue affected by the Arabidopsis mas5-
6 mutation (G1572) was not located near the pre-mRNA,
snRNAs, of any of the conserved residues affected by the
other mas5 mutations, in all yeast spliceosomal complexes
(Supplementary Figures S3 and S4).

The only mas5 mutation that affects the N-terminal do-
main of PRP8 is mas5-4 (T555I), but we observed a clear
interaction of the homologous residue in yeast Prp8 with
the 5′SS in all spliceosomal complexes (Supplementary Fig-
ures S3 and S4). An az50 semidominant mutation affecting
the corresponding residue in C. elegans (T524S) was previ-
ously found in a screen for factors that modify the frequency
of cryptic splicing, but does not produce overall changes in
splicing (6).
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mas5-1 does not suppress the morphological phenotypes of
ago1-25 or ago1-27

For further analysis, we selected the mas5-1 and mas5-
3 mutations, which affect two different regions: the
Endonuclease-like domain and the Linker region of PRP8,
respectively (Figure 1I-K). We backcrossed the ago1-52
mas5-1 (P8 25.1; Figure 1C) and ago1-52 mas5-3 (P7 24.1;
Figure 1E) M3 lines twice to Ler. After these backcrosses,
mas5-3 plants exhibited moderately larger rosettes com-
pared to Ler and mas5-1 but were otherwise very similar
to Ler throughout vegetative and reproductive development
(Figure 2A, C, E, G and H). We then crossed the back-
crossed mas5 mutants to ago1-52, to confirm the suppres-
sion, and to ago1-25 and ago1-27, to determine the speci-
ficity of the suppression. ago1-25 and ago1-27 carry EMS-
induced point mutations in the Col-0 genetic background
that cause single amino acid substitutions but do not alter
their own pre-mRNA splicing (36).

In ago1-52 mas5-1 plants, and to a lesser extent in ago1-52
mas5-3, rosette size and whole plant height were partially re-
stored to the Ler values (Figure 2A-H). The ago1-52 mas5-
1 plants were similar to Ler, but ago1-52 mas5-3 resembled
ago1-52, with dark green rosettes harboring two large, spat-
ulate first leaves, like those of ago1-52 (Figure 2A-F). How-
ever, the main stem heights of ago1-52 mas5-1 and ago1-52
mas5-3 were closer to those of Ler, mas5-1 and mas5-3 (Fig-
ure 2G). We also obtained histological evidence for suppres-
sion: the small palisade mesophyll cell size of ago1-52 was
normalized in ago1-52 mas5-1 plants, and to a lesser ex-
tent in ago1-52 mas5-3 (Supplementary Figure S5). We did
not find any evidence of morphological suppression during
vegetative or reproductive development in ago1-25 mas5-1,
ago1-27 mas5-1, ago1-25 mas5-3 or ago1-27 mas5-3 plants
(Supplementary Figure S6).

Taken together, these results indicate that mas5-1, and to
a lesser extent mas5-3, appears to specifically suppress the
ago1-52 allele. It is likely that the remaining mas5 alleles also
act specifically on the ago1-52 mutation, but this has yet to
be demonstrated.

The mas5 mutations modify the ratios of mRNA splice vari-
ants and protein isoforms produced by ago1-52

The novel 3′SS of ago1-52 seems to be used by the spliceo-
some more frequently than the genuine one, as shown by
the level of the mRNA variant containing 10 nt of the 21st

intron, which is more abundant than the wild-type variant.
Translation of the misspliced ago1-52 mRNA variant pro-
duces a truncated protein (AGO1-52), which is 55 amino
acids shorter than the wild-type AGO1 (wAGO1) and in-
cludes 15 amino acids not present in wAGO1 at its C-
terminus (Figure 2I) (7).

To study the suppression of ago1-52 by mas5-1 and mas5-
3 at the molecular level, we amplified total (tAGO1) and
wild-type (wAGO1) mRNA splicing variants by RT-qPCR
using specific primers (Supplementary Table S2) (8). In
agreement with the different levels of morphological sup-
pression in both double mutants, the ratio of wAGO1/ago1-
52 mRNAs was higher in ago1-52 mas5-1 than in ago1-52
mas5-3 (Figure 2I-K). Therefore, the suppression of ago1-
52 by mas5-1 could be due to the almost 10-fold increase in

wAGO1 mRNA levels in ago1-52 mas5-1 plants, the reduced
levels of aberrant ago1-52 mRNA in the double mutant, or
both.

As a control, we performed immunoblot analysis using
the ago1-2 null mutant (37), which does not produce any
AGO1 protein (Figure 2L). The wAGO1 protein (∼130
kDa) was the only AGO1 protein detected in the Ler, mas5-
1, and mas5-3 extracts. In agreement with our RT-qPCR
results, we detected high levels of the mutant AGO1-52
protein (∼125 kDa) in ago1-52, along with low levels of
wAGO1. We also detected two bands in ago1-52 mas5-1 and
ago1-52 mas5-3, corresponding to the wAGO1 and AGO1-
52 protein isoforms, as previously shown in ago1-52 mas2-1
plants (8). Therefore, the level of wAGO1 was higher than
that of AGO1-52 in both ago1-52 mas5-1 and ago1-52 mas5-
3 (Figure 2L and M). These results are in agreement with
the stronger suppression of morphological defects in ago1-
52 mas5-1 compared to ago1-52 mas5-3 (Figure 2A–H).

We repeated the RT-qPCR and immunoblot analyses
with the original M4 lines harboring the mas5-4, mas5-5 and
mas5-6 alleles (Figure 1F–H). We obtained similar results to
those found with the ago1-52 mas5-1 double mutant with
the mas5-6 allele, and less suppression with mas5-5, and in
particular with mas5-4, as we observed with the mas5-3 al-
lele in ago1-52 mas5-3 (Supplementary Figure S7). There-
fore, the suppression of ago1-52 by the mas5 mutations may
involve effects at the translational level; for example, the
wAGO1 splice variant may be more translatable than the
ago1-52 mRNA.

mas5-1 increases splicing fidelity in the icu13 allele of AXR6,
which contains a novel 5′SS

To determine whether the suppression by mas5 alleles is spe-
cific to the AGO1 gene or whether it also occurs in other
genes whose mutations eliminate or create novel SSs, we
crossed mas5-1 to the incurvata13 (icu13), scabra3-1 (sca3-
1), angulata4-1 (anu4-1) and angusta1-2 (ang1-2) mutants.
We selected these four additional mutants because 1) they
harbor the same type of transitions (G→A or C→T) but
exhibit different types of missplicing, 2) they do not ap-
pear to be functionally related to each other or to AGO1
or PRP8, and 3) their morphological phenotypes are easily
distinguishable by eye (Figure 3 and Supplementary Figure
S8). We also crossed mas5-1 to the ago1-51 mutant, which
is in a Ler background, like ago1-52. Unlike ago1-52 and
icu13, the ago1-51, sca3-1, anu4-1 and ang1-2 point mu-
tations damage genuine SSs, favorizing the recognition of
nearby cryptic SSs by the spliceosome (Supplementary Fig-
ure S8).

icu13 is a recessive hypomorphic allele of the AUXIN
RESISTANT6 (AXR6) gene, which encodes CULLIN1
(CUL1), a component of the core SCF complex that cat-
alyzes the ubiquitination of proteins for their degradation
by the proteasome (38). A C→T transition in icu13 creates
a novel 5′SS upstream of the genuine 5′SS of its 15th in-
tron. The alternative use of both 5′SSs by the spliceosome
generates two different splice variants from icu13. One of
these mRNA variants (which we named icu13.1) has a syn-
onymous mutation (GGC→GGU, both codons encoding
glycine) and is produced when the genuine 5′SS is used by
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Figure 2. Suppression of the morphological and molecular phenotypes of ago1-52 by mas5-1 and mas5-3. (A–F) Rosettes of (A) Ler, (B) ago1-52, (C) mas5-
1, (D) ago1-52 mas5-1, (E) mas5-3 and (F) ago1-52 mas5-3 plants. (G) From left to right, adult plants of Ler, mas5-1, mas5-3, ago1-52, ago1-52 mas5-1, and
ago1-52 mas5-3. Photographs were taken (A–F) 21 and (G) 52 das. Scale bars: (A–F) 4 mm, and (G) 5 cm. (H) Boxplot showing the distribution of rosette
areas in plants of the genotypes shown on the X-axis. Boxes are delimited by the first (Q1, lower hinge) and third (Q3, upper hinge) quartiles. Whiskers
represent the most extreme data points that are no more than Q3 + 1.5 × IQR or no less than Q1 − 1.5 × IQR, where the interquartile range (IQR) is
Q3 − Q1. �: Mean. ––: Median. Asterisks indicate significant differences from the corresponding parental lines (indicated by color) in a Student’s t-test
(*P <0.05 and **P <0.0001). At least 15 rosettes per genotype were measured from plants collected 21 das. (I) Schematic representation of the AGO1 gene
and molecular effects of the ago1-52 mutation. Gene structure is represented as described in the legend of Figure 1. gDNA and cDNA indicate genomic
and complementary DNA, respectively. The molecular changes in mutant cDNAs and proteins are shown as red letters. The genuine and novel 3′SSs
are boxed in blue and yellow, respectively. (J) RT-qPCR analysis of the expression of total (tAGO1), wild-type (wAGO1), and mutant (ago1-52) mRNA
splice variants in plants of the genotypes shown. (K) Percentage of wAGO1 and ago1-52 mRNA splice variants. Error bars in (J, K) indicate standard
deviation. (L) Detection of AGO1 protein isoforms by immunoblot analysis using a primary antibody against AGO1 (�-AGO1). Asterisks indicate the
wild-type AGO1 (*) and mutant AGO1-52 (**) proteins. Detection of the RuBisCO large subunit with �-RbcL was used as a loading control. (M) Relative
quantification of the wAGO1 and AGO1-52 proteins shown in (L), using the Image Studio Analysis software (LI-COR). Total RNA and proteins were
extracted from plants collected 15 das.
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Figure 3. Suppression of the morphological and molecular phenotypes of icu13 by mas5-1. (A) AXR6 gene structure, mRNA splice variants, and CUL1
isoforms from the translation of icu13 mRNA transcripts, represented as described in the legend of Figure 2. A red arrow indicates the position of the icu13
mutation. (B–G) Rosettes of (B) En-2, (C) icu13 (in the En-2 genetic background), (D) icu13 (in the En-2/Ler hybrid genetic background), (E) Ler, (F)
mas5-1, and (G) icu13 mas5-1. Photographs were taken 28 das. Scale bars: 1 cm. (H) RT-qPCR analysis of the expression of the total (tAXR6), wild-type
(wAXR6) and mutant (icu13.2) mRNA splice variants in En-2, icu13, icu13 mas5-1, Ler, and mas5-1 plants. (I) Percentage of wAXR6 and icu13.2 mRNA
splice variants. Error bars in (H, I) indicate standard deviations. (J) Immunoblot analysis of CUL1 proteins using a primary antibody against CUL1 (�-
CUL1). Asterisks indicate RUB-modified CUL1 (*) and CUL1 (**). Detection of the RuBisCO large subunit with �-RbcL was used as a loading control.
Total RNA and proteins were extracted from plants collected 15 das.

the spliceosome. The other mRNA variant (icu13.2) lacks
the last 5 nt of the 15th exon, which causes a frameshift that
generates a premature termination codon (PTC) due to the
use of the novel 5′SS. Translation of the latter mRNA is pre-
dicted to produce a truncated protein (ICU13.2) with only
492 amino acids, instead of the 738 amino acids of the wild-
type CUL1 (wCUL1) (Figure 3A).

We genotyped plants from all the phenotypic classes
found in the F2 progeny of a mas5-1 × icu13 cross. The
icu13/icu13;PRP8/PRP8 plants were identical to their
icu13/icu13 parent, whereas icu13/icu13;PRP8/mas5-1 and
icu13/icu13;mas5-1/mas5-1 plants were similar to En-2
(Figure 3B-G). These results indicate that mas5-1 acts as a
dominant suppressor of the icu13 mutant phenotype, as it
does for ago1-52. Accordingly, we analyzed the relative lev-
els of the mRNA variants known to be produced by icu13
(18): wAXR6 (including the completely wild-type AXR6
variant and the icu13.1 variant, which carries a synonymous
mutation) and icu13.2 (Figure 3A). Similar to previous find-
ings, the levels of mature mRNAs produced by the icu13 al-
lele of AXR6 were reduced 0.3-fold compared to wild type
and less than 50% of these mRNAs were wAXR6 (includ-
ing the icu13.1 variant). In the icu13 mas5-1 double mutant,
however, the mRNA levels were higher, and wAXR6 became
the major variant (Figure 3H and I).

icu13.2 might be targeted by the nonsense-mediated
mRNA decay (NMD) pathway, as its mutation maps to the
15th of its 20 exons (Figure 3A) and produces a PTC at
the 16th exon. NMD is the major RNA surveillance path-
way and is universal among eukaryotes; NMD recognizes
and elicits the degradation of unproductive mRNA vari-
ants with PTCs, thereby preventing their translation (39).
This would explain the low levels of mRNAs produced by
the icu13 allele, since its major variant icu13.2 is likely to be
degraded by NMD. However, mas5-1 partially restored the
use of the novel 5′SS of the icu13 pre-mRNA, thereby de-
creasing the icu13.2/wAXR6 ratio (Figure 3H and I). These
findings explain why the total amounts of mature RNAs
produced by icu13 in the icu13 mas5-1 double mutant were
higher than those of the icu13 single mutant.

We also examined the protein products of icu13 in icu13
mas5-1 plants by performing an immunoblot assay with a
polyclonal antibody against CUL1. CUL1 was more abun-
dant in icu13 mas5-1 plants than in icu13 (Figure 3J). These
findings confirm (at the protein level) the suppression of
icu13 by mas5-1 that we observed at the morphological and
mRNA levels. Similar to a previous report (18), we did not
detect the predicted truncated CUL1 isoform (ICU13.2) in
icu13 or icu13 mas5-1 plants, reinforcing the notion that the
NMD pathway degrades the icu13.2 mRNA.
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ago1-51 and sca3-1 carry transitions that damage a 5′SS
of the AGO1 and SCA3 genes, respectively. In the case of
ago1-51, three detectable mature mRNAs were produced,
which include very low amounts of the wild-type vari-
ant (dubbed here as wAGO1) (Supplementary Figure S8A)
(7,8). As in ago1-51, the cryptic 5′SS in sca3-1 appears to
be stronger than the damaged genuine one, as shown by
the very low levels of wild-type SCA3 mRNA (sca3-1.1 in
Supplementary Figure S8B) compared to those of the sca3-
1.2 variant, whose translation should result in a wild-type
and a truncated protein, respectively (40). The anu4-1 and
ang1-2 mutations damage a 3′SS that the spliceosome does
not seem to recognize. Splicing of the anu4-1 and ang1-2
pre-mRNAs generates three different mRNA variants that
suffer frameshifts (Supplementary Figure S8C and S8D),
and in consequence do not produce detectable wild-type
ANU4 and RPL10aB proteins, respectively (41). We per-
formed Sanger sequencing to genotype plants from all the
phenotypic classes in the different F2 populations that we
obtained. The ago1-51 mas5-1, sca3-1 mas5-1, anu4-1 mas5-
1 and ang1-2 mas5-1 double mutant plants were indistin-
guishable from their respective ago1-51, sca3-1, anu4-1 and
ang1-2 single mutant F2 siblings (Supplementary Figure
S8E-N), suggesting that in these mutants, mas5-1 does not
reduce the frequency of the selection of cryptic SSs by the
spliceosome.

Our results indicate that mas5-1 partially suppresses the
missplicing caused by the preferential use of novel 5′SS (in
icu13) or 3′SS (in ago1-52). Our results also suggest that
mas5-1 (and probably the other mas5 mutations) does not
have global effects on splicing. This would explain why the
mas5-1 single mutant is similar to the wild type, as has been
shown for several missplicing suppressor alleles of S. cere-
visiae Prp8 and C. elegans prp-8 (1,6).

ago1-52 synergistically interacts with hypomorphic alleles of
PRP8

To compare the functional nature of the mas5 alleles with
other prp8 alleles previously studied, we crossed ago1 plants
to prp8-6 and prp8-7 plants, which carry hypomorphic alle-
les of PRP8 (Figure 4 and Supplementary Figure S9). The
prp8-6 mutant is in the Ler genetic background (42), as are
ago1-51 and ago1-52, whereas prp8-7 is in the Col-0 ge-
netic background (43), as are ago1-25 and ago1-27. Under
our growth conditions, the rosette leaves of prp8-6 and Ler
were very similar (Figure 4B), whereas those of prp8-7 were
slightly pointed, serrated, and pale (Figure 4C).

The residue altered by the prp8-6 missense mutation
(G1891E) in Arabidopsis is conserved with human PRPF8
(G1867) but not with yeast Prp8 (A1939; Supplementary
Figure S2); PRP8 protein levels are similar in prp8-6 and the
wild type (42). The Arabidopsis hypomorphic prp8-7 muta-
tion causes a G1820E substitution in a 17-amino-acid ex-
tension within the RNase H-like domain of PRP8 (residues
1860–1875 in yeast, which correspond to residues 1812–
1827 in Arabidopsis; Supplementary Figure S2). Cryo-EM
analyses of yeast Prp8 revealed that this protein undergoes
conformational rearrangements during pre-mRNA splicing
and that the 17-amino-acid region can exist as a �-hairpin
or a disordered loop, depending of the splicing step (44).
Some missense prp8 alleles affecting residues of this 17-

amino-acid region stabilize the disordered loop conforma-
tion, which in turn provides high efficiency but low fidelity
to the splicing of pre-mRNAs from reporter constructs. The
growth of these yeast mutants with error-prone splicing re-
sembles that of the wild type. By contrast, other prp8 alle-
les harbor missense mutations affecting the same 17-amino-
acid region that stabilize the �-hairpin conformation and
cause low efficiency but high-fidelity splicing; therefore, the
growth of yeast harboring these alleles is worse than the
wild type (5). The global effect of the highly efficient but
error-prone splicing caused by prp8-7 is the retention of a
low amount (6.7%) of introns (43).

We believe that the different combinations of Col-0 and
Ler genetic backgrounds that are present in the ago1-25
prp8-6, ago1-27 prp8-6, ago1-25 mas5-1, ago1-27 mas5-1,
ago1-25 mas5-3 and ago1-27 mas5-3 double mutants con-
tribute to their phenotypes (Supplementary Figures S6 and
S9), making difficult to interpret the phenotypes of these
double mutants. However, the ago1-52 prp8-6 and ago1-52
prp8-7 plants displayed a more severe morphological phe-
notype than ago1-52 and were completely sterile; in addi-
tion, the phyllotaxy of ago1-52 prp8-7 was strongly affected
(Figure 4D–F). However, RT-qPCR and immunoblot anal-
yses allowed us to conclude that the prp8-6 and prp8-7 mu-
tations do not seem to modify ago1-52 pre-mRNA splicing,
and that the synergistic morphological phenotypes of ago1-
52 prp8-6 and ago1-52 prp8-7 plants cannot be explained by
an increase in ago1-52 missplicing (Figure 4G-J). Neverthe-
less, these results clearly reveal that the mas5 alleles are not
hypomorphic.

The mas5 mutations do not alter global pre-mRNA splicing,
but modify the ratio of the proximal/distal 3′SS use in NAG-
NAG motifs

Some prp8 suppressor mutations modify the genetic interac-
tions among mutant alleles of the genes encoding different
spliceosome factors and cofactors, alleles that cause global
missplicing (1). This is the case for prp8-8 and prp8-9; these
alleles were isolated in a genetic screen for suppressors of
the phenotype of the Arabidopsis atprmt5-1 mutant, which
carries a T-DNA insertion in the 21st exon of PROTEIN
ARGININE METHYLTRANSFERASE 5 (PRMT5). Ara-
bidopsis PRMT5 regulates constitutive and alternative pre-
mRNA splicing by promoting spliceosome assembly and
activation (45–47). The atprmt5-1 mutation causes an in-
crease in intron retention (IR) events, a global splicing al-
teration that is suppressed by the prp8-8 (P347S) and prp8-
9 (P1141S) mutations, which are both considered neomor-
phic, since the loss of function of Arabidopsis PRP8 did not
suppress the splicing defects of atprmt5-1 (48).

To shed further light on the functional nature of the
mas5 alleles, we generated the atprmt5-1 mas5-1 double mu-
tant, which was indistinguishable from atprmt5-1 (Supple-
mentary Figure S10). Therefore, whereas prp8-8 and prp8-9
(which are dominant, like mas5-1 and mas5-3) suppressed
atprmt5-1, mas5-1 did not. These results strongly suggest
that these different alleles of PRP8 alter different PRP8 pro-
tein activities, as expected from the different locations of the
amino acids changed by the mas5-1, prp8-8 and prp8-9 mu-
tations in PRP8 (Supplementary Figure S2).
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Figure 4. Genetic interactions between prp8 hypomorphic alleles and ago1-52. (A–F) Rosettes of (A) Col-0, (B) prp8-6, (C) prp8-7, (D) ago1-52, (E) ago1-52
prp8-6, and (F) ago1-52 prp8-7. Photographs were taken 21 das. Scale bars: 4 mm. (G) RT-qPCR analysis of the expression of total (tAGO1), wild-type
(wAGO1), and mutant (ago1-52) AGO1 mRNA splice variants. (H) Percentage of wAGO1 and ago1-52 splice variants. Error bars in (G, H) indicate standard
deviation. (I) Detection of AGO1 protein isoforms by immunoblot analysis using a primary antibody against AGO1 (�-AGO1). Asterisks indicate wild-
type AGO1 (*) and mutant AGO1-52 (**). Detection of the RuBisCO large subunit with �-RbcL was used as a loading control. (J) Relative quantification
of the wAGO1 and AGO1-52 proteins shown in (I), using the Image Studio Analysis software (LI-COR). Total RNA and proteins were extracted from
plants collected 15 das.

To test whether the mas5 mutations cause global alter-
ations in pre-mRNA splicing, we carried out RNA-seq
analyses of RNA extracted from Ler, mas5-1, and mas5-
3. Using the ASpli software (21), 98,488 exons and 118,974
introns from 21,790 multiexonic genes were evaluated for
each sample (Supplementary Dataset S1), which excluded
external exons and Ios (see Materials and Methods). We fil-
tered bin-based splicing events using an FDR <0.1 and an
absolute Delta PSI or Delta PIR >5%. We only found 251
and 164 differential splicing events in mas5-1 and mas5-3,
respectively, compared to the wild type, 33 of which were
common to both mutants (Figure 5A and Supplementary
Datasets S2–S4).

Increased IR events were the most frequent: 201 (80.1%
of the total missplicing events) and 117 (71.3%) in mas5-
1 and mas5-3, respectively, with 25 common to both mu-
tants (Figure 5A and Supplementary Datasets S2-S4). The
second most frequent event found in both mutants was de-
creased Alt 3′SS: 31 (12.3%) and 25 (21.4%) in mas5-1 and
mas5-3, respectively, with only 7 common to both mutants
(Figure 5A and Supplementary Datasets S2-S4).

Using the IGV software, we confirmed the increased IR
events in both mutants (Figure 5B) and found that 27 out
of 31 (in mas5-1) and 21 out of 25 (in mas5-3) of the de-
creased Alt 3′SS events affected tandem 3′SSs, which were
exactly 3 nt apart (NAGNAG). We also confirmed that both

mutants used the proximal 3′SS more frequently than the
distal one, compared to the wild type, which also uses both
3′SSs (Figures 5C and D, and Supplementary Figure S11).
The presence of NAGNAG motifs in the 3′SS occurs widely
in eukaryotic genomes, including the human and Arabidop-
sis genomes, in which 1,890 have been found by analyzing
435 RNA-seq datasets, with a mean number of 201 NAG-
NAG motifs with confirmed alternative use per sample (49).
Because both 3′SSs are exactly 3 nt apart (in-frame), their
alternative choice for the spliceosome would produce pro-
teins differing in a single amino acid, which might not af-
fect its function. Interestingly, in all cases the proximal 3′SS,
which seems to be the strongest one because is more fre-
quently chosen by the wild type, seemed to be more favored
over the distal 3′SS in both mas5 mutants (Supplementary
Datasets S2 and S3).

Comparing the number of IR events previously detected
in prp8-7 (8,124 events affecting 6.7% of total introns; 43),
we conclude that the mas5-1 and mas5-3 suppressor muta-
tions do not alter global pre-mRNA splicing.

Misspliced mRNAs prevent the recruitment of mRNA
export factors, causing nuclear accumulation of poly(A)+
RNAs (50), which should be evident in prp8-7, but not
in mas5-1 or mas5-3, according to the RNA-seq results.
To test this hypothesis, we carried out RNA-FISH as-
says with a fluorescently labeled oligo-dT probe against
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AT2G27700:E012 atgtttcactagaactagCCTATG
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Figure 5. Genome-wide analysis of pre-mRNA splicing in the mas5 mutants. (A) Percentage of differential splicing events identified in mas5-1 and mas5-3,
and Venn diagrams showing the IR and Alt 3′SS events. IR: intron retention; ES: exon skipping; Alt 3′SS/5′SS: alternative 3′/5′ splicing site. (B, C) Plots
of AT1G65520 and AT1G16010 aligned reads taken as representative examples of (B) IR and (C) Alt 3′SS events that were statistically different in the
three biological samples of Ler (in grey), mas5-1 (in red), and mas5-3 (in blue). Only the intron and flanking exons (represented in gene structures by black
lines and boxes, respectively) corresponding to the sites of the events are shown in plots obtained with the IGV software (http://software.broadinstitute.org/
software/igv/). (D) DNA sequences corresponding to the statistically significant Alt 3′SS events identified in mas5-1 and mas5-3, with an absolute Delta
PSI >20%. Intronic and exonic sequences are shown in lowercase and uppercase, respectively. The proximal and distal 3′SSs are boxed in blue and yellow,
respectively. E0XX indicates the exon number of each gene.

poly(A)+ RNAs. We used as a positive control the sar1-
4 mutant, which carries a null allele of SUPPRESSOR
OF AUXIN RESISTANCE1 (SAR1), encoding NUCLEO-
PORIN160 (NUP160), and shows elevated nuclear reten-
tion of poly(A)+ RNAs (22,50). We found nuclear accu-
mulation of poly(A)+ RNAs within the nucleus of prp8-7
and sar1-4 leaf palisade mesophyll cells, but not in mas5-
1 (Figure 6). These results further support our RNA-seq
results.

DISCUSSION

The mas5 mutations belong to an unusual class of missplicing
suppressors that increase splicing fidelity without causing a
dramatic global increase in missplicing

Point mutations at the 5′SSs or 3′SSs may abolish or reduce
their recognition by the spliceosome, which then recognizes
a cryptic site close to the genuine, mutated SS. Moreover,
point mutations in exonic or intronic sequences may cre-
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Figure 6. Detection of poly(A)+ RNAs in prp8-7 and mas5-1 leaf cells. (A–O) Poly(A)+ RNA-FISH assays in palisade mesophyll cells of (A, F, K) Col-0,
(B, G, L) prp8-7, (C, H, M) sar1-4, (D, I, N) Ler and (E, J, O) mas5-1 leaves. Fluorescent signals correspond to (A–E) nuclear 4′,6-diamidino-2-phenylindole
(DAPI) staining, (F–J) fluorescein from an oligo(dT) probe, and (K–O) their overlay. Confocal laser-scanning micrographs were taken from 10 leaves per
genotype of plants collected 14 das. Scale bars: 50 �m.

ate novel SSs. PRP8 encodes the core component of the
spliceosome and is conserved across all eukaryotes. Numer-
ous prp8 alleles have been described to act as missplicing
suppressors, mainly in S. cerevisiae. Most of these muta-
tions promote changes in SS choice by the spliceosome, in-
creasing the frequency of proper, in-frame splicing of pre-
mRNAs. These suppressor mutations reduce the frequency
of use of cryptic SSs, which are already close to a mutated
genuine SS (1).

We identified five different, allelic mas5 mutations in the
Arabidopsis PRP8 gene in a second-site mutagenesis screen
for extragenic suppressors of the morphological phenotype
of ago1-52, a mutant allele of AGO1 that undergoes miss-
plicing. Except mas5-4, all mas5 mutations affect residues
of the cavity and the Linker of PRP8, where most yeast
suppressor mutations are also located (Figure 1J and K,
and Supplementary Figure S2). In the five mas5 alleles, the
wild-type residue is predicted to be replaced by a positively
charged amino acid (K in the identical mas5-1 and mas5-2
mutations, and mas5-3, and R in mas5-6), or a negatively
charged amino acid is removed (D in mas5-5). The cavity
interacts with the 5′SS, 3′SS and BPS, and is thought to
play an important role in splicing fidelity. Our results sug-
gest that regions that make up the cavity are also hotspots
for missplicing suppressor mutations in Arabidopsis PRP8
that are likely involved in splicing fidelity. However, when we
looked at the yeast residues homologous to those affected
by the Arabidopsis mas5 mutations in five cryo-EM struc-

tures of spliceosomal complexes, we did not find interac-
tions with mRNA, snRNAs, or other spliceosomal factors,
except for the residues homologous to those affected by the
mas5-3 and mas5-4 mutations; these residues could inter-
act with the intron lariat–3′ exon (stabilizing the 3′SS for
the second transesterification) and 5′SS of the single-intron
pre-mRNA used in the models, respectively (Supplemen-
tary Figures S3 and S4). It is possible that the mas5 muta-
tions modify the conformation of these spliceosomal com-
plexes, but this remains to be tested.

Some dominant alleles are antimorphic (with a dominant
negative effect); when they are heterozygous with a wild-
type allele, they antagonize the function of the wild-type
protein, thus leading to a loss of function. This mainly oc-
curs in genes encoding subunits of multimeric complexes
(51), as is the case of PRP8. In genetic screens, performed
in S. cerevisiae, several dominant alleles of Prp8 have been
identified that alter both SS choice by the spliceosome and
alternative splicing efficiency (1). Many of these mutations
do not have detrimental effects or visible phenotypes.

However, null alleles of genes encoding components of
the spliceosome, or its associated factors, can cause global
missplicing and lethality, as is the case of PRP8. Our RNA-
seq analysis showed that the mas5-1 and mas5-3 muta-
tions, and probably the other mas5 mutations, do not cause
global defects in splicing, since only a few missplicing events
were detected. Most of these missplicing events are in-
creased IR events, corresponding to 0.17% (201 events) and
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0.1% (117 events) of the introns analyzed in mas5-1 and
mas5-3, respectively (Figure 5A and Supplementary Fig-
ures S2 and S3), which are minimal compared to those
found in the prp8-7 mutant (8,124 events, corresponding
to 6.7% of total introns), which exhibits a very weak mor-
phological phenotype (Figure 4C) (43). Our results suggest
that the mas5-1 and mas5-3 mutations improve the choice
of the strongest 3′SS (the proximal one) compared with the
wild type, at least in cases where there are NAGNAG se-
quences. These findings are in line with our previous results
that suggested an increase in splicing fidelity in the ago1-52
mas5-1, ago1-52 mas5-3 and icu13 mas5-1 double mutants,
and explain why mas5-1 and mas5-3 plants exhibit a wild-
type phenotype. Based on their suppression of the missplic-
ing of ago1-52 and icu13, we propose that the mas5 muta-
tions represent a class of novel and uncommon PRP8 alle-
les whose behavior differs from that of alleles that increase
splicing fidelity by suppressing cryptic splicing.

In animals and land plants, around 25% of the alterna-
tive splicing events are due to the use of alternative 3′SSs
and 5′SSs, and about half of these 3′SSs are present in a
NAGNAG motif and thus are separated by only 3 nt (52–
55). In most cases, NAG tandem repeats are in phase and
their differential splicing events give rise to a protein with
an insertion or a deletion of a single amino acid (52,53,56).
There is evidence that both protein isoforms from hundreds
of genes with NAGNAG 3′SSs exist in Arabidopsis, rice
(Oryza sativa), and the moss Physcomitrella patens (53–55).
For example, the alternative splicing of the 3′SS of intron
14 in the Arabidopsis ZINC-INDUCED FACILITATOR-
LIKE1 gene produces two mRNA variants that differ by 2
nt. One of these mRNAs codes for a full-length protein that
localizes to the plasma membrane and functions in auxin-
regulated processes, whereas the second variant codes for
a truncated protein that localizes to the tonoplast mem-
brane and functions in drought tolerance (57). The use of
an alternative 3′SS in a NAGNAG sequence also produces
the two isoforms of Arabidopsis U1-35K, a factor involved
in splicing of rare U12-type introns. The shorter isoform,
which lacks a glutamine, exhibits altered binding affinity
to different components of the spliceosome complex (58).
These studies suggest the functional significance of alterna-
tive splicing, as a result of the presence of tandem 3′SSs in
plants.

In addition, our mas5 alleles appear to differ from other
Arabidopsis prp8 dominant alleles, such as prp8-8 and prp8-
9 (48), because they do not suppress the morphological phe-
notype caused by mutations in ATPRMT5, which encodes
another spliceosome-related factor (Supplementary Figure
S10). These findings strongly suggest that these different al-
leles of PRP8 alter different activities of PRP8, as expected
based on the different localizations of the mas5-1, prp8-
8 and prp8-9 mutations (Supplementary Figure S2).

Effect of mutations that create novel SSs but do not alter gen-
uine SSs in model species and humans

Base substitutions are the most frequent type of muta-
tions induced by the chemical mutagens most widely used
to study model organisms, and they represent the major
form of spontaneous genetic polymorphisms found in many

species, including humans (59). The identification of mu-
tated genes that cause a phenotype of interest has tradition-
ally relied on the use of iterative linkage analysis to identify
candidate mutations. Such candidate mutations are com-
monly chosen by focusing mostly on nonsynonymous sub-
stitutions in exons or, to a lesser extent, on substitutions
that disturb SSs (60). However, in not few cases, none of
the candidate genes was ultimately found to be the causal
gene for the phenotype under study, despite recent progress
in whole-genome sequencing technologies. Some of these
cloning failures could be due to mutations that remain un-
noticed because they create a synonymous codon or occur
in a deep intronic region that does not form part of a gen-
uine SS. Nevertheless, the effects of these apparently silent
mutations can be strong, since some create novel SSs that
are favored by the spliceosome compared to the genuine
SSs, even though these SSs are otherwise intact. ago1-52
and icu13 belong to this class of mutations. The morpho-
logical and molecular phenotypes of ago1-52 are caused by
a point mutation in an intronic region that has no obvious
functional role, whereas in icu13, these phenotypes appear
to be caused by a synonymous change at the end of an exon.
In both cases, however, the mutation creates a novel SS that
causes missplicing.

Recent studies integrating DNA and RNA data from
whole-genome exon sequencing and transcriptomic analy-
sis revealed that human mutations in deep intronic regions
or those that yield synonymous codons in coding regions
are the causes of several hereditary disorders and have been
associated with cancer. A computational genomic analysis
of 235 individuals of the 1000 Genomes Project estimated
that each genome contains an average of 10 intronic muta-
tions in sequences other than SSs or BPS. These mutations
are associated with disorders, since they generate novel SSs
without damaging genuine SSs, which in turn cause miss-
plicing and often introduce a PTC in the misspliced mRNA
(60). In addition, computational analysis of 8,656 tumors
from The Cancer Genome Atlas project discovered several
hundred novel mutations in intronic sequences, which cause
missplicing and might have an impact on cancer; some of
these mutations damage key tumor suppressor genes, such
as TP53, the key tumor suppressor gene that encodes P53,
the so-called guardian of the genome (61,62). These muta-
tions cannot be detected by sequencing exomes, which is the
most frequently used method to identify mutations associ-
ated with human genetic disorders.

The study of missplicing suppressors may be useful for a bet-
ter understanding of splicing, as well as for engineering SS
selection by the spliceosome

Due to its relative simplicity and rapid growth, S. cerevisiae
has traditionally been recognized as the best model organ-
ism to study several cross-kingdom conserved processes, in-
cluding splicing. However, 97% of protein-coding genes of
S. cerevisiae lack introns, and several splicing factors and
cofactors that are present in multicellular organisms are not
encoded by its genome, including those that participate in
alternative splicing, an event that is rare in this yeast but
common in plants and animals (63). Several animal species
are used as models to better understand missplicing caus-
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ing human diseases and to design strategies for suppress-
ing missplicing (64). Our findings indicate that Arabidopsis,
like other multicellular organisms, could be useful for an-
alyzing human disorders involving highly conserved genes,
such as PRP8. It might be possible to suppress the effects of
some mutations that cause missplicing in mammalian and
particularly human cells by obtaining mutations equivalent
to the mas5 mutations that mutate amino acids that exhibit
cross-kingdom conservation and do not impair Arabidopsis
growth or development.

Our findings also suggest that mutants that show miss-
plicing may be good candidates for investigating both mis-
splicing suppression and splicing itself. Indeed, such an ap-
proach might be a better choice than using minigenes to re-
capitulate artificial exon skipping events, because mutations
such as those in the mas5 lines, are present in their natural
cellular and chromosomal context.
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Ler     (PRP8)    2320 AACCTCAAGCCTGTGAAAACTTTGACCACCAAAGAGCGAAAGAAGTCACGTTTTGGG 
P5 11.1 (mas5-4)  2320 AACCTCAAGCCTGTGAAAACTTTGACCATCAAAGAGCGAAAGAAGTCACGTTTTGGG 
 
Ler     (PRP8)    6358 acatgaactcagTTTCCCGACATGGGAGGGACTTTTCTGGGAGAAGGCGTCTGGTTT 
P7 22.1 (mas5-6)  6358 acatgaactcagTTTCCCGACATGGGAGAGACTTTTCTGGGAGAAGGCGTCTGGTTT 
P7 23.1 (mas5-6)  6358 acatgaactcagTTTCCCGACATGGGAGAGACTTTTCTGGGAGAAGGCGTCTGGTTT 
 
Ler     (PRP8)    6428 AAATATAAGAAGTTGACTAATGCTCAGAGGTCTGGTCTGAACCAGATTCCAAATAGA 
P7 24.1 (mas5-3)  6428 AAATATAAGAAGTTGACTAATGCTCAGAAGTCTGGTCTGAACCAGATTCCAAATAGA 
P7 26.1 (mas5-3)  6428 AAATATAAGAAGTTGACTAATGCTCAGAAGTCTGGTCTGAACCAGATTCCAAATAGA 
 
Ler     (PRP8)    7266 gTCCAATCCGGCTCTATATGTGTTGAGAGAGAGGATAAGGAAAGGTTTGCAGCTATA 
P8 4.1  (mas5-1)  7266 gTCCAATCCGGCTCTATATGTGTTGAGAAAGAGGATAAGGAAAGGTTTGCAGCTATA 
P8 14.1 (mas5-1)  7266 gTCCAATCCGGCTCTATATGTGTTGAGAAAGAGGATAAGGAAAGGTTTGCAGCTATA 
P8 25.1 (mas5-1)  7266 gTCCAATCCGGCTCTATATGTGTTGAGAAAGAGGATAAGGAAAGGTTTGCAGCTATA 
P7 13.1 (mas5-2)  7266 gTCCAATCCGGCTCTATATGTGTTGAGAAAGAGGATAAGGAAAGGTTTGCAGCTATA 
P7 49.1 (mas5-2)  7266 gTCCAATCCGGCTCTATATGTGTTGAGAAAGAGGATAAGGAAAGGTTTGCAGCTATA 
 
Ler     (PRP8)    7769 GATTATTGTCACACGGAAAGGAATGTTGGATCCCCTTGAGGTTCACTTGCTTGATTT 
P4 22.2 (mas5-5)  7769 GATTATTGTCACACGGAAAGGAATGTTGAATCCCCTTGAGGTTCACTTGCTTGATTT 
 
Supplementary Figure S1. Mutations identified in PRP8 in the mas5 suppressor lines 
studied in this work. Numbers indicate nucleotide positions, numbered from the first (5′) 
nucleotide of the 5′-UTR of PRP8. Intronic and exonic sequences are shown in lowercase and 
uppercase, respectively. Mutated nucleotides are shown in red. 
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S. cerevisiae     1 ----MSGLPPPPPGFEEDSDLALPPPPPPPPGYEIEELDNPMVPSSVNEDTFLPPPPPPP 
A. thaliana       1 MWNNNDGMPLAPPGT---GGSMMPPPPAAHPSYT-----------------ALPPPSNP- 
H. sapiens        1 ------MAGVFPYRG---PGNPVP------------------------------------ 
C. elegans        1 ---------MANYGG--------------------------------------------- 
consensus                                                                       
 
 
S. cerevisiae    57 SNFEINAEEIVDFTLPPPPPPPG--LDELETKAEKKVELHGKRKLDIGKDTFVTRKSRKR 
A. thaliana      40 --------------TPPVEPTPEEAEAKLEEKARKWMQLNSKR----------------- 
H. sapiens       16 --------------GPLAPLPDYMSEEKLQEKARKWQQLQAKR----------------- 
C. elegans        7 ---------------HPQTEPHAIPDSILEEKSRKWKQLQGKR----------------- 
consensus                                       *  *  *   *  **                  
 
 
S. cerevisiae   115 AKKMTKKAKRSNLYTPKAEMPPEHLRKIINTHSDMASKMYNTDKKAFLGALKYLPHAILK 
A. thaliana      69 ---YGDKRKFGFVETQKEDMPPEHVRKIIRDHGDMSSKKFRHDKRVYLGALKFVPHAVFK 
H. sapiens       45 ---YAEKRKFGFVDAQKEDMPPEHVRKIIRDHGDMTNRKFRHDKRVYLGALKYMPHAVLK 
C. elegans       35 ---YSEKKKFGMSDTQKEEMPPEHVRKVIRDHGDMTSRKYRHDKRVYLGALKYMPHAVLK 
consensus                 * *       * .*****.**.*  * **  . .  **. .*****..***. * 
 
 
S. cerevisiae   175 LLENMPHPWEQAKEVKVLYHTSGAITFVNETPRVIEPVYTAQWSATWIAMRREKRDRTHF 
A. thaliana     126 LLENMPMPWEQVRDVKVLYHITGAITFVNEIPWVVEPIYMAQWGTMWIMMRREKRDRRHF 
H. sapiens      102 LLENMPMPWEQIRDVPVLYHITGAISFVNEIPWVIEPVYISQWGSMWIMMRREKRDRRHF 
C. elegans       92 LLENMPMPWEQIRDVKVLYHITGAITFVNDIPRVIEPVYMAQWGTMWIMMRREKRDRRHF 
consensus           ****** **** ..* **** .***.***. * *.**.*  **   ** ******** ** 
 
 
S. cerevisiae   235 KRMRFPPFDDDEPPLSYEQHIENIEPLDPINLPLDSQDDEYVKDWLYDSRPLEEDSKKVN 
A. thaliana     186 KRMRFPPFDDEEPPLDYADNLLDVDPLEPIQLELDEEEDSAVHTWFYDHKPLVK-TKLIN 
H. sapiens      162 KRMRFPPFDDEEPPLDYADNILDVEPLEAIQLELDPEEDAPVLDWFYDHQPLRDSRKYVN 
C. elegans      152 KRMRFPPFDDEEPPLDYADNILDVEPLEPIQMELDPEEDGAVAEWFYDHKPLAT-TRFVN 
consensus           **********.**** *   .  ..**. *.. **  .*  *  * **  **    . .* 
 
                                                                        
S. cerevisiae   295 GTSYKKWSFDLPEMSNLYRLSTPLRDEVTDKNYYYLFDKKSFFNGKALNNAIPGGPKFEP 
A. thaliana     245 GPSYRRWNLSLPIMATLHRLAGQLLSDLIDRNYFYLFDMPSFFTAKALNMCIPGGPKFEP 
H. sapiens      222 GSTYQRWQFTLPMMSTLYRLANQLLTDLVDDNYFYLFDLKAFFTSKALNMAIPGGPKFEP 
C. elegans      211 GPTYRKWAFSIPQMSTLYRLANQLLTDLVDDNYFYLFDMKSFFTAKALNVAIPGGPKFEP 
consensus           * .* .*   .* *  * **   *  .. * **.****   **  ****  ********* 
 
                                                               prp8-9 (P347S) 
S. cerevisiae   355 LYPRE--EEEDYNEFNSIDRVIFRVPIRSEYKVAFPHLYNSRPRS--VRIPWYNNPVSCI 
A. thaliana     305 LYRDMEKGDEDWNEFNDINKLIIRSPLRTEYRIAFPHLYNNRPRK--VKLCVYHSPMIMY 
H. sapiens      282 LVRDINLQDEDWNEFNDINKIIIRQPIRTEYKIAFPYLYNNLPHH--VHLTWYHTPNVVF 
C. elegans      271 LVKDLH-TDEDWNEFNDINKVIIRAPIRTEYRIAFPFMYNNLISSLPVQVSWYHTPSVVF 
consensus           *       .**.**** * ..* * *.*.**..*** .**       * .  *  *     
 
 
S. cerevisiae   411 IQNDEEYDTPALFFDPSLNPIPHFIDNNSSLNVSNTKENGDFTLPEDFAPLLAEEEELIL 
A. thaliana     363 IK-TEDPDLPAFYYDPLIHPISNTNKEKRERKVYD--DEDDFALPEGVEPLLRD-TQLYT 
H. sapiens      340 IK-TEDPDLPAFYFDPLINPISHRHSVKSQEPLPD--DDEEFELPEFVEPFLKD-TPLYT 
C. elegans      330 IK-TEDPDLPAFYYDPLINPIVLSNLKATEENLPEGEEEDEWELPEDVRPIFED-VPLYT 
consensus           *   *. * ** ..** . **           .    .  .. ***   *   .   *   
 
 
S. cerevisiae   471 PNTKDAMSLYHSPFPFNRTKGKMVRAQDVALAKKWFLQHPDEEYPVKVKVSYQKLLKNYV 
A. thaliana     419 DTTAAGISLLFAPRPFNMRSGRTRRAEDIPLVSEWFKEHCPPAYPVKVRVSYQKLLKCYV 
H. sapiens      396 DNTANGIALLWAPRPFNLRSGRTRRALDIPLVKNWYREHCPAGQPVKVRVSYQKLLKYYV 
C. elegans      388 DNTANGLALLWAPRPFNLRSGRTRRAVDVPLVKSWYREHCPAGMPVKVRVSYQKLLKVFV 
consensus             *  .. *   * ***   *.  ** *. *   *.  *     ****.******** .* 
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S. cerevisiae   531 LNELHPTLPTNHNKTKLLKSLKNTKYFQQTTIDWVEAGLQLCRQGHNMLNLLIHRKGLTY 
A. thaliana     479 LNELHHRPPKAQKKKHLFRSLAATKFFQSTELDWVEVGLQVCRQGYNMLNLLIHRKNLNY 
H. sapiens      456 LNALKHRPPKAQKKRYLFRSFKATKFFQSTKLDWVEVGLQVCRQGYNMLNLLIHRKNLNY 
C. elegans      448 LNALKHRPPKPQKRRYLFRSFKATKFFQTTTLDWVEAGLQVLRQGYNMLNLLIHRKNLNY 
consensus           ** *.   *    .  * .*   **.** * .**** ***. *** ********** * * 
     
                                                             mas5-4 (T555I) 
S. cerevisiae   591 LHLDYNFNLKPTKTLTTKERKKSRLGNSFHLMRELLKMMKLIVDTHVQFRLGNVDAFQLA 
A. thaliana     539 LHLDYNFNLKPVKTLTTKERKKSRFGNAFHLCREILRLTKLVVDANVQFRLGNVDAFQLA 
H. sapiens      516 LHLDYNFNLKPVKTLTTKERKKSRFGNAFHLCREVLRLTKLVVDSHVQYRLGNVDAFQLA 
C. elegans      508 LHLDYNFNLKPVKTLTTKERKKSRFGNAFHLCREILRLTKLVVDAHVQYRLNNVDAYQLA 
consensus           *********** ************ ** *** **.*.. **.**  **.** ****.*** 
 
 
S. cerevisiae   651 DGIHYILNHIGQLTGIYRYKYKVMHQIRACKDLKHIIYYKFNK-NLGKGPGCGFWQPAWR 
A. thaliana     599 DGLQYIFSHVGQLTGMYRYKYRLMRQIRMCKDLKHLIYYRFNTGPVGKGPGCGFWAPMWR 
H. sapiens      576 DGLQYIFAHVGQLTGMYRYKYKLMRQIRMCKDLKHLIYYRFNTGPVGKGPGCGFWAAGWR 
C. elegans      568 DGLQYIFAHVGQLTGMYRYKYKLMRQVRMCKDLKHLIYYRFNTGPVGKGPGCGFWAPGWR 
consensus           **. **  *.*****.*****..*.*.* ******.***.**   .*********   ** 
 
 
S. cerevisiae   710 VWLNFLRGTIPLLERYIGNLITRQFEGRSN-EIVKTTTKQRLDAYYDLELRNSVMDDILE 
A. thaliana     659 VWLFFLRGIVPLLERWLGNLLARQFEGRHSKGVAKTVTKQRVESHFDLELRAAVMHDVLD 
H. sapiens      636 VWLFFMRGITPLLERWLGNLLARQFEGRHSKGVAKTVTKQRVESHFDLELRAAVMHDILD 
C. elegans      628 VWLFFLRGITPLLERWLGNLLSRQFEGRHSKGVAKTVTKQRVESHFDLELRAAVMHDILD 
consensus           *** *.**  *****..***. ******    . ** ****..  .*****  ** *.*. 
 
 
S. cerevisiae   769 MMPESIRQKKARTILQHLSEAWRCWKANIPWDVPGMPAPIKKIIERYIKSKADAWVSAAH 
A. thaliana     719 AMPEGIKQNKARTILQHLSEAWRCWKANIPWKVPGLPVPIENMILRYVKSKADWWTNVAH 
H. sapiens      696 MMPEGIKQNKARTILQHLSEAWRCWKANIPWKVPGLPTPIENMILRYVKAKADWWTNTAH 
C. elegans      688 MMPDGIKQNKARVILQHLSEAWRCWKANIPWKVPGLPTPVENMILRYVKAKADWWTNSAH 
consensus            **. *.* *** ****************** ***.* *.  .* **.* *** *   ** 
 
 
S. cerevisiae   829 YNRERIKRGAHVEKTMVKKNLGRLTRLWIKNEQERQRQIQKNGPEITPEEATTIFSVMVE 
A. thaliana     779 YNRERIRRGATVDKTVCRKNLGRLTRLWLKAEQERQHNYLKDGPYVTPEEALAIYTTTVH 
H. sapiens      756 YNRERIRRGATVDKTVCKKNLGRLTRLYLKAEQERQHNYLKDGPYITAEEAVAVYTTTVH 
C. elegans      748 YNRERVRRGATVDKTVCKKNLGRLTRLYLKSEQERQHNYLKDGPYISAEEAVAIYTTTVH 
consensus           *****..*** *.**. .*********..* *****..  * ** .. ***  ...  *  
 
 
S. cerevisiae   889 WLESRSFSPIPFPPLTYKNDTKILVLALEDLKDVYASKVRLNASEREELALIEEAYDNPH 
A. thaliana     839 WLESRKFSPIPFPPLSYKHDTKLLILALERLKESYSVAVRLNQQQREELGLIEQAYDNPH 
H. sapiens      816 WLESRRFSPIPFPPLSYKHDTKLLILALERLKEAYSVKSRLNQSQREELGLIEQAYDNPH 
C. elegans      808 WLESRRFSPIPFPPLSYKHDTKLLILALERLKESYSVKNRLNQSQREELALIEQAYDNPH 
consensus           ***** *********.** ***.*.**** **. *    ***   ****.*** ****** 
 
 
S. cerevisiae   949 DTLNRIKKYLLTQRVFKPVDITMMENYQNISPVYSVDPLEKITDAYLDQYLWYEADQRKL 
A. thaliana     899 EALSRIKRHLLTQRGFKEVGIEFMDLYSYLIPVYEIEPLEKITDAYLDQYLWYEGDKRHL 
H. sapiens      876 EALSRIKRHLLTQRAFKEVGIEFMDLYSHLVPVYDVEPLEKITDAYLDQYLWYEADKRRL 
C. elegans      868 EALSRIKRHMLTQRAFKEVGIEFMDLYTHLIPVYDIEPLEKVTDAYLDQYLWYEADKRRL 
consensus       961 . * ***. .**** ** * *  *. *  . *** ..****.************.* *.* 
 
 
S. cerevisiae  1009 FPNWIKPSDSEIPPLLVYKWTQGINNLSEIWDVSRGQSAVLLETTLGEMAEKIDFTLLNR 
A. thaliana     959 FPNWIKPADSEPPPLLVYKWCQGINNLQGIWDTGDGQCVVMLQTKFEKFFEKIDLTMLNR 
H. sapiens      936 FPPWIKPADTEPPPLLVYKWCQGINNLQDVWETSEGECNVMLESRFEKMYEKIDLTLLNR 
C. elegans      928 FPAWVKPGDTEPPPLLTYKWCQGLNNLQDVWETSEGECNVIMETKLEKIAEKMDLTLLNR 
consensus           ** *.** *.* **** *** **.***  .*.   *   *.. .      **.* *.*** 
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S. cerevisiae  1069 LLRLIVDPNIADYITAKNNVVINFKDMSHVNKYGLIRGLKFASFIFQYYGLVIDLLLLGQ 
A. thaliana    1019 LLRLVLDHNIADYVSAKNNVVLSYKDMSHTNSYGLIRGLQFASFVVQFYGLLLDLLLLGL 
H. sapiens      996 LLRLIVDHNIADYMTAKNNVVINYKDMNHTNSYGIIRGLQFASFIVQYYGLVMDLLVLGL 
C. elegans      988 LLRLIVDHNIADYMTSKNNVLINYKDMNHTNSFGIIRGLQFASFIVQFYGLVLDLLVLGL 
consensus           ****..* *****.. ****.. .*** * * .*.**** ****. *.***..***.**  
 
 
S. cerevisiae  1129 ERATDLAGPANNPNEFMQFKSKEVEKAHPIRLYTRYLDRIYMLFHFEEDEGEELTDEYLA 
A. thaliana    1079 TRASEIAGPPQMPNEFMTFWDTKVETRHPIRLYSRYIDKVHIMFKFTHEEARDLIQRYLT 
H. sapiens     1056 HRASEMAGPPQMPNDFLSFQDIATEAAHPIRLFCRYIDRIHIFFRFTADEARDLIQRYLT 
C. elegans     1048 RRASEIAGPPQCPNEFLQFQDVATEIGHPIRLYCRYIDRVWIMFRFSADEARDLIQRYLT 
consensus            **...*** . **.*. *     *  *****. **.*.. . *.*  .*. .*   **  
 
                      prp8-8 (P1141S)   
S. cerevisiae  1189 ENPDPNFENSIGYNNRKCWPKDSRMRLIRQDVNLGRAVFWEIQSRVPTSLTSIKWENAFV 
A. thaliana    1139 EHPDPNNENMVGYNNKKCWPRDARMRLMKHDVNLGRSVFWDMKNRLPRSITTLEWENGFV 
H. sapiens     1116 EHPDPNNENIVGYNNKKCWPRDARMRLMKHDVNLGRAVFWDIKNRLPRSVTTVQWENSFV 
C. elegans     1108 EHPDPNNENIVGYNNKKCWPRDARMRLMKHDVNLGRAVFWDIKNRLPRSITTVEWENSFV 
consensus           * **** ** .****.****.* ****.. ****** ***..  *.* *.*.. *** ** 
 
 
S. cerevisiae  1249 SVYSKNNPNLLFSMCGFEVRILPRQRM--EEVVSNDEGVWDLVDERTKQRTAKAYLKVSE 
A. thaliana    1199 SVYSKDNPNLLFSMCGFEVRILPKIRMTQEAFSNTKDGVWNLQNEQTKERTAVAFLRVDD 
H. sapiens     1176 SVYSKDNPNLLFNMCGFECRILPKCRTSYEEFT-HKDGVWNLQNEVTKERTAQCFLRVDD 
C. elegans     1168 SVYSKDNPNMLFDMSGFECRILPKCRTANEEFV-HRDGVWNLQNEVTKERTAQCFLKVDE 
consensus           ***** ***.** * *** ****. *   *      .*** *  * ** ***  .*.* . 
 
 
S. cerevisiae  1307 EEIKKFDSRIRGILMASGSTTFTKVAAKWNTSLISLFTYFREAIVATEPLLDILVKGETR 
A. thaliana    1259 EHMKVFENRVRQILMSSGSTTFTKIVNKWNTALIGLMTYFREATVHTQELLDLLVKCENK 
H. sapiens     1235 ESMQRFHNRVRQILMASGSTTFTKIVNKWNTALIGLMTYFREAVVNTQELLDLLVKCENK 
C. elegans     1227 ESLSKFHNRIRQILMSSGSTTFTKIVNKWNTALIGLMTYFREAVVNTQELLDLLVKCENK 
consensus           * .  *  *.* *** ********.  **** ** * ****** * *  ***.*** * . 
 
                                              prp8-10 (G1347D) 
S. cerevisiae  1367 IQNRVKLGLNSKMPTRFPPAVFYTPKELGGLGMISASHILIPASDLSWSKQTDT-GITHF 
A. thaliana    1319 IQTRIKIGLNSKMPSRFPPVIFYTPKEIGGLGMLSMGHILIPQSDLRYSKQTDV-GVTHF 
H. sapiens     1295 IQTRIKIGLNSKMPSRFPPVVFYTPKELGGLGMLSMGHVLIPQSDLRWSKQTDV-GITHF 
C. elegans     1287 IQTRIKIGLNSKMPSRFPPVVFYTPKEIGGLGMLSMGHVLIPQSDLRWMQQTEAGGVTHF 
consensus           ** *.*.*******.**** .******.*****.*  *.*** *** .  **.  *.*** 
 
                                                         
S. cerevisiae  1426 RAGMTHEDEKLIPTIFRYITTWENEFLDSQRVWAEYATKRQEAIQQNRRLAFEELEGSWD 
A. thaliana    1378 RSGMSHEEDQLIPNLYRYIQPWESEFIDSQRVWAEYALKRQEAQAQNRRLTLEDLEDSWD 
H. sapiens     1354 RSGMSHEEDQLIPNLYRYIQPWESEFIDSQRVWAEYALKRQEAIAQNRRLTLEDLEDSWD 
C. elegans     1347 RSGMSHDEDQLIPNLYRYIQPWEAEFVDSVRVWAEYALKRQEANAQNRRLTLEDLDDSWD 
consensus           * **.*... *** ..***  ** **.** ******* *****  *****  *.*. *** 
 
 
S. cerevisiae  1486 RGIPRISTLFQRDRHTLAYDRGHRIRREFKQYSLERNSPFWWTNSHHDGKLWNLNAYRTD 
A. thaliana    1438 RGIPRINTLFQKDRHTLAYDKGWRVRTDFKQYQVLKQNPFWWTHQRHDGKLWNLNNYRTD 
H. sapiens     1414 RGIPRINTLFQKDRHTLAYDKGWRVRTDFKQYQVLKQNPFWWTHQRHDGKLWNLNNYRTD 
C. elegans     1407 RGIPRINTLFQKDRHTLAYDKGWRVRTEFKAYQILKQNPFWWTHQRHDGKLWNLNNYRTD 
consensus           ****** ****.********.* *.* .** * . .. *****  .********* **** 
 
                                            mas5-6 (G1524R)           mas5-3 (R1547T) 
S. cerevisiae  1546 VIQALGGIETILEHTLFKGTGFNSWEGLFWEKASGFEDSMQFKKLTHAQRTGLSQIPNRR 
A. thaliana    1498 VIQALGGVEGILEHTLFKGTYFPTWEGLFWEKASGFEESMKYKKLTNAQRSGLNQIPNRR 
H. sapiens     1474 MIQALGGVEGILEHTLFKGTYFPTWEGLFWEKASGFEESMKWKKLTNAQRSGLNQIPNRR 
C. elegans     1467 MIQALGGVEGILEHTLFRGTYFPTWEGLFWERASGFEESMKFKKLTNAQRSGLNQIPNRR 
consensus           .******.* *******.** * .*******.*****.** .**** ***.** ****** 
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S. cerevisiae  1606 FTLWWSPTINRANVYVGFLVQLDLTGIFLHGKIPTLKISLIQIFRAHLWQKIHESIVFDI 
A. thaliana    1558 FTLWWSPTINRANVYVGFQVQLDLTGIFMHGKIPTLKISLIQIFRAHLWQKIHESVVMDL 
H. sapiens     1534 FTLWWSPTINRANVYVGFQVQLDLTGIFMHGKIPTLKISLIQIFRAHLWQKIHESIVMDL 
C. elegans     1527 FTLWWSPTINRANVYVGFQVQLDLTGIFMHGKIPTLKISLIQIFRAHLWQKIHESVVMDL 
consensus      1621 ****************** *********.**************************.* *. 
 
 
S. cerevisiae  1666 CQILDGELDVLQIESVTKETVHPRKSYKMNSSAADITMESVHEWEVSKPSLLHETNDSFK 
A. thaliana    1618 CQVLDQELDALEIETVQKETIHPRKSYKMNSSCADVLLFAAHKWPMSKPSLVAESKDMFD 
H. sapiens     1594 CQVFDQELDALEIETVQKETIHPRKSYKMNSSCADILLFASYKWNVSRPSLLADSKDVMD 
C. elegans     1587 CQVFDQELDALEIQTVQKETIHPRKSYKMNSSCADVLLFAQYKWNVSRPSLMADSKDVMD 
consensus           **. * *** * * .* ***.*********** **. .     * .*.***. .. *    
 
                                         
S. cerevisiae  1726 GLITNKMWFDVQLRYGDYDSHDISRYVRAKFLDYTTDNVSMYPSPTGVMIGIDLAYNMYD 
A. thaliana    1678 QKASNKYWIDVQLRWGDYDSHDIERYTRAKFMDYTTDNMSIYPSPTGVMIGLDLAYNLHS 
H. sapiens     1654 STTTQKYWIDIQLRWGDYDSHDIERYARAKFLDYTTDNMSIYPSPTGVLIAIDLAYNLHS 
C. elegans     1647 NTTTQKYWLDVQLRWGDYDSHDVERYARAKFLDYTTDNMSIYPSPTGVLIAIDLAYNLYS 
consensus              ..* * *.***.*******. ** ****.******.*.*******.*..*****.   
  
                                               mas5-1, mas5-2 (E1769K) prp8-11 (R1770K) 
S. cerevisiae  1786 AYGNWFNGLKPLIQNSMRTIMKANPALYVLRERIRKGLQIYQSSVQEPFLNSSNYAELFN 
A. thaliana    1738 AFGNWFPGSKPLLAQAMNKIMKSNPALYVLRERIRKGLQLYSSEPTEPYLSSQNYGEIFS 
H. sapiens     1714 AYGNWFPGSKPLIQQAMAKIMKANPALYVLRERIRKGLQLYSSEPTEPYLSSQNYGELFS 
C. elegans     1707 AYGNWFPGMKPLIRQAMAKIIKANPAFYVLRERIRKGLQLYSSEPTEPYLTSQNYGELFS 
consensus           *.**** * ***. . *  *.* *** ************.* *   **.* * **.*.*  
 
                                        prp8-7 (G1820E) 
S. cerevisiae  1846 NDIKLFVDDTNVYRVTVHKTFEGNVATKAINGCIFTLNPKTGHLFLKIIHTSVWAGQKRL 
A. thaliana    1798 NQIIWFVDDTNVYRVTIHKTFEGNLTTKPINGAIFIFNPRTGQLFLKVIHTSVWAGQKRL 
H. sapiens     1774 NQIIWFVDDTNVYRVTIHKTFEGNLTTKPINGAIFIFNPRTGQLFLKIIHTSVWAGQKRL 
C. elegans     1767 NQIIWFVDDTNVYRVTIHKTFEGNLTTKPINGAIFIFNPRTGQLFLKIIHTSVWAGQKRL 
consensus           * *  ***********.*******. ** *** **  **.** ****.************ 
 
                                             prp8-6 (G1891E) mas5-5 (D1894N) 
S. cerevisiae  1906 SQLAKWKTAEEVSALVRSLPKEEQPKQIIVTRKAMLDPLEVHMLDFPNIAIRPTELRLPF 
A. thaliana    1858 GQLAKWKTAEEVAALVRSLPVEEQPKQIIVTRKGMLDPLEVHLLDFPNIVIKGSELQLPF 
H. sapiens     1834 GQLAKWKTAEEVAALIRSLPVEEQPKQIIVTRKGMLDPLEVHLLDFPNIVIKGSELQLPF 
C. elegans     1827 SQLAKWKTAEEVAALIRSLPVEEQPRQIIVTRKAMLDPLEVHLLDFPNIVIKGSELMLPF 
consensus            *********** **.**** ****.*******.********.****** *. .** *** 
 
 
S. cerevisiae  1966 SAAMSIDKLSDVVMKATEPQMVLFNIYDDWLDRISSYTAFSRLTLLLRALKTNEESAKMI 
A. thaliana    1918 QACLKIEKFGDLILKATEPQMVLFNIYDDWLKSISSYTAFSRLILILRALHVNNEKAKML 
H. sapiens     1894 QACLKVEKFGDLILKATEPQMVLFNLYDDWLKTISSYTAFSRLILILRALHVNNDRAKVI 
C. elegans     1887 QAIMKVEKFGDLILKATEPQMVLFNLYDDWLKTISSYTAFSRVVLIMRGMHINPDKTKVI 
consensus            * . ..*  *...***********.*****  *********. *..*... * .  *.. 
 
 
S. cerevisiae  2026 LLSDPTITIKSYHLWPSFTDEQWITIESQMRDLILTEYGRKYNVNISALTQTEIKDIILG 
A. thaliana    1978 LKPDKSVVTEPHHIWPSLTDDQWMKVEVALRDLILSDYAKKNNVNTSALTQSEIRDIILG 
H. sapiens     1954 LKPDKTTITEPHHIWPTLTDEEWIKVEVQLKDLILADYGKKNNVNVASLTQSEIRDIILG 
C. elegans     1947 LKPDKTTITEPHHIWPTLSDDDWIKVELALKDMILADYGKKNNVNVASLTQSEVRDIILG 
consensus           *  * .      *.**. .*. *. .*  ..*.** .*..* ***   ***.*..***** 
 
 
S. cerevisiae  2086 QNIKAPSVKRQKMAELEAARSEKQNDEEAAGASTVMKTKTINAQGEEIVVVASADYESQT 
A. thaliana    2038 AEITPPSQQRQQIAEIEKQAKEA-------SQLTAVTTRTTNVHGDELIVTTTSPYEQSA 
H. sapiens     2014 MEISAPSQQRQQIAEIEKQTKEQ-------SQLTATQTRTVNKHGDEIITSTTSNYETQT 
C. elegans     2007 MEISAPSQQRQQIADIEKQTKEQ-------SQVTATTTRTVNKHGDEIITATTSNYETAS 
consensus             *  **  ** .*..*    *           *   *.* *  *.*..   .  **    
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S. cerevisiae  2146 FSSKNEWRKSAIANTLLYLRLKNIYVSADDFVEEQNVYVLPKNLLKKFIEISDVKIQVAA 
A. thaliana    2091 FGSKTDWRVRAISATNLYLRVNHIYVNSDDIKETGYTYIMPKNILKKFICVADLRTQIAG 
H. sapiens     2067 FSSKTEWRVRAISAANLHLRTNHIYVSSDDIKETGYTYILPKNVLKKFICISDLRAQIAG 
C. elegans     2060 FASRTEWRVRAISSTNLHLRTQHIYVNSDDVKDTGYTYILPKNILKKFITISDLRTQIAG 
consensus           * *. .**  **    * **   ***  **  .    *..***.***** . *.. *.*. 
 
 
S. cerevisiae  2206 FIYGMSAKDHPKVKEIKTVVLVPQLGHVGSVQISNIPDIGDLPDTEGLELLGWIHTQTEE 
A. thaliana    2151 YLYGISPPDNPQVKEIRCVVMVPQWGNHQLVHLPSS--LPEHDFLNDLEPLGWLHTQPNE 
H. sapiens     2127 YLYGVSPPDNPQVKEIRCIVMVPQWGTHQTVHLPGQ--LPQHEYLKEMEPLGWIHTQPNE 
C. elegans     2120 FMYGVSPPDNPQVKEIRCIVLVPQTGSHQQVNLPTQ--LPDHELLRDFEPLGWMHTQPNE 
consensus           ..**.*  * * ****. .*.*** *    * .     .         * ***.***  * 
 
 
S. cerevisiae  2266 LKFMAASEVATHSKLFADKK----RDCIDISIFSTPGSVSLSAYNLTDEGYQWGEENKDI 
A. thaliana    2209 LPQLSPQDVTSHSRILENNKQWDGEKCIILTCSFTPGSCSLTSYKLTQTGYEWGRLNKDN 
H. sapiens     2185 SPQLSPQDVTTHAKIMADNPSWDGEKTIIITCSFTPGSCTLTAYKLTPSGYEWGRQNTDK 
C. elegans     2178 LPQLSPQDVTTHAKLLTDNISWDGEKTVMITCSFTPGSVSLTAYKLTPSGYEWGKANTDK 
consensus              .   .* .* ..            . ..   **** .*. * **  ** **  * *  
 
 
S. cerevisiae  2322 MNVLSEGFEPTFSTHAQLLLSDRITGNFIIPSGNVWNYTFMGTAFNQEGDYNFKYGIPLE 
A. thaliana    2269 GS-NPHGYLPTHYEKVQMLLSDRFLGFYMVPESGPWNYSFTGVKHTLSMKYSVKLGSPKE 
H. sapiens     2245 GN-NPKGYLPSHYERVQMLLSDRFLGFFMVPAQSSWNYNFMGVRHDPNMKYELQLANPKE 
C. elegans     2238 GN-NPKGYMPTHYEKVQMLLSDRFLGYFMVPSNGVWNYNFQGQRWSPAMKFDVCLSNPKE 
consensus                 *. *.   . *.*****  * ...*    *** * *        .      * * 
 
 
S. cerevisiae  2382 FYNEMHRPVHFLQFSELAGDEEL-EAEQIDVFS 
A. thaliana    2328 FYHEEHRPTHFLEFSNMEEAD-ITEGDREDTFT 
H. sapiens     2304 FYHEVHRPSHFLNFALLQEGE-VYSADREDLYA 
C. elegans     2297 YYHEDHRPVHFHNFKAFDDPLGTGSADREDAFA 
consensus           .* * *** **  *           ..  * .  

 
Supplementary Figure S2. Sequence conservation among PRP8 orthologs. Multiple amino 
acid sequence alignment of full-length PRP8 orthologs from Saccharomyces cerevisiae 
(UniProtKB accession number P33334), Arabidopsis thaliana (Q9SSD2), Homo sapiens 
(Q6P2Q9), and Caenorhabditis elegans (P34369). Identical and similar residues are shaded in 
black or gray, respectively. Asterisks and dots in the consensus line indicate identical and 
conserved residues, respectively. Numbers indicate residue positions. Predicted amino acid 
changes caused by the mutations studied in this work are highlighted by the following colors: red if 
they suppress binding of the spliceosome to mutated SSs; green if they suppress novel SSs; light 
blue if they suppress the effects of mutations in other genes encoding components of the splicing 
machinery; and purple if they are loss-of-function mutations. Amino acid substitutions in 
Arabidopsis are indicated in brackets. The domains of PRP8 are underlined with the same colors 
used in Figure 1J. This multiple sequence alignment was obtained using ClustalW2 (74) and 
shaded with Boxshade 3.21 (http://www.ch.embnet.org/software/BOX_form.html). 
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Supplementary Figure S3. Localization in yeast Prp8 of the homologous residues affected by
the Arabidopsis mas5 mutations in the cryo-EM structures of the splicing active site in Bact, B*
and C spliceosomes. 3D structures of the core of (A) Bact, (B) B* and (C) C yeast spliceosomal
complexes, determined by cryo-EM at an average resolution of 2.5, 3.7 and 2.8 Å, respectively. The
models include U2, U5, and U6 snRNAs (U5 is hidden by Prp8 in Bact and B* complexes), a single-
intron pre-mRNA (in Bact and B* complexes), or the 5′ exon and intron lariat‒3′ exon (in C complex).
The conserved GU of the 5′SS (GUAUGU) and A of the BPS (UACUAAC) are highlighted in cyan
and magenta, respectively. The surface of yeast Prp8 is also shown, with the conserved residues
affected by the Arabidopsis mas5-1 and mas5-2 (E1817), mas5-3 (R1595; not presented in B*
complex), mas5-4 (T607), mas5-5 (D1942), and mas5-6 (G1572) mutations marked in red. Structures
of yeast spliceosomes were obtained from the Protein Data Bank (https://www.rcsb.org/; Bact complex
PDB: 7DCO, Bai et al., 2021; B* complex PDB: 6J6Q, Wan et al., 2019; C complex PDB: 7B9V,
Wilkinson et al., 2021) and visualized using the ChimeraX 1.2.5 software
(https://www.rbvi.ucsf.edu/chimerax/).
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Supplementary Figure S4. Localization in yeast Prp8 of the homologous residues affected by
the Arabidopsis mas5 mutations in the cryo-EM structures of the splicing active site in C* and
P spliceosomes. 3D structures of the core of (A) C* and (B) P yeast spliceosomal complexes,
determined by cryo-EM at an average resolution of 4.0 and 3.3 Å, respectively. The models include
three snRNAs (U2, U5, and U6), and the 5′ exon and intron lariat‒3′ exon (in C* complex), or the
spliced exons (5′ exon‒3′ exon) and intron lariat (in P complex). The conserved GU of the 5′SS
(GUAUGU), A of the BPS (UACUAAC), and AG of the 3′SS (UAG) are highlighted in cyan, magenta
and yellow, respectively. The surface of yeast Prp8 is also shown, with the conserved residues
affected by the Arabidopsis mas5-1 and mas5-2 (E1817), mas5-3 (R1595), mas5-4 (T607), mas5-5
(D1942), and mas5-6 (G1572) mutations highlighted in red. Structures of yeast spliceosomes were
obtained from the Protein Data Bank (https://www.rcsb.org/; C* complex PDB: 5WSG, Yan et al.,
2017; P complex PDB: 6BK8, Liu et al., 2017) and visualized using the ChimeraX 1.2.5 software
(https://www.rbvi.ucsf.edu/chimerax/).
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Supplementary Figure S5. Morphological phenotypes of leaf palisade mesophyll cells in ago1-
52, mas5-1, mas5-3, and their double mutant combinations. (A–F) Diagrams of palisade
mesophyll cells of (A) Ler, (B) ago1-52, (C) mas5-1, (D) ago1-52 mas5-1, (E) mas5-3, and (F) ago1-
52 mas5-3 plants. Scale bars: 40 µm. (G) Boxplot showing the distribution of cell areas in palisade
mesophyll cells from first-node leaves. Boxes are delimited by the first (Q1, lower hinge) and third
(Q3, upper hinge) quartiles. Whiskers represent the most extreme data points that are no more than
Q3 + 1.5 × IQR or no less than Q1 − 1.5 × IQR, where the interquartile range (IQR) is Q3 − Q1. :
Mean. —: Median. : Outliers. : Extreme minimum (<Q1 − 3 × IQR) or maximum (>Q3 + 3 × IQR)
outliers. Asterisks indicate significant differences from the corresponding parental plants (indicated by
color) in a Student’s t-test (*P <0.01 and **P <0.001). At least 290 cells per genotype were measured
from plants collected 21 das.
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Supplementary Figure S6. Genetic interactions of mas5-1 and mas5-3 with ago1-25 and ago1-
27. Rosettes of (A) Col-0, (B) ago1-25, (C) ago1-27, (D) mas5-1, (E) mas5-3, (F) Ler, (G) ago1-25
mas5-1, (H) ago1-27 mas5-1, (I) ago1-25 mas5-3, and (J) ago1-27 mas5-3 plants. Photographs were
taken 21 das. Scale bars: 4 mm.
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Supplementary Figure S7. Molecular phenotypes of the double mutant combinations of ago1-
52 with mas5-4, mas5-5, and mas5-6. (A) RT-qPCR analysis of the relative expression of total
(tAGO1), wild-type (wAGO1) and mutant (ago1-52) AGO1 mRNA splice variants. (B) Percentage of
wAGO1 and ago1-52 splice variants. Error bars indicate standard deviations. (C) Detection of AGO1
protein isoforms by immunoblot using a primary antibody against AGO1 (α-AGO1). Asterisks indicate
the wild-type AGO1 (*) and mutant AGO1-52 (**) proteins. Two views of the bands from the ago1-52
mas5-6 AGO1 protein sample are showed, corresponding to different exposure time, which allowed
wAGO1 and AGO1-52 proteins to be distinguished. Detection of the RuBisCO large subunit with α-
RbcL was used as a loading control. (D) Relative quantification of wAGO1 and AGO1-52 proteins
from (C), using the Image Studio Analysis software (LI-COR). Total RNA and proteins were extracted
from plants collected 15 das.
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Supplementary Figure S8. Morphological and molecular phenotypes of ago1-51, sca3-1, anu4-
1, ang1-2, and their double mutant combinations with mas5-1. (A–D) Schematic representation
of the gene structures of (A) AGO1, (B) SCA3, (C) ANU4, and (D) PGY1. The positions of the (A)
ago1-51, (B) sca3-1, (C) anu4-1, and (D) ang1-2 mutations are indicated, and their effects on pre-
mRNA splicing and mRNA translation into the (A) AGO1, (B) SCA3, (C) ANU4, and (G) PGY1
proteins are shown. Gene structures, point mutations, and other molecular changes are represented
as described in the legends of Figures 1 and 2. (E–N) Rosettes of (E) Ler, (F) ago1-51, (G) sca3-1,
(H) anu4-1, (I) ang1-2, (J) mas5-1, (K) ago1-51 mas5-1, (L) sca3-1 mas5-1, (M) anu4-1 mas5-1, and
(N) ang1-2 mas5-1 plants. Photographs were taken 21 das. Scale bars: 4 mm.
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(g→a)

PGY1

ang1-2
(g→a)

ago1-51
(g→a)

AGO1

1 kb

250 bp 250 bp

1 kb

PGY1 gDNA …AGgt…atagTAAGCTTCAGAGT…GAGgt…atagGCA…
ang1-2 gDNA …AGgt…ataaTAAGCTTCAGAGT…GAGgt…atagGCA…

wPGY1 cDNA 206 …AG--…----TAAGCTTCAGAGT…GAGGCA…TTTCTG 1079
ang1-2.1 cDNA 206 …AG--…--------CTTCAGAGT…GAGGCA…TTTCTG 1075
ang1-2.2 cDNA 206 …AG--…--------------AGT…GAGGCA…TTTCTG 1069
ang1-2.3 cDNA 206 …AGgt…ataaTAAGCTTCAGAGT…GAGGCA…TTTCTG 1276

wRPL10aB 2 …SKLQS…EA…SLLKKNWQNVRCLYLKSTMGPPQRIF* 216
ANG1-2.1 2 …SFRVRLLEKP* 11
ANG1-2.2 2 …RVRLLEKP* 9
ANG1-2.3 2 …RYCEKNHSFTLLSISILIYVHLL* 24

ANU4 gDNA …TTCCAAgt…gtagGCTGAAGGA…GGgt…acagGTTT…
anu4-1 gDNA …TTCCAAgt…gtaaGCTGAAGGA…GGgt…acagGTTT…

wANU4 cDNA 227 …TTCCAA--…----GCTGAAGGA…GGGTTT…AAGAAA 1214
anu4-1.1 cDNA 227 …TTCCAA--…-----CTGAAGGA…GGGTTT…AAGAAA 1213
anu4-1.2 cDNA 227 …TTCCAA--…-----------GA…GGGTTT…AAGAAA 1207
anu4-1.3 cDNA 227 …TTCCAAgt…gtaaGCTGAAGGA…GGGTTT…AAGAAA 1314

wANU4 67 …FQAEG…GF…IGAQYLIVKMIQGAIRNDIKTSGKPL* 297
ANU4-1.1 67 …FQLKD* 71
ANU4-1.2 67 …FQD* 69
ANU4-1.3 67 …QVVRNSVSLSLIFLIWIKKE* 86

AGO1 gDNA …CAAGTT…GAGgtaa…agGTA…CAGgtat…agACG…
ago1-51 gDNA …CAAGTT…GAGataa…agGTA…CAGgtat…agACG…

wAGO1 cDNA 1663 …CAAGTT…GAG----…--GTA…CAGACG…TTGTCG 3615
ago1-51.1 cDNA 1663 …CAA---…-------…--GTA…CAGACG…TTGTCG 3576
ago1-51.2 cDNA 1663 …CAAGTT…GAGataa…agGTA…CAGACG…TTGTCG 3686

wAGO1 484 …QV…EV…QT…PNVNAAVRPLPALKENVKRVMFYC* 1050
AGO1-51.1 484 …Q-…-V…QT…PNVNAAVRPLPALKENVKRVMFYC* 1037
AGO1-51.2 484 …QVGNSNRPNYLPMEITLKYVIRFY* 507

SCA3 gDNA …GAGGGTAACACGgtaa…agGTC…GCAGgtta…agGT…
sca3-1 gDNA …GAGGGTAACACTgtaa…agGTC…GCAGgtta…agGT…

wSCA3 cDNA 2752 …GAGGGTAACACGGTC…GCAGGT…AACTACGAATCT 3443
sca3-1.1 cDNA 2752 …GAGGGTAACACTGTC…GCAGGT…AACTACGAATCT 3443
sca3-1.2 cDNA 2752 …GAGG--------GTC…GCAGGT…AACTACGAATCT 3435

wSCA3 881 …EGNTV…AG…LVFPPVPKRGDFDLKEVLKSQYFFN* 993
SCA3-1.1 881 …EGNTV…AG…LVFPPVPKRGDFDLKEVLKSQYFFN* 993
SCA3-1.2 881 …EGRC* 884
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Supplementary Figure S9. Genetic interactions of prp8-6 and prp8-7 with ago1-25 and ago1-27.
(A–J) Rosettes of (A) Col-0, (B) ago1-25, (C) ago1-27, (D) prp8-6, (E) prp8-7, (F) Ler, (G) ago1-25
prp8-6, (H) ago1-27 prp8-6, (I) ago1-25 prp8-7, and (J) ago1-27 prp8-7. (K) From left to right, adult
plants of Ler, prp8-6, Col-0, prp8-7, ago1-25, ago1-27, ago1-25 prp8-6, ago1-27 prp8-6, ago1-25
prp8-7, and ago1-27 prp8-7. Photographs were taken (A–J) 21 and (K) 49 das. Scale bars: (A–J) 2
mm, and (K) 5 cm.
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Supplementary Figure S10. Genetic interaction between mas5-1 and atprmt5-1. Rosettes of (A)
Col-0, (B) Ler, (C) atprmt5-1, (D) mas5-1, and (E) atprmt5-1 mas5-1 plants. Photographs were taken
21 das. Scale bars: 4 mm.
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AT5G18210:E003 ttcgatctgtagcagCAAGACAAA
AT4G37570:E010 taatataaaaagaagGTGCCCCAA
AT1G32080:E012 ttcttgaattagtagAGAGAGGCG
AT1G19750:E004 ttcgtcttgtagcagGTTGCAGAT
AT4G02860:E013 tcattattttagcagTTACGGATT
AT5G19220:E019 tttgatgttcagcagAGGATTTAG
AT2G45690:E004 tttctggtccagcagCAGCTTCAA
AT1G30220:E003 ctgcatcattagcagGGTAAGCAG
AT4G22310:E003 tgattggtttagtgacaaactcagTTGGCTA
AT2G24310:E010 tatggcacatagcagATGAAGAGG
AT1G66810:E010 aaaccaatgaagcagAGGAAAAAG
AT5G10340:E013 atattgatctagtgcaggagATTT
AT1G61970:E002 tgtcgacttcagcagAAGTATTTG

mas5-1

AT3G17710:E014 aattttttgtagcagTTAGCTGTGATG
AT1G65430:E029 cttttgttttagcagGGAAGCTGGAAC
AT4G37870:E010 taatataaaaagaagGTGCCCAAGACA
AT4G02860:E013 tcattattttagcagTTACGGATTGTT
AT5G15870:E011 cactttgtaaagcagATAATGAGCCAA
AT1G34160:E005 ttgtttttgtagcagAGCTATTACAAT
AT2G33140:E004 ctttttggggagatggaacagTTGGTT
AT4G09360:E009 tgttgtgaacagcagAACACGAGCACG
AT4G22570:E002 attcaattggagataatgcagCAGCAG
AT5G49640:E003 tgatattgaaagcagGAGGTGGTTGAG
AT1G66810:E010 aaaccaatgaagcagAGGAAAAAGAAG
AT4G15570:E002 aaggtccattagtatacgcagGTGCAA
AT5G50910:E009 ttgaaactgaagcagCCCCTCTCGTTC
AT1G30220:E003 ctgcatcattagcagGGTAAGCAGGGC
AT4G28430:E007 ctttgcatctagcagCTTGAGAATTGT
AT4G40130:E002 tccattgttcagcagGTAGCAAAGTGT

mas5-3

A

B

Supplementary Figure S11. Alternative 3′SS events in mas5 mutants. (A–B) DNA sequences
corresponding to the statistically significant decreased Alt 3′SS events identified in (A) mas5-1 and
(B) mas5-3 with an absolute Delta PSI >5% and <20%. Intronic and exonic sequences are shown in
lowercase and uppercase, respectively. The proximal and distal 3′SSs are boxed in blue and yellow,
respectively. E0XX indicates the exón number of each gene.
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Supplementary Table S1. Primer sets used for the fine mapping of mas5-1 

Marker 
name 

Locus  Oligonucleotide sequence (5′→3′)  PCR product size (bp) 
  Forward primer Reverse primer  Ler Col-0 

CER461530 AT1G79050-AT1G79060  GTTGGAGGTTGGTAATCATTAAT GAAATGAATGCTGTTATCTTAATG  228 246 
CER461138 AT1G79520  CAGGGCCTATGCACAAGATC TCTCTAGAACTGTTCTTGCCC  267 250 
CER469862 AT1G79600  GCCCCCAAAACTCGGCGAAA ACGGCACGCCAAAAGTGTGG  210 220 
CER469807 AT1G79830-AT1G79840  CAGCGAGAGGCATTGACCGA CATGTGTCCAGGTGGCATTAT  183 202 
CER449040 AT1G80100  GTGCTCGTAGGGTTCGTAAC TACCTCCAGTCCTCTCAAGC  188 210 
CER470312 AT1G80550  GCAATCCGAACTCGATTGAGT ATTTTCACCTCTGGATGGCTC  233 258 
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Supplementary Table S2. Other primers used in this work 

Purpose Oligonucleotide 
name(s) 

Oligonucleotide sequence (5′→3′) 
Forward primer (F) Reverse primer (R) 

G
en

ot
yp

in
g 

of
 

mas5-1, mas5-2, prp8-7 PRP8_F1/R1 TGGGCTTGATCTGGCATACAA CTTCAGGAACAACTGCCCAG  
mas5-3, mas5-6 PRP8_F2/R2 AAAATAGGCGTCTTACACTGGAA ACATATCCTTCGACTCTGCAAC 
mas5-4 PRP8_F3/R3 TGAAAGGAAGGTTTATGATGATGA CTGGCATAGCATCAAGGACGT 
mas5-5 PRP8_F4/R4 TGTCTATAGCAAGGATAATCCTAA ACGAGGAATTCCCCTATCCCA 
prp8-6 PRP8_F5/R5 TGGGCTTGATCTGGCATACAA CTGGAACGGAAGCTGCAGCT 
ago1-27, ago1-52 AGO1_F2/R2 TTACCACGTTCTTTGGGATGAG GCAGTAGAACATGACACGCTTC 
ago1-25 AGO1_F1a/R1a GGCTAATATGAGTCTTCTCTGC CCATCCCTGTGCAGAATAACC 
ago1-51 AGO1_F3a/R3 ATCGACAGCCTTCATAGAGGC CAACAATCTTGCATACCTGTGCAGCAAC 
sca3-1 AT2G24120_F9b/R10b TGCAGAAGTGAAAGACATCTG AACAGCAGTCATCATCATGTG 
anu4-1 AT1G02280_Fc/Rc GATATGAACTCAATGACAGTTCTT AAGACATCTATTGTTCTGTTCACA 
ang1-2 PGY1_F1/R1 GCCCATGAAACGAAATCAAT GCGTCTGCCGTTTTTCTTTA 
icu13 AXR6.3_Fd/Rd TCAAGTGCAGAACTACTTGCAACA TAGGACAGTCTCCATATGGACT 
atprmt5-1 AT4G31120_F1/R1 TCATCCATTTGGCAGGTTAA TGGCCTTTTGAGATGAAAGAG 
sar1-4 AT1G33410_F1/R1 CAGCCCTTGAGCAAGTAGATG TTACCTGAATATGTCCACCCG 

T-DNA insertion verification Salk_LBb1.3e GCGTGGACCGCTTGCTGCAACT 
RT-qPCR AGO1_F6g/AGO1_R6a GGCATGATAAAGGAGTTGCTCAT CTGACTCCATCCCTGTAGAAGA 

AGO1_F4g/AGO1_R7a TTTACTGCAGATGGACTTCAATC TAATATGCAGGGGGAACAATT 
AXR6-1Fd/1Rd TTTCGCTGAGTTCTACAGGAAGA TGCTTGAGCTTTGTCAGGATACT 
AXR6-2Rd GTGTCAAATCCGTCACCATGC 
qACT2F/R GCACCCTGTTCTTCTTACCG ATCCAGCACAATACCGGTTGTA 

Sequences taken from a(S1), b(S2), c(S3), d(S4), and ehttp://signal.salk.edu/tdnaprimers.2.html.
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Supplementary Table S3. Summary of mRNA sequencing data information 

Library Raw readsa  Raw data b Aligned readsc Effective readsd 
Ler 1 49911821 + 49911821 15.0 48494215 (97.2%)  21339388 (44.0%) 
Ler 2 51483696 + 51483696 15.4 50128590 (97.4%)  24204849 (48.3%) 
Ler 3 55674517 + 55674517 16.7 53811627 (96.6%)  20418267 (38.0%) 
mas5-1 1 49504170 + 49504170 14.9 47059088 (95.1%)  22169683 (47.1%) 
mas5-1 2 55899607 + 55899607 16.8 53866068 (96.4%)  26952987 (50.0%) 
mas5-1 3 50209666 + 50209666 15.1 48778617 (97.1%)  22908231 (47.0%) 
mas5-3 1 49297201 + 49297201 14.8 47964189 (97.3%)  22426299 (46.8%) 
mas5-3 2 56360185 + 56360185 16.9 54449193 (96.6%)  25618505 (47.0%) 
mas5-3 3 49596269 + 49596269 14.9 48100665 (97.0%)  24206176 (50.3%) 
aTotal number of reads of raw data; as it is the result of a paired-end sequencing, it equals 
the number of read 1 and read 2. bTotal number of raw reads multiplied by the sequence 
length (150 bp), expressed in Gbp. cTotal number and percentage of reads mapped on the 
Ler reference genome (NCBI accession GCA_001651475.1). dTotal number and percentage 
of reads after removing optical duplicates and secondary alignments. 
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Supplementary Table S4. Amino acid substitutions caused in Arabidopsis PRP8 by the 
prp8 and mas5 mutations, and their homologous residues in yeast Prp8 and human PRP8 

Arabidopsis  Saccharomyces cerevisiae  Human Domain of the PRP8 
protein affected Mutation (predicted effect) Residue (mutations)*  Residue 

prp8-9 (P347S)a  P395  P324 - 
mas5-4 (T555I)  T607  T532 - 
prp8-8 (P1141S)a  P1191L/S/T (prp8-cat)b  P1118 Reverse 

transcriptase-like 
prp8-10 (G1347D)c  G1395  G1323 Linker 
mas5-6 (G1524R)  G1572  G1500 Linker 
mas5-3 (R1547K)  R1595  R1523 Linker 
mas5-1 (E1769K)  E1817G (D-135)d  E1745 Endonuclease-like 
prp8-11 (R1770K)c  R1818  R1746 Endonuclease-like 
prp8-7 (G1820E)e  G1868  G1796 RNase H-like 
prp8-6 (G1891E)f  A1939  G1867 RNase H-like 
mas5-5 (D1894N)  D1942 D1870 RNase H-like 
*Mutations described in Saccharomyces cerevisiae that are equivalent to Arabidopsis prp8-
8 (prp8-cat; the three mutations shown share the same name) and mas5-1 (D-135).
References: a(S5), b(S6), c(S7), d(S8), e(S9), and f(S10).
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ABSTRACT 16 

All 81 ribosomal proteins (RPs) that form the Arabidopsis (Arabidopsis thaliana) 80S 17 

ribosome are encoded by several paralogous genes. For example, the nearly identical 18 

RPS24A and RPS24B proteins are encoded by RPS24A and RPS24B, respectively. 19 

Here we explored the functions of RPS24A and RPS24B in Arabidopsis. Their encoding 20 

genes exhibit combined haploinsufficiency, as at least two wild-type copies of either 21 

RPS24A or RPS24B are required for plant viability and at least three are required for 22 

normal plant development. Loss-of-function of either gene caused a pointed-leaf 23 

phenotype, a typical phenotype of null or hypomorphic recessive alleles of genes 24 

encoding ribosome biogenesis factors (RBFs) or RPs. We also found that RPS24A and 25 

RPS24B act as RBFs during early stages of 18S ribosomal RNA (rRNA) maturation, as 26 

loss of RPS24A or RPS24B function reduced the 18S/25S rRNA ratio. An RPS24B-GFP 27 

fusion protein predominantly localized to the nucleolus, as expected. The rps24b-2 28 

mutation strengthened the phenotypes of the RBF mutants mRNA transporter4-2 and 29 

small organ4-3, which are defective in 5.8S rRNA maturation. This synergistic interaction 30 

might be an effect of increased 45S rDNA transcription, which we also observed in the 31 

rps24 mutants. Therefore, the Arabidopsis RPS24 proteins act as RBFs during 18S 32 

rRNA maturation, like their human and yeast putative orthologs. Only two plant RPs were 33 

previously shown to act not only as structural components of the ribosome but also as 34 

RBFs. We provide evidence that RPS24 proteins also regulate 45S rDNA transcription, 35 

which has not been described for their yeast or human orthologs. 36 

 37 

KEYWORDS 38 

RPS24; ribosome biogenesis; Arabidopsis; pre-rRNA processing; 45S rDNA expression, 39 

18S rRNA maturation.  40 
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INTRODUCTION 41 

The 80S cytoplasmic ribosome (hereafter, the ribosome) of Arabidopsis (Arabidopsis 42 

thaliana) is composed of four ribosomal RNAs (rRNAs) and 81 ribosomal proteins (RPs; 43 

Wilson and Cate, 2012), consisting of 33 RPs in its small (40S) subunit and 48 in its large 44 

(60S) subunit (Barakat et al., 2001). In plants, rRNAs are encoded by 5S and 45S rDNA 45 

genes, which are transcribed in the nucleoplasm and the nucleolus by RNA polymerase 46 

III or RNA polymerase I, respectively. All eukaryotic genomes include hundreds of rDNA 47 

genes arranged in tandem in several loci. Each 45S rDNA gene is composed (from its 5′ 48 

to 3′ end) of a promoter and a transcriptional unit that contains the 5′ external transcribed 49 

spacer (5′-ETS), the 18S, 5.8S and 25S rRNA sequences (in plants and yeast; 28S in 50 

animals), and a 3′-ETS. These three regions encoding rRNAs are separated by two 51 

internal transcribed spacers: ITS1 is located between the sequences of the 18S and 5.8S 52 

rRNAs, while ITS2 is located between the sequences of the 5.8S and 28S/25S rRNAs 53 

(Supplemental Figure 1). 54 

The processing of 45S (47S in animals and 35S in yeast [Saccharomyces 55 

cerevisiae]) pre-rRNA is a multistep procedure involving more than 100 ribosome 56 

biogenesis factors (RBFs), which carry out endo- and exo-nucleolytic cleavages and 57 

chemical modifications to generate 28S/25S, 18S and 5.8S mature rRNAs. This intricate 58 

rRNA production consists of two partially redundant pathways, which are named 59 

according to the region of the early 35S(P) pre-rRNA in which the first endonucleolytic 60 

cleavage occurs: the 5′-ETS-first and ITS1-first pathways. There is an additional pathway 61 

in plants, the ITS2-first pathway (Supplemental Figure 1; Palm et al., 2019). The 62 

functions of many RBFs are partially or fully conserved across animals, fungi and plants 63 

(reviewed in Sáez-Vásquez and Delseny, 2019). 64 

Yeast mRNA transport4 (Mtr4) is an ATP-dependent RNA helicase that acts as 65 

a cofactor of the nucleolar exosome, which has 3′→5′ exonuclease activity. Loss-of-66 

function mutations of the yeast Mtr4 gene impair 5.8S and 25S rRNA maturation through 67 

the ITS1-first pathway and leads to an imbalance in the ratio of 40S/60S ribosomal 68 

subunits (Thoms et al., 2015). Arabidopsis MTR4 is required for 18S and 5.8S rRNA 69 

maturation and to eliminate 5′-ETS processing by-products produced in the ITS1-first 70 

pathway (Lange et al., 2011). Yeast Mtr4 interacts with Nucleolar protein 53 (Nop53), 71 

which has orthologs in humans (Glioma Tumor-Suppressor Candidate Region 2; 72 

GLTSCR2) and Arabidopsis (SMALL ORGAN 4; SMO4), all of which are involved in 73 

equivalent steps of 5.8S rRNA maturation (Tafforeau et al., 2013; Micol-Ponce et al., 74 

2020). Ribosomal RNA processing protein 7 (Rrp7) is another yeast RBF involved in 18S 75 

rRNA processing that functions in the ITS1-first pathway, as do its human (RRP7A) and 76 
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Arabidopsis (RRP7) orthologs (Micol-Ponce et al., 2018; Farooq et al., 2020; 77 

Supplemental Figure 1).  78 

Most RPs that form part of the 40S ribosomal subunit also function as RBFs in 79 

the nuclear and cytoplasmic steps of 18S rRNA maturation in yeast, including Ribosomal 80 

protein S24 (Rps24; Ferreira-Cerca et al., 2005). Human RPS24 and yeast Rps24 play 81 

analogous roles in 5′-ETS processing. Loss-of-function mutations of the yeast Rps24 82 

and human RPS24 orthologs lead to the accumulation of 23S and 30S pre-rRNAs, 83 

respectively (which are equivalent to Arabidopsis P-A3 pre-rRNA) and a reduction in the 84 

amounts of human 21S and 18S-E, and yeast 21S and 20S pre-rRNAs, which are 85 

equivalent to Arabidopsis 18S-A3 and 20S, respectively. All of these pre-rRNAs are 86 

precursors of the 18S rRNA produced by the ITS1-first pathway (Supplemental Figure 87 

1). Since this pathway is the major contributor to 18S rRNA production, its level is 88 

reduced by human and yeast rps24 loss-of-function mutations (Ferreira-Cerca et al., 89 

2005; Choesmel et al., 2008).  90 

Arabidopsis MORPHOLOGY OF ARGONAUTE1-52 SUPPRESSED 2 (MAS2) is 91 

the ortholog of the human gene encoding NF-κ-B-activating protein (NKAP), which 92 

functions in transcriptional repression and splicing in animals (Pajerowski et al., 2009; 93 

Burgute et al., 2014; Sánchez-García et al., 2015). We previously identified physical 94 

interactors of MAS2 in a yeast two-hybrid assay (Sánchez-García et al., 2015), including 95 

RRP7 (Micol-Ponce et al., 2018), SMO4 (Micol-Ponce et al., 2020) and RPS24B. Here, 96 

we studied the functions of the Arabidopsis co-orthologs of yeast Rps24 and human 97 

RPS24: AT3G04920 and AT5G28060, which encode RPS24A and RPS24B, 98 

respectively. We established that both RPS24A and RPS24B act as RBFs in the ITS1-99 

first pathway, like their human and yeast orthologs. Our results also suggest that 100 

RPS24A and RPS24B participate in the transcriptional repression of 45S rDNA, a role 101 

that has not been proposed for any of their orthologs.  102 
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RESULTS 103 

Arabidopsis RPS24A and RPS24B show combined haploinsufficiency 104 

The Arabidopsis RPS24A (AT3G04920) and RPS24B (AT5G28060) genes are very 105 

similar in structure, with 5 exons, and their protein products sharing 96% sequence 106 

identity (Supplemental Figure 2). We initially focused our study on RPS24B, since we 107 

previously showed that it interacted with MAS2 in a Y2H assay (Sánchez-García et al., 108 

2015). Two putatively null alleles of RPS24B, rps24b-1 and rps24b-2, were previously 109 

identified as mutants with impaired leaf development; rps24b-1 harbors a 72-bp deletion 110 

in the coding region of its fifth exon (Horiguchi et al., 2006; Horiguchi et al., 2011), and 111 

rps24b-2 carries a T-DNA insertion in its third intron (Figure 1A; Horiguchi et al., 2011; 112 

Wang et al., 2018). Both mutants exhibited an almost identical mild pointed-leaf 113 

phenotype (Figure 1F; Horiguchi et al., 2011; Wang et al., 2018).  114 

The apiculata6 (api6) mutant was previously isolated in a large-scale screen for 115 

leaf morphological mutants from an EMS mutagenized population in the Ler background 116 

(Berná et al., 1999). Using iterative linkage analysis (Ponce et al., 1999; Ponce et al., 117 

2006), we mapped the api6 mutation to a genomic region containing 49 genes flanked 118 

by the molecular markers cer449133 (between AT5G27905 and AT5G27910) and 119 

cer451402 (in AT5G28200; Supplemental Table 1). Sanger sequencing of AT5G28060 120 

(RPS24B), the most plausible candidate gene, revealed an EMS-type G→A transition in 121 

the last nucleotide of the first intron (Figure 1A). Since this nucleotide forms part of a 3′ 122 

splicing site (3′SS) of the first intron, the api6 mutation is predicted to cause the absence 123 

of the second exon of the gene—which is 42-nt in length—from the mature mRNA of 124 

api6 (Figure 1B and C). The protein produced by the api6 mutant is predicted to lack 14 125 

residues present in wild-type RPS24B (amino acids 25-38; Supplemental Figure 2). An 126 

api6 × rps24b-2 cross confirmed that these mutants are allelic (Figure 1E, F, H-J). Like 127 

many mutants in the Ler genetic background, the leaf phenotype of api6 was stronger 128 

than that of rps24b-1 or rps24b-2, which are in the Col-0 background (Pérez-Pérez et 129 

al., 2009). 130 

We also studied SALK_126799, a line that carries a T-DNA insertion in the third 131 

intron of RPS24A, which we named rps24a-1 (Figure 1D and G). Homozygous rps24a-132 

1 plants were viable and exhibited a pointed-leaf phenotype, which was milder than that 133 

of rps24b-2 and api6 (Figure 1E-I). RPS24A and RPS24B exhibited similar protein 134 

abundance patterns, as determined in the Arabidopsis THaliana ExpressioN Atlas 135 

(Athena) database 136 

(http://athena.proteomics.wzw.tum.de:5002/master_arabidopsisshiny/; Mergner et al., 137 

2020), with similar levels throughout all organs and developmental stages, with a few 138 

exceptions (Supplemental Dataset 1 [highlighted in red]). The almost constitutive 139 
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100 bp

api6
(G→A)

rps24b-2
(SALK_000766)

AT5G28060

RPS24B gDNA …CAATTCgtga…tgtagGTTATT…AAGgta…aagGCTGAGC…
api6 gDNA …CAATTCgtga…tgtaaGTTATT…AAGgta…aagGCTGAGC…

RPS24B cDNA 174 …CAATTC----…-----GTTATT…AAG---…---GCTG…GGG 860
api6 cDNA 174 …CAATTC----…------------------…---GCTG…GGG 818

RPS24B 1 MAEKAV…ARKQFVIDVLHPGRANVSKAELKEKLA…GDTKKK* 133
API6 1 MAEKAV…ARKQF--------------AELKEKLA…GDTKKK* 119

A

100 bp

rps24a-1
(SALK_126799)

AT3G04920

D
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api6/rps24b-2
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Figure 1. Alleles of the RPS24A and RPS24B genes studied in this work. (A) Schematic
representation of the RPS24B locus, with the positions and nature of its mutations indicated.
Exons and introns are depicted as boxes and lines, respectively, and white boxes represent
untranslated regions (UTRs). A red arrow and a triangle mark the point mutation of api6 and the T-
DNA insertion of rps24b-2, respectively. The molecular changes caused by api6 and rps24b-2 are
shown in red in the corresponding cDNAs and predicted proteins. (B and C) Electropherograms
showing the cDNA sequences of RPS24B in Ler (B) and api6 (C). Total RNA was extracted from
seedlings collected 15 days after stratification (das). (D) Structure of the RPS24A gene,
represented as described in A. (E-J) Rosettes of Col-0 (E), rps24b-2 (F), rps24a-1 (G), Ler (H),
api6 (I) and api6/rps24b-2 F1 seedlings (J). Scale bars, 2 mm. Photographs were taken 14 das.
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expression of RPS24A and RPS24B (at a lower level compared to other genes encoding 140 

RPs) was also described by Savada and Bonham-Smith (2014) using microarray data 141 

from the GENEVESTIGATOR platform (Hruz et al., 2008). 142 

Since the mutant phenotypes of rps24a-1 and rps24b-2 pointed to the functional 143 

redundancy of RPS24A and RPS24B, we performed rps24a-1 × rps24b-2 reciprocal 144 

crosses. All RPS24A/rps24a-1;RPS24B/rps24b-2 F1 plants exhibited a mutant 145 

phenotype indistinguishable from that of their parents, suggesting non-allelic non-146 

complementation (Figure 2A-D). Selfing of such diheterozygotes generated F2 progeny 147 

with only two phenotypic classes: 221 wild-type and 161 mutant (indistinguishable from 148 

their parents) plants. We genotyped 59 F2 phenotypically mutant plants, finding 10 149 

rps24a-1/rps24a-1;RPS24B/RPS24B, 17 RPS24A/RPS24A;rps24b-2/rps24b-2 and 32 150 

RPS24A/rps24a-1;RPS24B/rps24b-2 plants. We identified no rps24a-1/rps24a-151 

1;RPS24B/rps24b-2 or RPS24A/rps24a-1;rps24b-2/rps24b-2 sesquimutants or double 152 

mutants among the F2 progeny (Figure 2A-D); the absence of these genotypes suggests 153 

their lethality. In agreement with the proposed early lethality of the genotypes with fewer 154 

than two wild-type doses of either RPS24A or RPS24B (expected to be 31.25% of 155 

seeds), the siliques of several diheterozygous F1 plants exhibited a rate of 27% aborted 156 

or unfertilized ovules compared to Col-0 (Figure 2E-H). 157 

To determine whether rps24a-1, rps24b-2 and api6 were hypomorphic or null 158 

alleles and to test the existence of any dosage compensation mechanism for the 159 

expression of RPS24A or RPS24B, we analyzed RPS24B mRNA levels by RT-PCR. We 160 

used primers upstream and downstream of the T-DNA insertion of rps24b-2 161 

(Supplemental Figure 3 and Supplemental Table 2). RPS24B mRNA levels were very 162 

similar in api6 and Ler, but RPS24B mRNA levels were undetectable in rps24b-2 and 163 

were not higher in rps24a-1 than in the wild type (Supplemental Figure 3). We did not 164 

determine whether rps24a-1 was null, because it was impossible to design RT-PCR 165 

primers specific for this allele that would amplify the region flanking its T-DNA insertion, 166 

due to its sequence similarity with rps24b-2. However, the phenotype of the single 167 

mutants and the lethality of the reciprocal sesquimutants strongly suggest that rps24a-1 168 

and rps24b-2 are null alleles. 169 

 170 

RPS24B predominantly localizes to the nucleolus  171 

Since ribosomal subunits are synthetized and assembled in the nucleolus and the 172 

nucleoplasm, but their final maturation occurs in the cytoplasm, not few RPs have been 173 

detected in all three subcellular compartments (Pendle et al., 2005; Palm et al., 2016; 174 

Montacié et al., 2017; Ayash et al., 2021). As expected from their known roles as 175 

structural components of the ribosome, Arabidopsis RPS24A and RPS24B have been 176 
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A B

C D
Col-0 rps24b-2

rps24a-1
RPS24B/rps24b-2; 
RPS24A/rps24a-1

H

RPS24B/rps24b-2; 
RPS24A/rps24a-1

E

Col-0

F

rps24b-2

G

rps24a-1

Figure 2. Genetic evidence for the combined haploinsufficiency of RPS24A and RPS24B. (A-D)
Rosettes of Col-0 (A), rps24b-2 (B), rps24a-1 (C) and (D) RPS24B/rps24b-2;RPS24A/rps24a-1
plants. (E-H) Siliques of (E) Col-0, (F) rps24b-2, (G) rps24a-1 and (H) RPS24B/rps24b-
2;RPS24A/rps24a-1 plants. Scale bars, 2 mm (A-D), or 1 mm (E-H). Photographs were taken (A-
D) 14 or 39 (E-H) das.
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found in the cytoplasm in several proteomic studies (Chang et al., 2005; Giavalisco et 177 

al., 2005; Carroll et al., 2008; Hummel et al., 2015), and their abundances appear to be 178 

similar, at least in ribosomes purified from cell cultures (Salih et al., 2020). RPS24A and 179 

RPS24B have also been localized to the nucleolus and nucleoplasm (Pendle et al., 2005; 180 

Palm et al., 2016; Montacié et al., 2017; Ayash et al., 2021). 181 

To visualize the subcellular localization of RPS24B, we generated the 182 

35Spro:RPS24B:GFP construct and used it to transform Col-0 plants. We primarily 183 

detected green fluorescent protein (GFP) fluorescence in the nucleolus, but also in the 184 

cytoplasm (Figure 3), as observed for other duplicated Arabidopsis RPs of the small and 185 

large subunits: RPS3aA/B, RPS8A/B, RPL7aA/B, RPL15A/B and RPL23aA/B (Savada 186 

and Bonham-Smith, 2014). Three protein-localization predictor tools provided in silico 187 

support to our experimental findings with the 35Spro:RPS24B:GFP transgenic plants. 188 

LOCALIZER (https://localizer.csiro.au/; Sperschneider et al., 2017) identified a putative 189 

nuclear localization signal (NLS) in the C-terminal regions of RPS24A and RPS24B, 190 

which matches the nucleolar localization signal (NoLS) found using Nucleolar 191 

localization sequence Detector (NoD) software (Supplemental Figure 2; 192 

http://www.compbio.dundee.ac.uk/www-nod/index.jsp; Scott et al., 2011). MULocDeep 193 

(https://www.mu-loc.org; Jiang et al., 2021), which is able to predict the localization of 194 

any protein in 44 suborganellar compartments, clearly predicted a nucleolar localization 195 

for both RPS24 proteins, in addition to a lower-likelihood prediction for a cytoplasmic and 196 

mitochondrial localization (Supplemental Figures 4 and 5). The predicted nucleolar 197 

localization of RPS24A and experimental confirmation for RPS24B suggest that both 198 

proteins function in early steps of ribosome biogenesis. However, although the 199 

subcellular localization of the RPS24B-GFP fusion protein was the same in transgenic 200 

plants in the Col-0 or rps24b-2 background, the 35Spro:RPS24B:GFP transgene did not 201 

rescue the morphological defects caused by the rps24b-2 mutation. 202 

 203 

45S pre-rRNA processing is delayed in the rps24 mutants 204 

As previously mentioned, human and yeast RPS24 act as RBFs in 18S rRNA maturation. 205 

In both species, depletion of RPS24 results in inhibited 5′-ETS processing, the 206 

accumulation of pre-rRNAs that include 5′-ETS (human 30S and yeast 23S pre-rRNAs) 207 

and reduced levels of 21S and 18S-E pre-rRNAs in humans and their corresponding 21S 208 

and 20S pre-RNAs in yeast (Supplemental Figure 1), all of which are 18S rRNA 209 

precursors (Ferreira-Cerca et al., 2005; Choesmel et al., 2008; Robledo et al., 2008). 210 

 Taken together, the current identification of RPS24B as a predominantly 211 

nucleolar factor and the previous finding of RPS24A and RPS24B in the Arabidopsis 212 

nucleolar proteome via large-scale analysis (Pendle et al., 2005; Palm et al., 2016) point 213 
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Figure 3. Subcellular localization of RPS24B. (A-G) Confocal laser-scanning micrographs of root
cells from transgenic 35Spro:RPS24B:GFP seedlings in the Col-0 background, collected 5 das.
Fluorescent signals correspond to GFP (A, C, F), 4′,6-diamidino-2-phenylindole (DAPI) (B, E), and
their overlay (D, G). Scale bars, 100 µm (A), 50 µm (B-D), or 10 µm (E-G).
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to a conserved role for these proteins as RBFs. To test this hypothesis, we analyzed 45S 214 

pre-rRNA processing in the rps24 mutants. We carried out gel blot analysis of total RNA 215 

extracted from rps24a-1, rps24b-2 and api6, which was hybridized with the S2, S7 and 216 

S9 probes. These probes are complementary to segments of the 5′-ETS, ITS1, and ITS2 217 

of 45S pre-rRNA, respectively, allowing several 25S, 18S and 5.8S rRNA precursors to 218 

be detected (Figure 4A). We used the smo4-3 and mtr4-2 mutants as controls (Lange et 219 

al., 2011; Micol-Ponce et al., 2020). Loss of SMO4 function causes nucleolar hypertrophy 220 

and the accumulation of P-A3, a precursor of 18S rRNA, and perturbs 5.8S rRNA 221 

maturation (Micol-Ponce et al., 2020). MTR4 is an exosome cofactor involved in the 222 

processing of 5.8S pre-rRNA (like SMO4) but also in the degradation of P-P′, a by-223 

product derived from 5′-ETS processing (Lange et al., 2011). 224 

Using the S7 probe, we detected the accumulation of P-A3 and 35SA123B/35S(P) 225 

pre-rRNAs in rps24a-1, rps24b-2 and (especially) api6 plants compared to their 226 

respective wild types. We also detected the depletion of 33S(P′)/32S pre-rRNA and to a 227 

lesser extent P′-A3/18S-A3/18S-A2 species, which result from the processing of 228 

35SA123B/35S(P) and P-A3 precursors, respectively (Figure 4B). P-A3 pre-rRNA is 229 

generated by the cleavage of the A3 site in 35S(P) pre-rRNA, the first 18S rRNA 230 

precursor in the ITS1-first pathway [Figure 4A and Supplemental Figure 1; reviewed in 231 

Sáez-Vásquez and Delseny (2019)]. We confirmed the accumulation of 35SA123B/35S(P) 232 

and P-A3 pre-rRNAs using the S2 probe, but we only observed the accumulation of the 233 

P-P′ species in mtr4-2 (Figure 4C), as previously described (Lange et al., 2011). Using 234 

the S9 probe, we did not find any alteration in 5.8S rRNA maturation in any of the three 235 

mutants studied (Figure 4D).  236 

Reduced levels of the 21S and 18S-E precursors of 18S pre-rRNA (Supplemental 237 

Figure 1) associated with the lack of RPS24 activity in human cells result in a 40% 238 

reduction in mature 18S rRNA levels (Choesmel et al., 2008; Robledo et al., 2008). 239 

Similar effects were found in the absence of RPS24 function in yeast: 35S, 32S and 23S 240 

pre-rRNAs accumulated, 20S pre-rRNA could not be detected, and the levels of mature 241 

18S rRNA were reduced by 95% compared to the wild type (Ferreira-Cerca et al., 2005). 242 

The impaired 18S pre-rRNA processing due to the loss of RPS24A and RPS24B function 243 

in Arabidopsis suggests that the levels of mature 18S rRNA might be reduced in these 244 

mutants. Therefore, we analyzed the rRNA profiles of the mutants using a bioanalyzer. 245 

The 18S/25S rRNA ratio was reduced by 4% in the rps24a-1 mutant, by 27% in rps24b-246 

2 and by 32% in api6 compared to their corresponding wild types (Supplemental Figure 247 

6). These results provide further evidence for a conserved role for RPS24A and RPS24B 248 

in the early steps of 18S rRNA maturation, particularly in the cleavage of sites internal to 249 
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Figure 4. rRNA maturation in the rps24a and rps24b mutants. (A) Diagram of 45S pre-rRNA
processing intermediates detected in RNA gel blots. The regions hybridizing to each probe are
highlighted in green (S2 probe), yellow (S7 probe) or blue (S9 probe). Vertical bars in 45S rRNA
indicate the endonucleolytic cleavage sites in pre-rRNAs that are relevant to this analysis. ETS
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gels, visualized before blotting, serving as loading controls. Similar results were obtained in at
least two independent experiments.
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the 5′-ETS, as already observed for their yeast and human putative orthologs (Ferreira-250 

Cerca et al., 2005; Choesmel et al., 2008). 251 

   252 

The rps24b-2 mutation enhances the morphological and molecular defects of 253 

mutants in genes encoding RBFs that function in 18S and 5.8S rRNA maturation 254 

To genetically confirm the involvement of RPS24 in ribosome biogenesis, we obtained 255 

double mutant combinations between rps24b-2 and mutant alleles of SMO4 and MTR4, 256 

which participate in 5.8S rRNA maturation (Lange et al., 2011; Micol-Ponce et al., 2020) 257 

and RRP7 and PARALLEL1 (PARL1; also named NUCLEOLIN1), which act in 18S rRNA 258 

maturation (Pontvianne et al., 2007; Micol-Ponce et al., 2018). 259 

 All of the double mutants showed synergistic phenotypes (Figure 5). Leaves of 260 

rps24b-2 smo4-2 plants exhibited increased serration and took on a twisted appearance 261 

into a spiral (Figure 5F). rps24b-2 mtr4-2 plants exhibited delayed growth, lanceolate 262 

leaves and strong drops in rosette size and plant height (Figure 5G). rps24b-2 parl1-2 263 

plants strongly accumulated anthocyanins, exhibiting dark, serrated, pointed leaves and 264 

small, compact rosettes (Figure 5H). The rps24b-2 mtr4-2 and rps24b-2 parl1-2 double 265 

mutants completed their life cycles but had poor fertility (Figure 5I, J, M-P). We sowed 266 

108 F2 seeds from an rps24b-2 × rrp7-1 cross and isolated two double mutants, which 267 

exhibited very strong mutant phenotypes (Supplemental Figure 7). Only one plant 268 

completed its life cycle and produced 20 F3 seeds, only one of which germinated, but the 269 

seedling died a few days later, suggesting early postembryonic lethality of the rps24b-2 270 

rrp7-1 genotype.  271 

 We analyzed 45S pre-rRNA maturation in the viable double mutants, finding 272 

similar levels of P-A3 or P′-A3/18S-A3/18S-A2 pre-rRNAs in rps24b-2 smo4-3, rps24b-273 

2 mtr4-2 and rps24b-2 parl1-2 compared to the single mutants using the S2 and S7 274 

probes (Figure 6A and B). The smo4-3 and mtr4-2 single mutants accumulate 7S and 275 

5.8S+10 pre-rRNAs, respectively (Lange et al., 2011; Micol-Ponce et al., 2020). 276 

Unexpectedly, using the S9 probe, we detected higher levels of 7S pre-rRNA in rps24b-277 

2 smo4-3 and of 5.8S+10 pre-rRNA in rps24b-2 mtr4-2 compared to the smo4-3 and 278 

mtr4-2 single mutants, even though rps24b-2 did not accumulate either of these pre-279 

rRNA species (Figure 6C and D).  280 

 To assess the subcellular localization of 5.8S pre-rRNA in the rps24b-2 smo4-3 281 

and rps24b-2 mtr4-2 double mutants, we performed an RNA-FISH assay. We used the 282 

23-nt long S9 probe, which hybridizes to the ITS2 region adjacent to the 5.8S rRNA 283 

coding sequence, and allows detection of all 5.8S pre-rRNA, but not mature 5.8S rRNA 284 

(Figure 4A). In agreement with the results of RNA gel blot analysis (Figure 6C and D), 285 

we observed very low fluorescence in the nucleoli of wild-type Col-0 and Ler, higher 286 
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Figure 5. Genetic interactions between rps24b-2 and mutant alleles of genes encoding RBFs.
Rosettes of Col-0 (A), smo4-3 (B), mtr4-2 (C), parl1-2 (D), rps24b-2 (E), rps24b-2 smo4-3 (F),
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fluorescence in the api6, rps24a-1, rps24b-2, smo4-3 and mtr4-2 single mutants, and 287 

much higher fluorescence in the rps24b-2 smo4-3 and rps24b-2 mtr4-2 double mutants 288 

(Supplemental Figure 8). The enhanced fluorescence that we observed in the nucleoli of 289 

rps24 mutants compared to Col-0 and Ler is likely due to the accumulation of the 290 

35SA123B/35S(P) species that we detected in RNA gel blots using the S7 and S9 probes 291 

(Figure 4B-D). 292 

In the RNA-FISH assays, we also observed enlarged nucleoli in rps24b-2 and 293 

(especially) smo4-3 rps24b-2 and mtr4-2 rps24b-2 double mutant plants compared to 294 

Col-0 (Supplemental Figure 8). Perturbations in the size and organization of the 295 

nucleolus are hallmarks of nucleolar stress, which occurs when ribosome biogenesis is 296 

defective, as previously observed in the nucleoli of smo4 plants (Micol-Ponce et al., 297 

2020). Therefore, we measured the areas of the nucleolus and nucleoplasm using the 298 

fluorescence of the S9 probe and of nuclei stained with DAPI. Both the nucleus and 299 

nucleolus of api6 and rps24b-2 (but not rps24a-1) were larger than those of the 300 

respective wild types (Supplemental Figure 8A2 and A3). Moreover, the nucleus and 301 

nucleolus were greatly enlarged in both the smo4-3 rps24b-2 and mtr4-2 rps24b-2 302 

double mutants (Supplemental Figure 8D-F, J-L, P-R, V-A3).  303 

To determine whether the organization of the nucleolus was perturbed in the 304 

rps24 mutants, we used an antibody against the nucleolar marker fibrillarin to examine 305 

the roots of Col-0, rps24a-1 and rps24b-2 seedlings. We did not observe differences in 306 

nucleolar organization between the wild type and the mutants (Supplemental Figure 9), 307 

suggesting that the defective 45S pre-rRNA processing in the rps24 mutants causes the 308 

enlargement but not disorganization of the nucleolus.  309 

Taken together, these results suggest that RPS24B participates (directly or 310 

indirectly) in the maturation of 5.8S rRNA. Since the rps24a-1 and rps24b-2 single 311 

mutants do not accumulate any 5.8S pre-rRNA, RPS24B might play a lesser role in 5.8S 312 

maturation compared to SMO4 and MTR4; therefore, the absence of RPS24B is only 313 

perceived in the absence of SMO4 and MTR4. Another interpretation is that RPS24 314 

participates in the repression of 45S rDNA transcription. Under this second scenario, the 315 

accumulation of 5.8S pre-rRNAs would be more evident in the rps24b background than 316 

in the smo4-3 and mtr4-2 single mutant backgrounds due to the presence of more 5.8S 317 

pre-rRNAs to process. 318 

 319 

45S pre-rRNAs accumulate in the rps24 mutants 320 

Kinetic analysis of Arabidopsis 45S pre-rRNA processing has revealed three rate-limiting 321 

steps: the processing of 35S, 32S, and P-A3 pre-rRNAs; 32S and P-A3 pre-rRNAs are 322 

the first two precursors in the two alternative pathways, the 5′-ETS first pathway and the 323 
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Figure 6. rRNA maturation in double mutants between rps24b-2 and alleles of genes encoding
RBFs. (A-D) Visualization of the processing of the 5.8S, 18S and 25S rRNA precursors using gel
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ITS1-first pathway, respectively (Supplemental Figure 1). The level of 35S pre-rRNA is 324 

the major indicator of the transcription rate of 45S rDNA (Shanmugam et al., 2021). Our 325 

results show that a reduction in RPS24 activity lower the rate of 45S pre-rRNA 326 

processing, as shown by the accumulation of pre-rRNAs produced by two of the rate-327 

limiting steps, 35SA123B/35S(P) and P-A3. Our results also suggest that 45S rDNA 328 

transcription is upregulated in the rps24 mutants. 329 

Therefore, we performed RT-PCR to investigate the presence of the four different 330 

45S rDNA variants (VARs), which differ in their 3′-ETS (Figure 8A), using the p3+p4 331 

primer pair (Figure 7A and B; Supplemental Table 2). We did not detect any differences 332 

in the intensities of the PCR bands using genomic DNA as a template (Figure 7C). 333 

However, the intensities of the PCR bands corresponding to VAR4, VAR2 and VAR3 334 

were higher in rps24a-1, and those corresponding to all four VARs were higher in rps24b-335 

2, compared to the wild type (Figure 7D). Since changes in the relative abundance of 336 

45S rRNA variants are usually interpreted as changes in 45S rDNA transcription (Kojima 337 

et al., 2007; Pontvianne et al., 2010; Durut et al., 2014), these results suggest that 338 

RPS24B represses 45S rDNA expression. 339 

To confirm these results, we carried out RT-qPCR analysis using the 45S pre-340 

rRNA-45S-F and 45S pre-rRNA-45S-R primers, which hybridize to the 5′-ETS 341 

(Supplemental Table 2; Zhu et al., 2016). We detected higher levels of 45S pre-rRNA in 342 

the rps24 mutants than in wild-type plants (Figure 7E). 343 

344 

RPS24B-GFP co-precipitates with nucleolar factors involved in ribosome 345 

biogenesis and pre-mRNA splicing 346 

To identify nucleolar interactors of RPS24B, we carried out co-immunoprecipitation (Co-347 

IP) assays with an anti-GFP antibody in Col-0 plants harboring the 35Spro:RPS24B:GFP 348 

transgene. The raw list of 2,635 proteins that co-purified with RPS24B-GFP was filtered 349 

by considering only those classified as high-confidence proteins (q-value <0.01) with at 350 

least two peptide spectra matches (PSMs) in each of the three biological replicates 351 

(Supplemental Dataset 2). Several additional filters were used, which discarded proteins 352 

that co-immunoprecipitated with all four other proteins examined (none related to 353 

ribosome biogenesis), as we considered these to be spurious interactions. We analyzed 354 

the predicted suborganellar localizations of the interactors using MuLOCDeep (Jiang et 355 

al., 2021), discarding those that were not predicted to be nucleolar proteins, which 356 

reduced the list of putative interactors to 25 proteins (Supplemental Dataset 2). We 357 

refined the annotations of these proteins using the TAIR or Aramemnon database and 358 

those identified in two independent nucleolar proteomic analyses (Palm et al., 2016; 359 

Montacié et al., 2017). In addition, we added the pathways that were enriched in genes 360 
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Figure 7. 45S rDNA expression in the rps24a-1 and rps24b-2 mutants. (A and B) Schematic
representation of 45S pre-rRNA (A) and its 3′-ETS polymorphic region (B), modified from Micol-
Ponce et al. (2018). (C and D) PCR analysis of the relative abundance of 45S rDNA variants using
genomic DNA (C) and cDNA templates (D) from three biological replicates obtained from Col-0,
rps24a-1 and rps24b-2 plants. The analysis was performed twice with similar results. (E) RT-
qPCR analysis of 45S pre-rRNA abundance. Eight biological replicates were performed per
genotype (Col-0, rps24a-1, and rps24b-2), with three technical replicates in each experiment,
resulting in 24 amplifications per genotype. The analyses were carried out using ExpressionSuite
Software. Asterisks indicate a significant difference with Col-0 in a Mann-Whitney U test (n = 8) (*P
< 0.05).
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that were co-expressed with the genes encoding the 25 putative interactors of RPS24B 361 

obtained from the ATTEDII database (Obayashi et al., 2022).  362 

We found ten proteins encoded by genes whose co-expression was enriched in 363 

ribosome components, which included six RPs, six whose co-expression was enriched 364 

in genes involved in ribosome biogenesis, three in spliceosome components, and two in 365 

RNA transport, but that were components of the spliceosome: PRE-MRNA 366 

PROCESSING FACTOR 8 (PRP8), the main component of the spliceosome, and one of 367 

its major interactors during pre-mRNA splicing, the putative RNA helicase BAD 368 

RESPONSE TO REFRIGERATION2 (BRR2; Nguyen et al., 2013).  369 

Among the putative interactors identified by co-immunoprecipitation that were 370 

encoded by genes that are co-expressed with genes involved in ribosome biogenesis, 371 

we found AT3G05060 (NOP58-2) and AT5G27120 (NOP58-1); these genes encode the 372 

co-orthologs of NOP58 in yeast and humans, which are putative components of the C/D 373 

small nucleolar ribonucleoprotein (snoRNP) complex. AT1G31970 and AT1G77030, 374 

encoding DEA(D/H)-box RNA helicases, were two other co-expressed genes that are 375 

putative orthologs of yeast DEAD-box protein 3 (DBP3) and DBP10, respectively, both 376 

of which are involved in 60S subunit biogenesis. DBP3 functions in the endonucleolytic 377 

cleavage of site A3 in ITS1, upstream of 5.8S rRNA (Weaver et al., 1997), and DBP10 378 

functions in the cleavage of sites C1 and C2 in the ITS2 (Burger et al., 2000). AT1G31970 379 

encodes STRESS RESPONSE SUPPRESSOR 1 (STRS1), a nucleolar- and 380 

chromocenter-localized protein that undergo stress-mediated relocalization and is 381 

involved in epigenetic gene silencing at heterochromatic loci; its mutants show reduced 382 

DNA methylation at these loci (Khan et al., 2014). AT1G77030 encodes the putative 383 

DEAD-box ATP-dependent RNA HELICASE 29 (RH29), which has not been studied in 384 

Arabidopsis. AT3G56510, AT5G04600 and AT5G57120 have not been studied either. 385 

AT3G56510 is annotated at the Aramemnon database (Schwacke et al., 2003) as the 386 

putative ortholog of yeast Eighteen S rRNA Factor 2 (Esf2), a nucleolar component of 387 

the small subunit processome (SSU) involved in early steps of 18S rRNA maturation. 388 

Yeast Esf2 associates with 5′-ETS and is required for SSU assembly and compaction. 389 

The esf2 mutants show defective cleavage of sites A0 (within the 5′-ETS) through A2 390 

(within the ITS1), therefore exhibiting reduced 18S rRNA production (Hoang et al., 2005). 391 

AT5G04600 encodes the putative ortholog of human NUCLEOLAR PROTEIN 392 

INTERACTING WITH THE FHA DOMAIN OF MKI67 (NIFK), an RBF involved in the 393 

endonucleolytic ITS2 cleavage that is required for 28S and 5.8S rRNA maturation (Pan 394 

et al., 2015). Finally, AT5G57120 encodes the putative ortholog of yeast serine rich 395 

protein 40 (SRP40) and human nucleolar and coiled-body phosphoprotein 1 (NOLC1), 396 
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also named 140 kDa nucleolar phosphoprotein (Nopp140), which might function as 397 

chaperones of snoRNP complexes (Yang et al., 2000).   398 
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DISCUSSION  399 

The Arabidopsis RPS24A and RPS24B paralogs exhibit combined 400 

haploinsufficiency  401 

The ribosome has traditionally been considered to be a highly conserved housekeeping 402 

machinery, as it is present in all cells of all organisms. In prokaryotic and eukaryotic 403 

ribosomes, the number of RPs is almost identical, i.e., 55 and 79, respectively. However, 404 

proteomic analyses of animals, plants and fungi have revealed the existence of different 405 

ribosomes with heterogeneous compositions and stoichiometry, suggesting that 406 

specialized ribosomes might translate different sets of mRNAs. Such heterogeneity in 407 

composition results from the existence of different paralogous genes produced by gene 408 

duplications. These genes, with similar architectures and variable numbers among 409 

species, encode quasi-identical RPs [reviewed in Martinez-Seidel et al. (2020; Petibon 410 

et al. (2021)].  411 

Plants have undergone more frequent gene and genomic duplications during 412 

evolution compared to metazoans, leading to families of RPs with two to seven paralogs 413 

in Arabidopsis (Carroll et al., 2008). In Arabidopsis, the RPs of the cytoplasmic ribosome 414 

appear to be encoded by 234 functional genes, whereas the ribosomes of humans and 415 

yeast include proteins encoded by 85 and 137 genes, respectively (Barakat et al., 2001; 416 

Chang et al., 2005; Carroll et al., 2008). In the quasi-identical RP pairs studied to date, 417 

one of the two paralogous genes is sometimes expressed at a higher level and 418 

contributes more to ribosome structure than the other gene. In other cases, their levels 419 

of expression and contributions to the ribosome are equivalent [reviewed in Petibon et 420 

al. (2021)]. Loss of function of either gene of a pair produces a similar mutant phenotype, 421 

indicating that both paralogs are required for normal development (Savada and Bonham-422 

Smith, 2014; Salih et al., 2020; Xiong et al., 2021).  423 

Haploinsufficiency describes the requirement for more than one wild-type allele 424 

for normal development or viability for single-copy genes (Meinke, 2013). Combined 425 

haploinsufficiency describes a situation in which two paralogous genes behave as a 426 

single haploinsufficient unit with four alleles (Hawley and Gilliland, 2006). RPS24A and 427 

RPS24B provide such an example of combined haploinsufficiency, since three wild-type 428 

doses of RPS24 are required for proper plant development and two for viability. It is worth 429 

noting that the single-copy human RPS24 gene is a haploinsufficient locus. 430 

Haploinsufficiency is observed in several human genetic diseases, such as Diamond-431 

Blackfan anemia (DBA), a ribosomopathy (Gazda et al., 2006) associated with the loss-432 

of-function of RPS24, as well as other genes encoding RPs (Tyagi et al., 2020). 433 

Ribosomopathies are diseases caused by mutations in genes encoding components of 434 
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the ribosome, with tissue-specific effects and an increased risk of cancer [reviewed in 435 

Kang et al. (2021)].   436 

RPS24A and RPS24B have similar expression patterns and contributions to the 437 

composition of Arabidopsis ribosomes, pointing to their functional equivalence and 438 

partial redundancy. However, the mRNA levels of RPS24A and RPS24B are lower than 439 

those of other genes encoding RPs (Savada and Bonham-Smith, 2014). Here we 440 

demonstrated that these genes do not show dosage compensation; i.e., RPS24A is not 441 

more expressed in the absence of RPS24B. A proper stoichiometry of ribosome 442 

structural components is crucial for ribosome function (Warner, 1999; Slavov et al., 2015; 443 

Ni and Buszczak, 2023), and our results suggest that the amount of RPS24A and 444 

RPS24B produced in Arabidopsis cells is limiting for ribosome production. Indeed, 445 

reduction in the wild-type doses of either protein in rps24a and rps24b single mutants 446 

and diheterozygous plants (Figures 1 and 2) decreases the number of productive 447 

ribosomes, resulting in an inadequate rate of protein synthesis. This phenomenon of 448 

non-allelic non-complementation is also observed in mutants affected in other 449 

Arabidopsis genes encoding RPs, including RPS6, RPL5, RPL23 and RPL36 450 

(Degenhardt and Bonham-Smith, 2008; Fujikura et al., 2009; Creff et al., 2010; 451 

Casanova-Sáez et al., 2014). 452 

 453 

RPS24A and RPS24B function as RBFs during 18S rRNA maturation, like their 454 

yeast and human orthologs  455 

Gene duplications have allowed some RPs to acquire additional functions that might or 456 

might not be related to translation. In Arabidopsis, besides their functions as structural 457 

proteins of the ribosome, only RPS2 was shown to function as an RBF during the 458 

maturation of 25S and 18S rRNA, and RPS6 in the transcriptional regulation of 45S rDNA 459 

(Kim et al., 2014; Hang et al., 2021). PROTEIN ARGININE METHYLTRANSFERASE 3 460 

(PRMT3) and RPS2B (one of the six paralogs encoded in the Arabidopsis genome) 461 

facilitate the assembly and disassembly of the SSU processome  and repress nucleolar 462 

stress (Hang et al., 2021). RPS6, encoded by two functionally equivalent paralogs, 463 

interacts with HISTONE DEACETYLASE 2 (HDA2) in the nucleus and nucleolus and 464 

binds to the promoter of 45S rDNA, controlling its transcription (Kim et al., 2014). 465 

Furthermore, RPL10 is related to responses to ultraviolet light stress and viral infection, 466 

and RPL24 is involved in microRNA biogenesis (Carvalho et al., 2008; Ferreyra et al., 467 

2010a; Ferreyra et al., 2010b; Li et al., 2017).  468 

Our results show that both Arabidopsis RPS24A and RPS24B function as RBFs 469 

in the early steps of 45S pre-rRNA processing, specifically at the cleavage of the P′ site 470 

of the 5′-ETS. In the rps24b-2, api6 and rps24a-1 mutants, we detected the accumulation 471 
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of 35SA123B/35S(P) pre-rRNA (the first intermediate in 45S pre-rRNA processing) and a 472 

reduction in the levels of 33S(P′)/32S species (the second intermediate in this 473 

processing; Supplemental Figure 1). We also detected defects in the processing of 18S 474 

pre-rRNA: the rps24b-2, api6 and rps24a-1 mutants accumulated P-A3 pre-rRNA and 475 

showed reduced levels of P′-A3/18S-A3/18S-A2 pre-rRNAs (Figure 4). These results 476 

suggest that the loss-of-function of RPS24A and RPS24B globally reduces the 477 

processing of 5′-ETS, as occurs in response to the loss-of-function of yeast and human 478 

RPS24 (Ferreira-Cerca et al., 2005; Choesmel et al., 2008; Robledo et al., 2008). 479 

Moreover, the rps24b mutant showed an imbalance in the 25S/18S ratio, suggesting that 480 

alterations in the processing of pre-rRNAs of the ITS1-first pathway lead to a decrease 481 

in 18S rRNA levels.  482 

 483 

RPS24B genetically interacts with NOP53 (SMO4) and MTR4 484 

We obtained double mutant combinations of rps24b-2 with mutant alleles of genes 485 

involved in different steps of 45S pre-rRNA processing. Two such double mutants 486 

exhibited synergistic phenotypes: rps24b-2 rrp7-1 was embryonic lethal, and rps24b-487 

2 mtr4-2 was dwarf, with poor fertility. The phenotype of rps24b-2 smo4-3 was also 488 

synergistic, as this mutant was also nearly fully sterile (Figure 5).  489 

We previously demonstrated that RRP7 is involved in 18S rRNA maturation and 490 

acts as a repressor of 45S rDNA transcription. The rrp7 mutant has a reduced 18S/25S 491 

rRNA ratio and accumulated P-A3 pre-rRNA (Micol-Ponce et al., 2018), similar to the 492 

rps24 mutant. Moreover, we reasoned that RRP7 might function as a repressor of 45S 493 

rDNA, as rrp7 showed heterochronic expression of VAR1 and increased VAR3 494 

expression (Micol-Ponce et al., 2018). Here, we determined that rps24a-1 and rps24b-2 495 

contained increased levels of 45S pre-rRNA (Figure 7), which might explain the 496 

synergistic phenotype of the rps24b-2 rrp7-1 double mutant. However, due to the lethality 497 

of rps24b-2 rrp7-1, we were unable to examine the effects of the combination of both 498 

mutations on the maturation of 18S rRNA and/or the transcription of 45S rDNA.  499 

NOP53 (SMO4 in Arabidopsis) and MTR4 are RBFs that function in the 500 

maturation of 5.8S rRNA (Lange et al., 2011; Micol-Ponce et al., 2020). MTR4 is a 501 

cofactor of the exosome, which also functions in the degradation of P-P′, the by-product 502 

of 5′-ETS (Lange et al., 2011). Loss-of-function of SMO4 or MTR4 leads to the 503 

accumulation of 7S or 5.8S + 70-nt pre-rRNAs, respectively (which are precursors of 504 

5.8S rRNA that are processed in the nucleolus), but not 6S rRNA (the final precursor of 505 

5.8S rRNA maturation that is processed after its export to the cytoplasm; Lange et al., 506 

2011; Micol-Ponce et al., 2020). In the current study, we did not detect the accumulation 507 

of P-P′ or any 5.8S pre-rRNA in the rps24a or rps24b mutants, suggesting that RPS24A 508 
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and RPS24B do not participate in these steps of 45S pre-rRNA processing. However, 509 

we unexpectedly detected the over-accumulation of specific 5.8S pre-rRNAs in smo4-3 510 

and mtr4-2 and in the double mutants rps24b-2 smo4-3 and rps24b-2 mtr4-2 (Figure 6). 511 

Such over-accumulation may explain their synergistic phenotypic defects. Our RNA-512 

FISH analysis with the S9 probe confirmed these results, revealing strong fluorescent 513 

signals in the nucleoli of the double mutants (Supplemental Figure 8). 514 

 One possible explanation of the above-mentioned results is that RPS24B (and 515 

possibly RPS24A) functions in 5.8S rRNA maturation, albeit to a lesser extent than 516 

SMO4 and MTR4. An alternative hypothesis is that the over-accumulation of 7S and 5.8S 517 

+ 70-nt pre-rRNAs, which we detected in rps24b-2 mtr4-2 and rps24b-2 smo4-3 plants, 518 

respectively, is due to an increase in rDNA transcription caused by the rps24b-2 519 

mutation. If more pre-rRNAs are available for processing, the steps involving MTR4 and 520 

SMO4 are likely to be more strongly affected in the double mutants. We consider this 521 

second hypothesis to be more plausible, as it also might explain the synergistic 522 

phenotype of the rps24b-2 rrp7-1 and rps24b-2 parl1-2 double mutants. 523 

 524 

The predominant nucleolar localization of RPS24B and its putative interactors also 525 

support its role as an RBF 526 

Our results using the RPS24B-GFP fusion protein indicate that RPS24B is primarily 527 

located in the nucleolus, with some presence in the cytoplasm; these observations are 528 

consistent with previous predictions and proteomic analyses. This distribution reflects 529 

the dual role of RPS24B as both a structural protein of the ribosome and an RBF involved 530 

in early steps of ribosome biogenesis and the transcriptional repression of 45S rDNA.   531 

 Using different filters that included sub-organellar localization, we identified 25 532 

nucleolar proteins that co-immunoprecipitated with RPS24B-GFP, which we considered 533 

to be its most likely interactors. Among these were RBFs involved in the synthesis of the 534 

60S and 40S subunits, including STRS1 (AT1G31970), AT1G77030 and AT3G56510, 535 

which are putative orthologs of yeast DBP3, DBP10 and ESF2, respectively, putative 536 

ortholog of yeast, as well as NIFK. We speculate that STRS1 might also be involved in 537 

repressing 45S rDNA, which would be difficult in the rps24 background if RPS24A, 538 

RPS24B, or both proteins facilitate access to the epigenetic silencing machinery at the 539 

promoter of 45S rDNA. In fact, STRS1 colocalized with HDA2 in the nucleolus (Khan et 540 

al., 2014). Like RPS6, another RP that plays extra-ribosomal roles in the maturation of 541 

18S rRNA and the transcriptional regulation of 45S rDNA (Kim et al., 2014), RPS24A 542 

and RPS24B might also act in this capacity.  543 

We also identified AT5G57120 as an RPS24B-GFP interactor. AT5G57120 is the 544 

putative ortholog of human NOLC1, which colocalizes with RNA Pol I in the nucleolus at 545 
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47S rDNA and might activate its transcription (Chen et al., 1999). The interaction 546 

between the protein encoded by AT5G57120 and RPS24B might inhibit access of the-547 

encoded protein to the 45S rDNA promoter. RPS24B, and probably RPS24A, might also 548 

act as chaperones to facilitate the incorporation of RBFs into their corresponding pre-549 

rRNA substrates, as observed for other RPs. Although we did not find SMO4 or MTR4 550 

among the RPS24B-GFP interactors, we cannot exclude the possibility that RPS24B and 551 

RPS24A function in the maturation of 5.8S rRNA. However, we consider this possibility 552 

unlikely, as previously argued. Interestingly, we also identified two well-known splicing 553 

factors among the proteins that co-immunoprecipitated with RPS24B-GFP: PRP8 and 554 

the RNA helicase BRR2. PRP8 was previously identified in a U3 snoRNA 555 

ribonucleoprotein complex isolated from cauliflower (Brassica oleracea) inflorescences 556 

(Samaha et al., 2010) and in a proteomic analysis of the Arabidopsis nucleolus (Palm et 557 

al., 2016). We cannot exclude the possibility that PRP8 and BRR2 function in ribosome 558 

biogenesis, as the expression of RPS24B-GFP was unable to rescue the mutant 559 

phenotype of rps24b-2 plants, suggesting that many RNA helicases act in more than one 560 

pathway. Indeed, yeast Prp43 and its human ortholog DEAD-box helicase 5 (DDX5) are 561 

multifunctional RNA helicases that participate in ribosome biogenesis and pre-mRNA 562 

splicing, among other RNA metabolic steps [reviewed in Bohnsack et al. (2022)]. 563 

However, our assay may have generated false positives, since RPS24B-GFP was 564 

unable to rescue the mutant phenotype of rps24b-2 plants. 565 

  566 
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MATERIALS AND METHODS 567 

Plant material and growth conditions  568 

The wild-type Arabidopsis (Arabidopsis thaliana) (L) Heynh. Columbia-0 (Col-0) and 569 

Landsberg erecta (Ler) accessions were provided by the Nottingham Arabidopsis Stock 570 

Centre (NASC) and propagated in our laboratory. The api6 mutant in the Ler background 571 

was isolated in the laboratory of J.L. Micol after ethyl methanesulfonate (EMS) 572 

mutagenesis (Berná et al., 1999). Seeds of rps24b-2 (SALK_000766; Wang et al., 2018), 573 

rps24a-1 (SALK_126799), smo4-3 (SALK_071764; Micol-Ponce et al., 2018), mtr4-2 574 

(SAIL_50_C11; Lange et al., 2011), rrp7-1 (SAIL_628_F08; Micol-Ponce et al., 2018) 575 

and parl1-2 (SALK_002764; Petricka and Nelson, 2007) were also provided by NASC. 576 

Seed sterilization, sowing, plant culture and crosses were performed as previously 577 

described (Berná et al., 1999; Ponce et al., 1999). 578 

 579 

Positional cloning of the api6 mutation and genotyping of single and double 580 

mutants 581 

Genomic DNA extraction and mapping of the api6 mutation were performed as 582 

previously described (Ponce et al., 1999; Ponce et al., 2006). The primers used for fine-583 

mapping are listed in Supplemental Table 1. The api6 point mutation was identified by 584 

Sanger sequencing using the primers listed in Supplemental Table 2. The presence of 585 

T-DNA insertions in RPS24A, RPS24B, SMO4, RRP7, MTR4 and PARL1 was verified 586 

by PCR using the primers shown in Supplemental Table 2.  587 

Most Sanger sequencing reactions and electrophoreses were carried out in our 588 

laboratory with ABI PRISM BigDye Terminator Cycle Sequencing kits and an ABI PRISM 589 

3130xl Genetic Analyzer (Applied Biosystems). Some Sanger sequencing reactions 590 

were carried out by Stab Vida (Portugal).  591 

 592 

Construction of transgenic lines 593 

The constructs used in this study were generated by Gateway cloning as described in 594 

Sánchez-García et al. (2015) using the pGEM-T Easy221 entry vector and the pMDC83 595 

destination vector (Curtis and Grossniklaus, 2003). To generate the 35Spro:RPS24B:GFP 596 

transgene, the full-length coding region (without the stop codon) of RPS24B was 597 

amplified by PCR using genomic DNA from Col-0 as a template and primers that included 598 

the attB1 and attB2 sequences (Supplemental Table 2). The integrity of the constructs 599 

was verified by Sanger sequencing. Chemically competent Escherichia coli DH5α cells 600 

were transformed with the Gateway cloning products by the heat shock method, and 601 

Agrobacterium tumefaciens C58C1 cells were transformed by electroporation with the 602 

individual destination vectors carrying each insert of interest.  603 
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 604 

Plant morphological and histochemical analyses 605 

The rosettes of plants were photographed under a Nikon SMZ1500 stereomicroscope 606 

equipped with a Nikon DS-Ri2 digital camera. For large rosettes, several photographs 607 

from the same plant were assembled with the Photomerge tool of Adobe Photoshop CS3 608 

software (Adobe). The backgrounds of the photographs were homogenized using Adobe 609 

Photoshop CS3 software without modifying the rosettes. 610 

 Fluorescence and confocal laser-scanning microscopy images were taken under 611 

a Leica STELLARIS microscope and processed using Leica Application Suite X (LAS X) 612 

software. For nuclear staining, the roots of seedlings collected 5 days after stratification 613 

(das) were immersed in 0.5 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) for 5 min and 614 

washed two times with water. DAPI, GFP, tetramethylrhodamine-5-isothiocyanate 615 

(TRITC) and cyanine 3 (Cy3) were excited at 405, 488, 503 and 506 nm, respectively, 616 

and their emissions collected at 425/727, 515/730, 530/732 and 511/726 nm, 617 

respectively.  618 

 619 

RT-PCR and RNA gel-blot analysis 620 

Genomic DNA was extracted using a DNeasy Plant mini kit (Qiagen) from three 621 

biological replicates per genotype (leaves from a pool of three seedlings collected 15 das 622 

from three different Petri plates). Total RNA was extracted using TRIzol Reagent 623 

(Invitrogen) for RT-PCR and semiquantitative RT-PCR and an RNeasy Plant Mini Kit 624 

(Qiagen) for RT-qPCR RNA gel blots. Three biological replicates per genotype were 625 

used for RT-PCR and semiquantitative RT-PCR, and eight were used for RT-qPCR. 626 

Each biological replicate included the aerial tissues from a pool of three seedlings 627 

collected 15 das from three different Petri plates. In all RT-PCR assays, RNA was treated 628 

twice with Turbo DNase (Invitrogen), and reverse transcription was carried out using 629 

random hexamer primers and Maxima Reverse Transcriptase (Invitrogen). The 630 

ORNITHINE CARBAMOYLTRANSFERASE (OTC) and ACTIN2 (ACT2) housekeeping 631 

genes were used as internal controls: OTC for RT-PCR and semiquantitative RT-PCR, 632 

and ACT2 for RT-qPCR assays. Primers for all RT-PCR assays and those used as 633 

controls for genomic DNA amplification in the analysis of 45S rDNA variant expression 634 

are listed in Supplemental Table 2. 635 

 For RNA gel-blot analysis, four digoxigenin (DIG) labeled probes were used, 636 

whose sequences were obtained from Lange et al. (2011); the S6, S7 and S9 probes 637 

were oligonucleotides labeled at both the 3′ and 5′ ends, synthetized by Sigma-Aldrich. 638 

The S2 probe was synthetized by PCR using genomic DNA as a template, DIG-11-dUTP 639 

(Roche) and the S2-Fw and S2-Rv primers (Supplemental Table 2). Two µg of total RNA 640 

Cabezas-Fuster et al. en revisión   110



 
 

 

21 

per sample were loaded onto 1.2% (w/v) agarose and 2.12% (v/v) formaldehyde or 6% 641 

(w/v) polyacrylamide gels. Electrophoresis, hybridization and detection were performed 642 

as described in Micol-Ponce et al. (2018; Micol-Ponce et al. (2020).  643 

 644 

RNA-FISH and immunolocalization 645 

RNA fluorescence in situ hybridization (RNA-FISH) was performed as described by Parry 646 

et al. (2006) and modified in Micol-Ponce et al. (2020) using the S9 probe labeled with 647 

Cy3 dye (Eurofins Genomics) at a concentration of 0.5 µg/mL. Leaves were mounted 648 

onto slides with Vectashield antifade mounting medium (Vector Laboratories) containing 649 

0.01 µg/mL DAPI, which was used as a nuclear marker.  650 

 Fibrillarin immunolocalization was performed following Pasternak et al. (2015), as 651 

modified by Micol-Ponce et al. (2020). In brief, roots of seedlings were collected at 5 das 652 

and fixed for 40 min at 37°C in a solution containing 2% (w/v) paraformaldehyde in 1× 653 

microtubule-stabilizing buffer (50 mM PIPES, 5 mM MgSO4, and 5 mM EGTA, pH 6.9) 654 

and 0.1% (v/v) Triton X-100. An anti-fibrillarin [38F3] (Abcam) primary antibody was used 655 

at a 1:250 dilution, and a TRITC-conjugated anti-mouse IgG (Sigma Aldrich) secondary 656 

antibody was used at a 1:500 dilution. Nuclei were stained for 10 min with 0.2 µg/mL 657 

DAPI and washed for 5 min before mounting the samples on slides with water. Nuclei 658 

and nucleoli areas were measured as described in Micol-Ponce et al. (2020) using the 659 

NIS Elements AR3.1 (Nikon) image-analysis package.  660 

 661 

Co-immunoprecipitation assay 662 

For co-immunoprecipitation assays, three biological replicates were used, each 663 

consisting in 1 g of rosettes of 35Spro:RPS24B:GFP transgenic plants in the Col-0 664 

background collected 15 das. The tissue was manually ground and proteins were 665 

extracted as described in Navarro-Quiles et al. (2022). Co-immunoprecipitation was 666 

carried out using a µMACS GFP Isolation kit (Milteny Biotec). The effectiveness of the 667 

immunoprecipitation of RPS24B-GFP was checked by immunoblotting using anti-GFP-668 

HRP antibody (Milteny Biotec). 669 

 The co-immunoprecipitated proteins were identified at the Centro Nacional de 670 

Biotecnología (CNB) Proteomics facility (Madrid, Spain) by liquid chromatography 671 

followed by tandem mass spectrometry (LC-MS/MS) using an Orbitrap Exploris 240 672 

mass spectrometer. Tandem mass peptide spectra were searched against Arabidopsis 673 

protein sequences in the Araport11 database using the MASCOT search engine (Matrix 674 

Science). Peptide sequences identified with a false discovery rate (FDR) < 1% were 675 

considered to be valid. To increase the confidence of the results, only the proteins 676 
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identified with at least two peptides in each of the three biological replicates were 677 

considered for analysis.  678 

 679 

Accession numbers 680 

Sequence data from this article can be found at The Arabidopsis Information Resource 681 

(https://www.arabidopsis.org/) under the following accession numbers: RPS24A 682 

(AT3G04920), RPS24B (AT5G28060), RRP7 (AT5G38720), SMO4 (AT2G40430), 683 

MTR4 (AT1G59760), and PARL1 (AT1G48920). Although AT3G04920 and AT5G28060, 684 

which encode RPS24A and RPS24B, have been renamed as ES24Z and ES24Y, 685 

respectively, according to a new nomenclature for RPs (Scarpin et al., 2022), we used 686 

their old names in this work, since the rps24b-2 allele of RPS24 were previously studied 687 

(Horiguchi et al., 2011). 688 
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Supplemental Figure 1. Overview of 45S pre-rRNA processing in Arabidopsis. Colored boxes
represent the sequences of the three mature rRNAs transcribed from the 45S rDNA genes.
Vertical arrows indicate endonucleolytic cleavages; letters indicate the cleavage site in the
corresponding pre-rRNA. Only the relevant factors and the human (H) and yeast (Y) 18S pre-
rRNAs relevant to this study are represented. Based on information from Sáez-Vasquez and
Delseny (2019).
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RPS24B             1 MAEKAVTIRTRNFMTNRLLARKQFVIDVLHPGRANVSKAELKEKLARMYEVKDPNAIFCF 
RPS24A             1 MAEKAVTIRTRKFMTNRLLSRKQFVIDVLHPGRANVSKAELKEKLARMYEVKDPNAIFVF 
consensus          1 *********** ******* ************************************** * 
 
 
RPS24B            61 KFRTHFGGGKSSGYGLIYDTVENAKKFEPKYRLIRNGLDTKIEKSRKQIKERKNRAKKIR 
RPS24A            61 KFRTHFGGGKSSGFGLIYDTVESAKKFEPKYRLIRNGLDTKIEKSRKQIKERKNRAKKIR 
consensus         61 *************.******** ************************************* 
 
 
RPS24B           121 GVKKTKAGDTKKK 
RPS24A           121 GVKKTKAGDAKKK 
consensus        121 ********* ***      
 
 
 

                 
Supplemental Figure 2. Sequence conservation between the RPS24A and RPS24B paralogs. 
Amino acid sequence alignment of Arabidopsis RPS24B and RPS24A. The 14 amino acids that are 
absent from the RPS24B variant produced by the expression of the api6 allele are highlighted in red 
letters. Identical and similar residues are shaded in black and gray, respectively. Asterisks and dots 
in the consensus line indicate identical and conserved residues, respectively. Numbers indicate 
residue positions. The alignment was obtained using ClustalW2 and shaded with Boxshade 3.21 
(http://www.ch.embnet.org/software/BOX_form.html). Nuclear and nucleolar localization sequences 
predicted with LOCALIZER (https://localizer.csiro.au/) and NoD software 
(http://www.compbio.dundee.ac.uk/www-nod/index.jsp) are underlined in black and green, 
respectively. 
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Supplemental Figure 3. RPS24B expression analysis. (A) Schematic representation of RPS24B
and its mutant alleles used in this study. Gene structure is represented as described in the legend
of Figure 1. Black arrows represent the primers used for semiquantitative RT-PCR amplifications
in (B). (B) Semiquantitative RT-PCR analysis of RPS24B in the rps24a and rps24b mutants used
in this study. The bands for each PCR were visualized after 25, 30 and 35 cycles of amplification.
Total RNA was extracted from seedlings collected at 15 das. Transcripts from the OTC gene were
used as an internal control. The primer sequences used are shown in Supplemental Table 2.
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Supplemental Figure 4. Predicted localization of RPS24A. (A-B) Predicted subcellular (A) and
sub-organellar (B) localization of RPS24A using MULocDeep software (https://mu-loc.org/).
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Supplemental Figure 5. Predicted localization of RPS24B. (A-B) Predicted subcellular (A) and
sub-organellar (B) localization of RPS24B protein using MULocDeep software (https://mu-loc.org/).
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Supplemental Figure 6. Relative amounts of 18S and 25S RNA in the rps24 mutants. Agilent
2100 Bioanalyzer electropherogram profiles of total RNA from Col-0, rps24a-1, rps24b-2, Ler and
api6. Total RNA was extracted from seedlings collected 15 das.
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Supplemental Figure 7. Genetic interactions between rps24b-2 and rrp7-1. Rosettes of Col-0 (A),
rps24b-2 (B), rrp7-1 (C) and rps24b-2 rrp7-1 plants (D). Photographs were taken from seedlings
collected 14 das. Scale bars, 2 mm.
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Supplemental Figure 8. Subcellular localization of 5.8S rRNA precursors. (A-A1) RNA-FISH
assay in palisade mesophyll cells from first-node leaves of Ler (A-C), smo4-3 (D-F), api6 (G-I),
rps24b-2 smo4-3 (J-L), Col-0 (M-O), mtr4-2 (P-R), rps24a-1 (S-U), rps24b-2 mtr4-2 (V-X) and
rps24b-2 plants (Y-A1). Fluorescent signals correspond to DAPI (in blue; A, D, G, J, M, P S, V,
and Y), which was used as a nuclear marker; the S9 probe labeled with Cy3 (in red; B, E, H, K, N,
Q, T, W, and Z); and (C, F, I, L, O, R, U, X, and A1) their overlay. Plants were collected 21 das.
Scale bars, 49 µm. (A2 and A3) Nucleus (A2) and nucleolus (A3) areas measured as DAPI and S9
probe fluorescence, respectively. Asterisks indicate significant differences from the wild type and
parental lines (indicated by color) in a Student’s t-test (*P < 0.0001).
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Supplemental Figure 9. Nucleolus organization in rps24 root cells. (A-I) Visualization by
immunolocalization of the fibrillarin nuclear marker in root cells of Col-0 (A, D, and G), rps24a-1 (B,
E, and H) and rps24b-2 plants (C, F, and I). Fluorescent signals correspond to DAPI (A-C), the
secondary antibody conjugated with TRITC for fibrillarin detection (D-E) and their overlay (G-I).
Immunolocalization was performed in at least 5 seedlings per genotype, collected 5 das.
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Supplemental Table 1. Primer sets used for the fine mapping of api6 

Marker name 
Locus Oligonucleotide sequences (5′→3′) PCR product size (bp) 

 Forward primer Reverse primer Ler Col-0 
cer449133 AT5G27905-AT5G27910  CGATTGTTTGTTTCAACTTTCAAa GCGTATGTTTGGGGGATAGGb 262 287 
cer451402 AT5G28200  GTGTATCATGGACCATCGCGc AATTGTTTTGTAGGTCGCTAACd 237 229 
The oligonucleotide names are: acer449133-F, bcer449133-R, ccer451402-F and dcer451402-R. 
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Supplemental Table 2. Other primers used in this work 

Purpose Oligonucleotide 
name(s) 

Oligonucleotide sequences (5′→3′) 
Forward primer (F) Reverse primer (R) 

G
en

ot
yp

in
g 

of
 

rps24b-2/api6 AT5G28060-F1/R1 CTAATCTATTCTCTGGGCATGG CAGCCTTGGTCTACACTCAC 
rps24a-1 AT3G04920-F1/R1 CCTGGAAGAGCCAATGTTTCA ATGGGAATGGTGGAAAGAGAC 
smo4-3 NOP53-F1/R1a GTCTCGAACTTTTTCCTTGGG AGTATTCCTCGCTTCTCGAGG 
mtr4-2 MTR4-F/Ra TTTGTCAATACCTCGACGTCC ATTGTCTGCGTACTGTGGGTC 
rrp7-1 RRP7-F1/R1 CTCATGAAGAACGCCTTGAAC GTGGAGATCGTGGAGATGAAG 
parl1-2 PARL1-F/Rb AGTTGCTGTCACCAAGAAG TGGCCTACCATGGAATTCA 

T-DNA insertion
verification

Salk_LBb1.3c GCGTGGACCGCTTGCTGCAACT 
Salk_Rb1c CGTGACTCCCTTAATTCTCCGC 
Sail_LB1c GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC  

Construction of 
transgenes 

35Spro:RPS24B:GFP-F/R GGGGACCACTTTGTACAAGAAAGCTGGGTG 
TTACTTCTTCTTGGTATCACCAGC 

GGGGACCACTTTGTACAAGAAAGCTGG
GTGCTTCTTCTTGGTATCACCAGC 

Semiquantitative 
RT-PCR 

RPS24B-RT-1F/1R AAGTAAATCGCAGCCATGGC TTGTTCTGCATCACTCCTTCTT 
RPS24B-RT-2F/2R AGTACAGACTTATCAGGAATGGA GGCGAGGATGTATGAGGTTAAG 
RPS24B-RT-3R CCTCTTGCGTTTCGGAGATT 
OTC-REV/3D GCATGCATGCGATTCTCCGC TCCTTGCCAAATCATGGCCG 

Quantitative RT-PCR 45S pre-rRNA-45S-F/Rd CGGTCGGTCATTCCTCGTGTCGATATC TATAGGGGGGTGGGTGTTGAGGGA 
45S rDNA variant 

expression 
p3/p4e GACAGACTTGTCCAAAACGCCCACC CTGGTCGAGGAATCCTGGACGATT 
OTC-F/Rf TGAAGGGACAAAGGTTGTGTATGTT CGCAGACAAGTGGAATGGA 

Probes for RNA gel 
blots and in situ 
hybridization 

S2-F/Rg TAGGCTGTCCCGAAGTATCh TCACTTCGAGTCACCGTCGACAj

S7g GTCGTTCTGTTTTGGACAGGTATCGAh 

S9g AGGATGGTGAGGGACGACGATTTh,i

Sequences taken from aMicol-Ponce et al., 2020, bMicol-Ponce et al., 2018, chttp://signal.salk.edu/tdnaprimers.2.html, dZhu et al., 2016, ePontvianne 
et al., 2010, fCnops et al., 2004, and gLange et al., 2011. h,iOligonucleotides labeled with hDIG (Digoxigenin) and iCy3 (Cyanine 3). The attB sequences 
are shown in italics.
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