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SUMMARY

Argonaute (AGO) proteins are central players in RNA interference in eukaryotes. They associate 

with small RNAs (sRNA) and lead to transcriptional or posttranscriptional silencing of targets, 

thereby regulating diverse biological processes. The molecular and biological functions of AGO 

proteins have been extensively characterized, particularly in a few angiosperm species, leading 

to the recognition that the AGO family has expanded to accommodate diverse sRNAs thereby 

performing diverse biological functions. However, understanding of the expansion of AGO 

proteins in plants is still limited, due to a dearth of knowledge of AGO proteins in green algal 

groups. Here, we identified more than 2900 AGO proteins from 244 plant species, including green 

algae, and performed a large-scale phylogenetic analysis. The phylogeny shows that the plant 

AGO family gave rise to four clades after the emergence of hydrobiontic algae and prior to the 

emergence of land plants. Subsequent parallel expansion in ferns and angiosperms resulted in 

eight main clades in angiosperms: AGO2, AGO7, AGO6, AGO4, AGO1, AGO10a, AGO10b and 

AGO5. On the basis of this phylogeny, we identified two novel AGO4 orthologs that Arabidopsis 

does not have, and redefined AGO10, which is composed of AGO10a and AGO10b. Finally, 
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we propose a hypothetical evolutionary model of AGO proteins in plants. Our studies provide 

a deeper understanding of the phylogenetic relationships of AGO family members in the green 

lineage, which would help to further reveal their roles as RNAi effectors.

Keywords

Argonaute protein; molecular evolution; origin; diversification; hydrobiontic algae; land plants; 
angiosperm

INTRODUCTION

In eukaryotes, RNA interference (RNAi) is an important genetic regulatory mechanism 

mediated by small RNAs (sRNAs; Hutvagner and Simard, 2008). As the major effector 

in RNAi, ARGONAUTE proteins (AGOs) associate with sRNAs to form RNA-induced 

silencing complexes, which in turn repress the targets of sRNAs at the transcriptional or 

posttranscriptional levels (Hutvagner and Simard, 2008). The AGO family in eukaryotes 

can be phylogenetically divided into four groups: Trypanosoma Ago family, WAGO family, 

Ago-like family, and PIWI family, with all plant AGOs belonging to the Ago-like family 

(Swarts et al., 2014). The eukaryotic AGOs are highly conserved in structure and generally 

contain four domains: N-terminal domain, PAZ, MID and PIWI, which together contribute 

to sRNA loading, target recognition and target regulation (Gu et al., 2012; Rodriguez-Leal 

et al., 2016) The PAZ domain binds the 3′-end of the sRNA (Lingel et al., 2004; Song et 

al., 2003; Yan et al., 2003); the MID domain binds the 5′ phosphate (Frank et al., 2012) and 

together with the PIWI domain forms a pocket for the first base of the sRNA (Parker et al., 

2005); the PIWI domain contains D-E-D-H/D sites, which are critical for the RNase H-like 

endonuclease activity (Fang and Qi, 2016; Liu et al., 2004; Song et al., 2004).

In plants, sRNAs and AGOs impact multiple biological processes by serving as sequence-

specific regulators of genes and genomes. Plant AGOs participate in posttranscriptional 

gene silencing (PTGS) through endonucleolytic cleavage or translational repression, in 

transcriptional gene silencing through RNA-directed DNA methylation (RdDM), and in 

other emerging functions (Carbonell, 2017; Carbonell and Carrington, 2015; Fang and Qi, 

2016). Current knowledge of plant AGOs has been derived mainly from angiosperms, 

especially Oryza sativa and Arabidopsis thaliana (Fang and Qi, 2016). Multiple AGOs 

tend to be present in each species, such as 10 in Arabidopsis, representing diversification 

of RNAi pathways (Carbonell, 2017; Fang and Qi, 2016). In Arabidopsis, AGO1 is the 

major RNAi effector that associates with nearly all microRNAs (miRNAs) as well as 

small interfering RNAs (siRNAs) from some endogenous loci, transgenes or viruses and, 

together with its associated sRNAs, leads to PTGS by cleaving target transcripts or causing 

inhibition of translation (Baumberger and Baulcombe, 2005; Borges and Martienssen, 2015; 

Garcia-Ruiz et al., 2015; Morel et al., 2002; Qi et al., 2005; Rogers and Chen, 2013; 

Vaucheret et al., 2004; Wang et al., 2011). AGO2 is well known for its anti-viral functions, 

but also mediates the activities of a few miRNAs (Harvey et al., 2011; Jaubert et al., 

2011; Schuck et al., 2013; Zhang et al., 2011). AGO2 also facilitates DNA double-stranded 

break repair (Gao et al., 2014). AtAGO4, 6 and 9 associate with endogenous 24-nucleotide 
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(nt) siRNAs derived from transposable elements (TEs) and lead to RdDM of homologous 

TEs to ensure genome stability (Duan et al., 2015; Olmedo-Monfil et al., 2010; Qi et 

al., 2006; Zheng et al., 2007; Zilberman et al., 2003). The sRNAs bound by AtAGO8 

have not been determined, but AtAGO8 belongs to the same clade as AtAGO4, 6 and 

9 and, like the other AGOs in this clade, controls early megaspore formation (Hernández-

Lagana et al., 2016; Olmedo-Monfil et al., 2010). AtAGO5 promotes megagametogenesis 

and anti-viral responses through unknown sRNA partners (Brosseau and Moffett, 2015; 

Tucker et al., 2012), and associates with miR156 to regulate flowering (Borges et al., 2011; 

Roussin-Léveillée et al., 2020). Some AGOs, such as AGO7 and AGO10, associate with, 

and act through, specific miRNAs. AtAGO10 competes with AGO1 for miR165/166 (Zhu 

et al., 2011) and channels it for degradation (Yu et al., 2021). Through this molecular 

activity, AGO10 impacts developmental processes such as shoot apical meristem (SAM) 

maintenance and axillary meristem development (Liu et al., 2009; Zhang et al., 2020; Zhou 

et al., 2015; Zhu et al., 2011). AtAGO7 associates with miR390 and triggers the production 

of trans-acting siR-NAs from TAS3 transcripts, targets of miR390 (Adenot et al., 2006; 

Allen et al., 2005; Fahlgren et al., 2006; Howell et al., 2007; Montgomery et al., 2008).

With the sequencing of plant genomes and the profiling of transcriptomes, more and more 

plant AGO genes have been discovered. For example, there are six AGO genes in the moss 

Physcomitrella patens (Arif et al., 2013), 13 in Citrus sinensis (Sabbione et al., 2019), 15 

in Solanum lycopersicum (Bai et al., 2012), 17 in maize (Qian et al., 2011) and 19 in rice 

(Kapoor et al., 2008). AGO proteins in angiosperms have diversified into three major clades 

according to their phylogenetic relationships: AGO1/5/10, AGO4/6/8/9 and AGO2/3/7, 

which are named after AGO1-10 from A. thaliana. The origin of these three clades can 

be traced back to the early common ancestor of land plants, and the divergence occurred 

early in land plant evolution (Fang and Qi, 2016; Singh et al., 2015; Vaucheret, 2008; 

You et al., 2017). Some researchers suggest that AGO5 forms an individual clade based 

on phylogenetic topology (Rodríguez-Leal et al., 2016; Singh et al., 2015). Moreover, the 

linage-specific AGO18 was found in maize and rice (Kapoor et al., 2008; Qian et al., 2011). 

Recent studies found that an extra AGO clade existed in land plants: AGO-like, whereas it 

seems to be lost in angiosperms (You et al., 2017). Although the evolutionary framework of 

the plant AGO family has been established, the current phylogenetic classification system 

relies heavily on a few species, which limited a clear understanding of the evolutionary 

origin and phylogenetic relationships of plant AGOs. Given the presence of a large number 

of AGOs in any angiosperm species, and with more AGOs being discovered from many 

species, including basal plant lineages, a more accurate and complete phylogenetic system is 

urgently needed to further classify the AGO family.

In order to further understand the conservation and diversification of plant AGOs, we 

sought to build a comprehensive phylogeny of plant AGOs. Here, we mined genomic and/or 

transcriptomic data from 244 green plants and identified 2958 AGO proteins, with which 

phylogenetic analyses were performed. Based on the phylogeny, we explored the origin and 

divergence of the plant AGO family. The results showed that there are four major AGO 

clades in land plants, including AGO1/5/10, AGO2/3/7, AGO4/6/8/9 and AGO-like. The 

divergence of those AGO clades could be traced back to charophytes before the emergence 

of land plants. In addition, we also provide a more complete phylogenetic architecture of 
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angiosperm AGOs than before. Compared with other land plants, the AGOs in angiosperms 

are further classified to eight clades: AGO2, AGO7, AGO6, AGO4, AGO1, AGO10a, 

AGO10b and AGO5. In the AGO4 clade, we found that there are novel sub-clades in 

eudicots, which do not have orthologs in Arabidopsis. We also reclassified the homologs 

of AGO10 into AGO10a and AGO10b. Finally, we discuss the possible evolutionary 

relationships of the AGO protein family in the green lineage.

RESULTS

Identification of AGO proteins from plant genomes and/or transcriptomes

In order to comprehensively identify AGO proteins in plants, we selected 245 plant 

species from different lineages, including chlorophytic algae, charophytes, bryophytes, 

ferns, lycophytes, gymnosperms and angiosperms (Table S1), the taxonomy of which is 

shown in Figure S1. Most of the species (238/244) used in our analysis have sequenced 

genomes. To gain a better understanding of the evolutionary history of AGO proteins in 

the green lineage, we also identified AGO protein sequences from six charophytes in the 

OneKP transcriptome database (https://db.cngb.org/onekp/). In all, 2958 AGO candidate 

protein sequences were retrieved from 244 plant species by performing homology searches 

and domain predictions (Table S2). The copy number of AGO proteins varies greatly among 

the different plant lineages, ranging on average from 3 copies in chlorophytic algae, 5.8 in 

bryophytes, 6.8 in gymnosperms, to 13.1 in angiosperms (Table 1). These data indicate a 

trend of gradual expansion of the AGO family during evolution. Among the angiosperms 

examined, Poaceae (Gramineae) plants have the largest AGO family, such as 19 in rice, 17 in 

maize and 15 in sorghum, with an average of 18.48 members (Table 1).

Evolutionary origin of AGO proteins in land plants

A previous study showed that AGO proteins can be divided into four clades in land plants 

(You et al., 2017). To investigate the evolutionary origin of AGO proteins in land plants, 

we used dataset I, which includes 187 AGO proteins from 33 plants in the green lineage, to 

reconstruct an unrooted AGO phylogenetic tree. The species in dataset I encompassed more 

non-angiosperm species than those used in the You et al. study. The result showed that there 

exist five major AGO clades in plants, which are Chlorophytic AGO, AGO1/5/10, AGO-like, 

AGO4/6/8/9 and AGO2/3/7 (Figure 1). Except for the Chlorophytic AGO clade, other clades 

were mainly composed of land plant AGOs. The topology of the phylogenetic tree clearly 

separated the chlorophytes from the other clades, which suggests that all land plant AGOs 

originated from AGOs in a common ancestor. To find out whether the divergence of land 

plant AGOs occurred in the common ancestor of eukaryotes, we added some fungal and 

animal AGOs on the basis of dataset I to rebuild a phylogenetic tree. The results showed 

that AGOs in land plants are clearly distinct from those in animals and fungi, which suggests 

that the divergence of land plant AGOs occurred after the emergence of plants (Figure 

S2). Each of the AGO1/5/10, AGO4/6/8/9 and AGO2/3/7 clades included not only land 

plants but also charophytes (Figure 1), which indicates that the divergence of land plant 

AGOs may have occurred as early as in the common ancestor of charophytes and land 

plants. Moreover, not all charophytic algae lineages were found in the three clades. Only 

AGOs from Zygnematophyceae were present, while Zygnematophyceae is considered to 

Li et al. Page 4

Plant J. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://db.cngb.org/onekp/


be the most closely related to land plants (Cheng et al., 2019). The results suggested that 

the diversity of AGOs in charophytes during the later stage of evolution from hydrobiontic 

algae to land plants is similar to that in land plants, and implies that the three land plant 

AGO clades emerged in the common ancestor of Zygnematophyceae and land plants. 

Although the above results were robustly supported by the maximum likelihood (ML) tree 

constructed by the IQ-TREE2 tool (Figure S3), the support for the charophytic node in 

the tree constructed by RAxML was weak. Due to a lack of more charophytic data to be 

included for further analyses, we cannot rule out the possible origin of diversified AGO 

clades in an ancestral land plant.

Among the four land plant AGO clades, all except for AGO-like contain AGO proteins in 

angiosperms. The AGO-like clade only consists of AGOs in hornworts, lycophytes, ferns 

and gymnosperms, which is consistent with the previous finding that the AGO-like clade 

is present in early-diverging land plants and lost in angiosperms (You et al., 2017). The 

angiosperm AGO4/6/8/9 clade is monophyletic (Figure 1), suggesting that the emergence 

of AGO4/6/8/9 occurred in the common ancestor of angiosperms. In the AGO2/3/7 clade, 

the divergence of AGO2/3 and AGO7 was observed in seed plants (gymnosperms and 

angiosperms), but only one copy exists in earlier-diverging plants, which suggests that the 

diversification into AGO2/3 and AGO7 occurred in the ancestor of seed plants. In the 

AGO1/5/10 clade, the topology of the AGO1 and AGO10 branches is irreproducible in 

RAxML-inferred (Figure 1) and IQ-TREE-inferred ML trees (Figure S3). The IQ-TREE-

inferred tree shows that AGO1 and AGO10 both have counterparts in gymnosperms (Figure 

S3), which suggests that the divergence of AGO1 and AGO10 may have occurred in early 

seed plants. However, this result is in conflict with the RAxML-inferred gene tree (Figure 1). 

Furthermore, AGO5 can only be detected in angiosperms. Therefore, we assume that AGO5 

is an angiosperm-specific AGO.

Phylogenetic classification of the AGO family in angiosperms

In order to further elucidate the phylogenetic relationship of the AGO family in 

angiosperms, we reconstructed a phylogenetic tree with dataset II, which consists of 

2377 AGO proteins from 190 angiosperm species. The phylogenetic analysis revealed 

that angiosperm AGOs clustered into eight major groups: AGO2, AGO7, AGO4, AGO6, 

AGO10a, AGO1, AGO5 and AGO10b (Figures 2 and S4). AGO2/3/7 can be further divided 

into AGO2/3 and AGO7. Due to the fact that AGO2 and AGO3 are lineage-specific pairs 

within Brassicaceae (Figure S5a), AGO2/3 was denoted as AGO2. It can be concluded that 

most plants only have one gene corresponding to Arabidopsis AGO2 and 3. AGO1/5/10 

can be divided into AGO1, AGO5 and AGO10. And AGO10 can be further divided into 

two clades, which we hereby name AGO10a and AGO10b. AGO4/6/8/9 can be divided 

into AGO4/8/9 and AGO6. AGO4, AGO8 and AGO9 are also lineage-specific paralogs 

within Brassicaceae (Figure S5b), so AGO4/8/9 was denoted as AGO4. The topological 

structure of the above eight branches is similar to that of species tree, suggesting that these 

clades originated independently. At the same time, the subsequent evolution is dynamic, 

accompanied by duplication and lost events (Singh et al., 2015).
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In the AGO4/6/8/9 clade, AGO6 and AGO4 shared a common basal angiosperm as their 

root, but other angiosperm lineages such as eudicots, monocots and magnoliidae can be 

found in both AGO6 and AGO4 branches (Figure S6). This indicates that the divergence 

between AGO6 and AGO4 occurred after the emergence of angiosperms but at least before 

the dicots/monocots/magnoliidae divergence. Previous studies have shown that the AGO4 

clade has a considerable number of copies in some species (Bai et al., 2012; Kapoor et al., 

2008; Sabbione et al., 2019), presumably due to large-scale gene duplication events. Our 

results showed that AGO4 formed three sub-branches in eudicots: Eudicots-Group I (AGO4-

I); Eudicots-Group II (AGO4-II); and Eudicots-Group III (AGO4-III; Figure 3). Through 

further analysis of the three sub-branches, it was found that AGO4 of all Brassicaceae 

plants including Arabidopsis were clustered in the AGO4-I branch. The differentiation 

between AGO4 and AGO8/9 is due to gene duplication in the order Brassicales, while the 

differentiation between AGO8 and AGO9 is due to gene duplication in the Brassicaceae 

family (Figure S5b).

Different from Brassicaceae, some dicotyledonous plants, such as Solanales (such as 

S. lycopersicum), Vitales (such as Vitis vinifera) and Malpighiales (such as Populus 
trichocarpa), contain all three AGO4 branches; others, such as Fabales (e.g. Glycine max), 

possess two branches (Figure 3). However, Cucurbitales and Brassicales only harbor AGO4-

I (Figure 3). Arabidopsis has no homologs in AGO4-II or AGO4-III (Figure 3), which 

indicates that these two branches may have some currently unknown functions. Some AGO-

II members do not possess a canonical ‘DEDH/D’ catalytic tetrad in the PIWI domain 

(Figure 3), which suggests that these AGOs may have different biochemical properties.

OsPNH1 has been considered as a homolog of AtAGO10 in rice, and the two genes have 

similar functions in the maintenance of the SAM (Moussian et al., 1998; Nishimura et al., 

2002). However, our phylogenetic analysis shows that AtAGO10 and OsPNH1 are located 

in different clades, AGO10a and AGO10b. AGO10a and AGO10b are widely distributed in 

angiosperms, including basal angiosperms, eudicots, monocots and even magnoliids (Figure 

4). Interestingly, no AGOs from the Poales species included in this analysis were found in 

the AGO10a clade, and Brassicaceae AGOs did not appear in the AGO10b clade, suggesting 

that AGO10a and AGO10b were lost in Poales and Brassicaceae, respectively. Different 

from the loss of AGO10b in Brassicaceae, two sister families of Brassicaceae, Moringaceae 

(such as Moringa oleifera) and Caricaceae (such as Carica papaya), both contain AGO10a 

and AGO10b proteins. A similar situation was found in the sister family of Brassicaceae, 

Bromeliaceae (for example, Ananas comosus), which also has both AGO10a and AGO10b. 

The above results suggest that a family-level loss of AGO10a and AGO10b occurred.

Phylogenetic classification of the AGO family in Poaceae

The family Poaceae contains major crops in the world. Understanding RNAi-mediated 

mechanisms requires a deeper understanding of the AGO family in Poaceae plants, which 

is also a prerequisite for crop improvement via RNAi. Here, 739 AGO proteins from 40 

Poaceae species were used to investigate the evolution of Poaceae AGOs. Poaceae AGOs 

were placed in eight clades: AGO2, AGO7, AGO1, AGO5, AGO10a, AGO18, AGO4, 

AGO6, and the Poaceae-specific clade AGO18. Except for AGO18, the distribution of 
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AGOs in Poaceae was consistent with that in angiosperms (Figure S7). Expansion was 

observed in AGO4, AGO5, AGO18 and AGO1 branches, resulting in a large number of 

AGO copies in Poaceae species. According to the topology, AGO1 in Poaceae experienced 

two expansion events. AGO1 expanded in monocots for the first time, resulting in 

the formation of two subclades: Monocots-Group I and Monocots-Group II (Figure 5). 

The result of this expansion can be found in some lineages, such as Poales, Arecales, 

Asparagales and Dioscoreales. The divergence between OsAGO1ab and OsAGO1cd is the 

result of this monocot-specific expansion (Figure 5). Subsequently, AGO1 expanded in 

Poaceae for the second time, resulting in more than one copy of AGO1 in each group 

(Figure 5). In addition, inside of Poaceae, AGO4 and AGO5 formed three sub-branches 

(Figure S7a,e). And AGO2, AGO10b and AGO18 formed a specific sub-branch (Figure 

S7g,h).

DISCUSSION

This study examined the phylogenetic classification and characteristics of thousands of 

AGOs from hundreds of plant species and enriched our understanding of green plant AGOs, 

especially angiosperm AGOs. The phylogenetic insight helps further reveal the molecular 

and biological functions of various AGO proteins (Figure 6).

Phylogenetic relationship of plant AGOs

As genome-based AGO protein identification may miss some proteins due to the quality 

of genome assembly and the accuracy of genome annotation, we included many species in 

each phylogenetic group to reduce the impact of potentially missed proteins. Our search for 

AGO proteins shows that the AGO family is widely distributed in the green lineage, and its 

copy number varies among different species (Table 1). AGO can be detected in unicellular 

algae, which implies that the RNAi pathway was established in the common ancestor of 

green plants (Molnar et al., 2007), but the presence of only one clade of AGO in unicellular 

algae suggests that AGOs may not have diversified to possess complex functions in these 

organisms as in higher plants. During evolution, the AGO family subsequently expanded 

and formed four major clades in land plants. In addition, AGOs from Zygnematophyceaes 

clustered together with land plant AGOs, which suggested that the divergence of land 

plant AGOs predated the emergence of land plants, perhaps in the common ancestor 

of charophytic algae and land plants. How charophytic algae evolved to conquer land 

is still under active research (Nishiyama et al., 2018; Rensing, 2018). Our results show 

that Zygnematophyceae species have a diversified AGO family similar to land plants. On 

the other hand, AGO-mediated regulation of genes and genomes impacts a multitude of 

biological processes and may have helped plants adapt to the land environment. Thus, the 

finding that the diversification of the AGO family prior to the emergence of land plants 

provides new insights into land plant evolution.

The AGO family has considerable diversity in angiosperms, which may be related to 

the diversification and function of key developmental processes (Cibrian-Jaramillo and 

Martienssen, 2009). Several previous studies have focused on the evolution of the AGO 

family in angiosperms (Rodríguez-Leal et al., 2016; Singh et al., 2015). Here, we performed 
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a more comprehensive analysis by including more AGO proteins from a large number 

of angiosperm plants. Based on our analysis, we propose a hypothetical model for the 

evolution of AGO proteins in green plants. A common ancestor of AGO exists in early 

plant ancestors. Subsequently, multi-protein families of AGOs formed during the evolution 

from hydrobiontic plants to land plants. Four major AGO clades are found in land plants, 

each of which evolved independently. Notably, gene loss occurred in the AGO-like clade so 

that it is only present in some land plants. Except for the AGO-like clade, the expansion 

of the AGO family in the other three clades occurred in parallel in angiosperms, which 

leads to eight major branches. Among them, the divergence of AGO2/3 occurred prior to 

the emergence of angiosperms and after the fern-seed plant split; the divergence of AGO4 

and AGO6 was the latest, after the emergence of angiosperms, which explains the high 

degree of sequence conservation (Rodríguez-Leal et al., 2016). In addition, within the AGO4 

and AGO1 branches, a large expansion occurred in dicots and monocots, resulting in the 

formation of three and two subclades, respectively. Besides, there are many lineage-specific 

duplication and loss events at different taxonomic levels. Those events may contribute 

to functional diversity of RNAi (Carbonell, 2017), and may pertain to lineage- or species-

specific functions.

Insights into AGO evolution and functional diversification in angiosperms

To understand the evolutionary implications of the phylogenetic architecture of the AGO 

family, it is best to crossreference the phylogenetic relationships of AGOs with function.

The expansion in the AGO family leads to functional diversification (Fang and Qi, 2016). 

Generally, AGOs in the same clade are functionally similar and specific. The AGO7 clade 

is involved in the biogenesis of ta-siRNAs by specifically binding miR390, and this is 

conserved in Arabidopsis (Montgomery et al., 2008), maize (Douglas et al., 2010) and 

rice (Nagasaki et al., 2007). Another example is the AGO4 clade, in which members bind 

endogenous 24-nt siRNAs and direct DNA methylation (Duan et al., 2015; Olmedo-Monfil 

et al., 2010; Qi et al., 2006; Wu et al., 2010; Zilberman et al., 2003). Furthermore, different 

members of the same clade may have functional specialization and/or redundancy. The four 

AGO1 homologs (OsAGO1a, OsAGO1b, OsAGO1c and OsAGO1d) in rice show preference 

and exclusion for given miRNAs (Wu et al., 2009), and OsAGO1a/b and OsAGO1c/d also 

show different abilities in antiviral defense (Wu et al., 2015). However, AtAGO3, which 

is not located in the same branch as AGO4, can also bind 24-nt sRNAs and partially 

supplement the function of AGO4 (Zhang et al., 2016). Therefore, the functions of AGOs 

are complex and cannot be simply classified according to the phylogenetic relationship.

Despite the potential lack of a one-to-one correlation between phylogenetic position and 

function, our studies provide insights that may guide future investigations of AGO function, 

particularly in non-model organisms. A basic understanding of the function of Arabidopsis 

AGO4 in RdDM was established; however, we found that there are three branches in AGO4 

in dicots, while AGO4 and its paralogs in the AGO4 clade in Arabidopsis are only in 

AGO4-I (Figure 3). Whether AGO4-II and AGO4-III are also involved in RdDM remains 

to be investigated. This also raises the notion that studying AGOs only in Arabidopsis or 

a few model species is not sufficient. In addition, some AGO4-II members have different 
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amino acids in canonical ‘DEDH/D’ catalytic tetrad (Figure 3). Solarium tuberosum AGO15 

(StAGO15) is the closest homolog to S. lycopersicum Solyc03g11760, which belongs to 

AGO4-II (Figure 3). Its catalytic site has been replaced by G-E-Q-R, but it is unknown 

whether this affects its slicer activity (Liao et al., 2020). Its expression is elevated upon 

pathogen infection (Liao et al., 2020).

Previous phylogenetic studies were not able to distinguish AGO10a and AGO10b when 

using only Arabidopsis and rice as the representatives of dicots and monocots. Meanwhile, 

current research about AGO10 has mainly focused on AGO10a, with little being known 

about AGO10b. Here we could differentiate these two branches by including more data. In 

S. lycopersicum, SlAGO10a and SlAGO10b are expressed strongly under heat and salt stress 

conditions, respectively (Bai et al., 2012). AtAGO10 competes for miR165/166 with AGO1 

to prevent miR165/166 from loading into AGO1 (Zhu et al., 2011). Whether AGO10b also 

has a similar function needs further investigation. Future studies should focus on species 

having both AGO10a and AGO10b genes to identify the functional differences between 

them.

EXPERIMENTAL PROCEDURES

Data sources and acquisition of sequences

A total 244 plant species were screened for AGOs. Among them, 238 have sequenced 

genomes and the genomic sequences were retrieved from public databases (Table S1), with 

the primary sources being NCBI (https://www.ncbi.nlm.nih.gov/), Phytozome v12.0 (https://

phytozome.jgi.doe.gov/pz/portal.html) and Gigadb (www.gigadb.org). Six charophytic 

transcriptomes were collected from the OneKp database (https://db.cngb.org/onekp/) in order 

to obtain a larger representation of charophytes. The animal and fungal AGOs were reported 

(Swarts et al., 2014).

The putative AGOs were identified through hmmsearch. First, protein sequences of AGOs 

in A. thaliana, O. sativa, A. trichopoda, Selaginella moellendorffii and P. patens retrieved 

from Phytozome v12.0 were used as query sequences in hmmsearch with e-value <1-e5 

to identify AGO homologs in other plants. Second, domain search is further performed on 

the output results by using the Simple Modular Architecture Research Tool (SMART) in 

normal mode (Letunic and Bork, 2018). Only sequences with PAZ and PIWI domains were 

retained. Finally, we removed sequences that have obvious errors. According to the database 

Phytozome, some genes contain multiple transcript isoforms due to alternative splicing. 

Thus, we chose the representative protein for the gene if it was annotated in Phytozome 

and, if not, the longest protein was selected. In total, 2958 AGO proteins were collected for 

further analysis.

Multiple sequence alignment (MSA) and phylogenetic analysis

The MSA of the above identified protein sequences was performed by mafft v7.455 using 

the parameters ‘L-INS-I’ (Katoh and Standley, 2013). As the poor quality in MSA due to 

variable lengths of numerous AGOs from different species may lead to wrong phylogenetic 

inferences, regions that do not encode the functional domains of AGOs were removed to 
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improve the quality of alignment. Then, the aligned protein sequences were used to identify 

the corresponding coding nucleotide sequences, and the nucleotide alignment was used for 

subsequent phylogenetic analyses.

To explore the phylogenetic relationship of different species, we divided the alignment into 

three parts based on taxonomy and constructed phylogenetic trees separately: Dataset I, 

29 non-angiosperms + 4 angiosperms; Dataset II, 190 angiosperms (containing 15 Poaceae 

species); Dataset III, 42 Poales including 40 Poaceae plants, 1 Cyperaceae plant and 1 

Bromeliaceae plant + A. thaliana (Details in Table S2). The ML tree was constructed 

by RAxML-HPC tools with the parameter ‘-f a -m GTRGAMMAI’ and 1000 bootstrap 

replicates (Stamatakis, 2014). Because support in the phylogenetic tree of dataset I was low, 

we also reconstructed a phylogenetic tree using IQ-TREE2 with the parameter ‘-m MFP 

--epsilon 0.00001’ and 2000 ultra bootstrap replicates (Minh et al., 2020). The final tree was 

drawn by figtree, and proteins in each tree were labeled with the species names + protein 

name (tree.bio.ed.ac.uk/software/figtree).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A phylogenetic tree of Argonaute (AGO) proteins in green plants. The tree was constructed 

using dataset I implemented in RAxML. Dataset I includes 187 AGO proteins from 3 

chlorophytes, green; 13 charophytes, blue; 5 bryophytes, orange; 1 lycophyte, purple, 

2 ferns, light blue; 5 gymnosperms, red; 4 angiosperms, black. The sequences from 

chlorophytes (Chlamydomonas reinhardtii, Volvox carteri and Chromochloris zofingiensis) 

are clustered and named Chlorophytic AGO. The AGO1/5/10, AGO2/3/7, AGO4/6/8/9 

clades were named after the 10 Arabidopsis AGOs, and the AGO-like clade was named 

according to You et al. (2017). AGOs from charophytes, bryophytes, lycophytes, ferns, 
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gymnosperms and angiosperms are present in all clades except for the AGO-like clade. The 

inner circle (black bars) is identified AGO subclade. The numbers next to the nodes are 

bootstrap support values (from 0 to 100).
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Figure 2. 
Phylogenetic classification of Argonautes (AGOs) in angiosperms. The topology shows that 

AGOs in angiosperms can be clearly classified into eight sub-groups: AGO2, AGO7, AGO4, 

AGO6, AGO10a, AGO1, AGO5 and AGO10b. The Poaceae-specific AGO18 clade is closer 

to AGO1/5/10 clade.
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Figure 3. 
Phylogenetic relationship and multiple sequence alignment of the DEDD/H motif in the 

AGO4 clade. To aid presentation, some representative species from each order were 

included. The topology shows that AGO4 in eudicots can be clearly classified into three 

sub-groups: Eudicots-Group I; Eudicots-Group II; and Eudicots-Group III. Residues in the 

catalytic tetrad DEDD/H (Asp-Glu-Asp-Asp/His) motif are indicated by black rectangles, 

and AGO-II members that do not possess a canonical ’DEDH/D’ motif are indicated with 

the red rectangle. The numbers at the top of the sequence alignment are the positions of 

amino acids. The numbers next to the nodes are bootstrap support values (from 0 to 100). 

AGO, Argonaute.
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Figure 4. 
Phylogenetic relationship within the AGO10 clade. To aid presentation, only selected 

species were included to represent each order. The topology shows that AGO10 in eudicots 

can be clearly classified into two clades, AGO10a and AGO10b. Each of them includes all 

major lineages in angiosperms: basal angiosperms, purple; monocots, blue; magnoliids, red; 

eudicots, green. Most commercial crops contain members of both clades, such as Glycine 
max, Vitis vinifera and Gossypium raimondii, etc. However, no Arabidopsis AGO10 is 
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found in AGO10b and no Oryza AGO10 is in AGO10a. The numbers next to the nodes are 

bootstrap support values (from 0 to 100). AGO, Argonaute.
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Figure 5. 
Phylogenetic relationship of monocot Argonautes (AGOs) in the AGO1 clade. To aid 

presentation, only selected species were included to represent each order. There was 

an expansion of AGO1 in monocots and these proteins are classified into two clades: 

Monocots-Group I; and Monocots-Group II. Poales, Arecales, Asparagales and Dioscoreales 

all have AGO1 members in the two clades. However, an early monocotyledonous order, 

Alismatales, does not have two groups. The numbers next to the nodes are bootstrap support 

values (from 0 to 100).
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Figure 6. 
A proposed evolutionary model of Argonautes (AGOs) in plants. The model is based on the 

phylogeny of AGOs and the cladogram of green plant species. The origin of plant AGOs 

can traced back to chlorophytes. During the evolutionary process from hydrobiontic plants to 

land plants, AGOs in the green lineage diverged into four major groups. In seed plants, the 

AGO family underwent further expansion, especially in angiosperms. In total, eight clades 

were formed in angiosperms and this was accompanied by independent loss/gain in different 

lineages. The dotted lines describe the relationship between AGO1 and AGO10, because the 

divergence of AGO1/AGO10 is unclear.
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Table 1

The number of AGO proteins in green plants

Taxonomy Number of species Number of AGO Average number of AGO per species

Chlorophytes  3    9   3.00

Charophytes   13  48   3.69

Bryophytes  5  29   5.80

Ferns  2  12   6.00

Lycophytes  1    7   7.00

Gymnosperms  5  34   6.80

Angiosperms 215 2819 13.11

Poaceae   40   739 18.48

AGO, Argonaute.
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