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Abstract

Small RNAs (sRNAs) associate with ARGONAUTE (AGO) proteins forming effector complexes with key roles in gene regulation 
and defense responses against molecular parasites. In multicellular eukaryotes, extensive duplication and diversification of RNA 
interference (RNAi) components have resulted in intricate pathways for epigenetic control of gene expression. The unicellular 
alga Chlamydomonas reinhardtii also has a complex RNAi machinery, including 3 AGOs and 3 DICER-like proteins. However, 
little is known about the biogenesis and function of most endogenous sRNAs. We demonstrate here that Chlamydomonas 
contains uncommonly long (>26 nt) sRNAs that associate preferentially with AGO1. Somewhat reminiscent of animal 
PIWI-interacting RNAs, these >26 nt sRNAs are derived from moderately repetitive genomic clusters and their biogenesis is 
DICER-independent. Interestingly, the sequences generating these >26-nt sRNAs have been conserved and amplified in several 
Chlamydomonas species. Moreover, expression of these longer sRNAs increases substantially under nitrogen or sulfur depriv-
ation, concurrently with the downregulation of predicted target transcripts. We hypothesize that the transposon-like se-
quences from which >26-nt sRNAs are produced might have been ancestrally targeted for silencing by the RNAi 
machinery but, during evolution, certain sRNAs might have fortuitously acquired endogenous target genes and become 
integrated into gene regulatory networks.
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Introduction

Small silencing RNAs (sRNAs) play important roles in the 
regulation of gene expression, heterochromatin formation, 
DNA methylation, maintenance of genome stability, intercel-
lular communication, transposon repression, and/or defense 
against viruses in a wide range of eukaryotes (Ghildiyal and 
Zamore 2009; Borges and Martienssen 2015; Wendte and 
Pikaard 2017; Yu et al. 2017; Bartel 2018; Ozata et al. 2019; 

Chen and Rechavi 2022). Endogenous sRNAs are generally 
20 to 35 nucleotides (nt) in length and associate with 

members of the ARGONAUTE (AGO) family of proteins, 

forming effector complexes (Ghildiyal and Zamore 2009; 

Swarts et al. 2014; Borges and Martienssen 2015; Wendte 

and Pikaard 2017; Yu et al. 2017; Bartel 2018; Ozata et al. 

2019; Chen and Rechavi 2022; Iwakawa and Tomari 2022). 

These effector complexes then recognize target sequences 
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IN A NUTSHELL

Background: Noncoding RNAs are not translated into proteins. However, many play key roles in various biological 
processes. In eukaryotes, small RNAs (sRNAs) can bind to matching messenger RNAs (mRNAs) and trigger their deg-
radation or shut down their translation into proteins, a phenomenon called RNA interference. These sRNAs associate 
with ARGONAUTE (AGO) proteins and regulate the expression of protein-coding genes. Other kinds of sRNAs help 
fight viruses and transposons. Generally, all these types of sRNAs are produced by cleaving longer double-stranded 
RNAs via Dicer ribonucleases. Indeed, in many organisms, diverse Dicer-dependent sRNAs affect growth, develop-
ment, and disease tolerance.

Question: We wanted to characterize the sRNAs functioning in the single-cell alga Chlamydomonas reinhardtii. This 
green alga lives in many different environments throughout the world and has become a valuable model for biological 
research.

Findings: C. reinhardtii contains a class of sRNAs (greater than 26 nucleotides in length) that associates preferentially 
with a specific AGO protein named AGO1. These sRNAs are atypical since they do not require Dicer enzymes for their 
production. They are derived from moderately repetitive, transposon-like sequences conserved in related 
Chlamydomonas species. Interestingly, the abundance of these sRNAs increased substantially in cells subject to nitro-
gen or sulfur deprivation, simultaneously with the downregulation of predicted target mRNAs. We postulate that this 
class of sRNAs might have a role in algal tolerance to nutritional stress.

Next steps: We would like to find out how these sRNAs may help the alga cope with nitrogen or sulfur deprivation 
and the molecular mechanism(s) by which they may regulate gene expression. This information may be helpful for 
improving nutrient use efficiency in crops.

by complementarity with the guide sRNAs and trigger post- 
transcriptional or transcriptional gene silencing by diverse 
molecular mechanisms. Beyond these defining features, 
many different classes of sRNAs have been described in a 
broad spectrum of eukaryotes (Katiyar-Agarwal et al. 2007; 
Ghildiyal and Zamore 2009; Axtell 2013; Borges and 
Martienssen 2015; Yu et al. 2017; Bartel 2018; Hardcastle 
et al. 2018; Ozata et al. 2019; Feng et al. 2020; Lunardon 
et al. 2020; Müller et al. 2020; Rzeszutek and Betlej 2020; 
Wu et al. 2020; Alves and Nogueira 2021; Chen et al. 2021; 
Reshetnyak et al. 2021; Baldrich et al. 2022; Chen and 
Rechavi 2022; Haase 2022).

In most species, endogenous sRNAs derived from dsRNA 
precursors processed by DICER-like (DCL) endonucleases 
can be grouped into 2 main classes: microRNAs (miRNAs) 
and small interfering RNAs (siRNAs; Ghildiyal and Zamore 
2009; Axtell 2013; Borges and Martienssen 2015; Yu et al. 
2017; Bartel 2018; Lunardon et al. 2020; Müller et al. 2020; 
Chen et al. 2021). miRNAs are typically 20 to 22 nt in length, 
processed from imperfectly paired stem-loop regions of 
ssRNA precursors, and regulate gene expression through 
mRNA degradation and/or translational repression 
(Ghildiyal and Zamore 2009; Axtell 2013; Borges and 
Martienssen 2015; Yu et al. 2017; Bartel 2018). siRNAs are 
produced from near-perfectly complementary dsRNAs of 
various origins, participate in post-transcriptional or tran-
scriptional gene silencing, and are grouped into multiple sub-
classes (Ghildiyal and Zamore 2009; Axtell 2013; Borges and 
Martienssen 2015; Lunardon et al. 2020; Chen et al. 2021; 
Baldrich et al. 2022; Chen and Rechavi 2022). In angiosperms, 
the most abundant siRNA subclass, ∼24-nt heterochromatic 

siRNAs, is involved in the canonical RNA-directed DNA 
methylation pathway primarily targeting transposons and 
other repeats (Axtell 2013; Borges and Martienssen 2015; 
Lunardon et al. 2020; Chen et al. 2021; Baldrich et al. 2022; 
Chen and Rechavi 2022).

Another major siRNA subclass comprises secondary siRNAs, 
including trans-acting siRNAs, phased siRNAs, and epigenetically 
activated siRNAs, which may silence genes and/or transposons. 
Their biogenesis is generally triggered by miRNA-directed cleav-
age of a transcript, which is then converted to dsRNA by an 
RNA-dependent RNA polymerase and processed by DCL pro-
teins into siRNAs, often in a phased pattern (Axtell 2013; 
Borges and Martienssen 2015; Lunardon et al. 2020; Chen et al. 
2021; Baldrich et al. 2022; Chen and Rechavi 2022). Several add-
itional siRNA subtypes (e.g. natural antisense transcript-derived 
siRNAs, hairpin-derived siRNAs, DNA double-strand break- 
induced sRNAs, and bacteria-induced long siRNAs) have also 
been described in land plants, particularly in model species 
such as Arabidopsis (Arabidopsis thaliana), and the boundaries 
among the siRNA classes are becoming quite diffuse 
(Katiyar-Agarwal et al. 2007; Axtell 2013; Borges and 
Martienssen 2015; Hardcastle et al. 2018; Lunardon et al. 2020; 
Rzeszutek and Betlej 2020; Wu et al. 2020; Alves and Nogueira 
2021; Reshetnyak et al. 2021; Chen and Rechavi 2022). 
Metazoans have an additional large class of longer sRNAs 
(∼22 to 35 nt) termed PIWI-interacting RNAs (piRNAs). 
piRNAs are distinct from siRNAs since they derive from 
ssRNAs, do not require DCL proteins for their processing, and 
bind to PIWI (P-element Induced Wimpy Testis) proteins, an 
evolutionarily distinct clade of AGO proteins (Ghildiyal and 
Zamore 2009; Swarts et al. 2014; Ozata et al. 2019; Haase 2022).
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sRNA-mediated silencing is generally accepted to have 
evolved as a defense mechanism against viruses and trans-
posable elements, before being co-opted to regulate the ex-
pression of endogenous genes (Cerutti and Casas-Mollano 
2006; Shabalina and Koonin 2008). Extensive duplication 
and specialization of proteins involved in sRNA biogenesis 
and/or effector functions have contributed to pathway diver-
sification (Ghildiyal and Zamore 2009; Swarts et al. 2014; 
Borges and Martienssen 2015; Lee and Carroll 2018; Wang 
et al. 2021; Chen and Rechavi 2022); and the sorting of 
sRNAs into specific AGOs/effector complexes ultimately de-
termines their biological function(s) (Ghildiyal and Zamore 
2009; Czech and Hannon 2011; Borges and Martienssen 
2015; Iwakawa and Tomari 2022).

In land plants, the structure of sRNA duplex precursors 
(such as thermodynamic asymmetry), the presence and loca-
tion of mismatches and bulges, as well as the identity of the 
5′-terminal nucleotide of sRNAs affect their loading onto in-
dividual AGOs and the choice of guide strand (Mi et al. 2008; 
Takeda et al. 2008; Havecker et al. 2010; Czech and Hannon 
2011; Zhu et al. 2011; Frank et al. 2012; Endo et al. 2013; 
Zhang et al. 2014; Borges and Martienssen 2015; Iwakawa 
and Tomari 2022). For instance, Arabidopsis has 10 AGOs, 
with AGO1 and AGO10 preferentially binding sRNAs with 
a 5′ uracil and AGO5 showing a bias for 5′ cytosine, whereas 
AGO2, AGO4, AGO6, and AGO9 prefer sRNAs with 5′ aden-
ine (Mi et al. 2008; Takeda et al. 2008; Havecker et al. 2010; 
Czech and Hannon 2011; Frank et al. 2012; Borges and 
Martienssen 2015). The resulting large variety of 
sRNA-directed effector complexes participate in distinct, 
yet often intertwined, regulatory pathways that influence de-
velopment, responses to abiotic and biotic stresses, repro-
duction, and genome reprogramming (Ghildiyal and 
Zamore 2009; Czech and Hannon 2011; Borges and 
Martienssen 2015; Lee and Carroll 2018; Chen and Rechavi 
2022). Moreover, new sRNA classes and new members of ex-
isting classes continue to be discovered, sometimes highlight-
ing the evolution of lineage-specific regulatory mechanisms.

The green unicellular alga Chlamydomonas 
(Chlamydomonas reinhardtii) is a classical reference organism 
for studying photosynthesis, chloroplast biology, cell cycle 
control, and cilia structure and function (Salomé and 
Merchant 2019). This alga was the first unicellular organism 
in which miRNAs were described, and deep sequencing of 
short RNAs revealed that it contains a wide variety of en-
dogenous sRNAs (Molnár et al. 2007; Zhao et al. 2007; 
Voshall et al. 2015; Müller et al. 2020). Chlamydomonas 
also encodes a complex RNA interference (RNAi) machinery 
consisting of 3 DCL proteins and 3 AGOs but, like most me-
tazoans, lacks a canonical RNA-dependent RNA polymerase 
(Casas-Mollano et al. 2008; Voshall et al. 2015; Valli et al. 
2016; Chung et al. 2019). In addition, distinct from land 
plants, Chlamydomonas miRNAs appear to use a metazoan- 
like seed matching rule to identify their target transcripts 
but, distinct from animals, the binding sites are predomin-
antly located within the mRNA coding sequences rather 

than in the 3′ untranslated regions (UTRs; Yamasaki et al. 
2013; Chung et al. 2017; Iwakawa and Tomari 2017). 
Nonetheless, the role(s) of most endogenous sRNAs and 
core RNAi components, particularly with regards to pathway 
specialization, remains to be explored in Chlamydomonas. 
The highly similar AGO2 and AGO3 proteins (∼90% amino 
acid identity) bind preferentially to 20 to 22-nt sRNAs 
(Voshall et al. 2015; Chung et al. 2019) and AGO3 has been 
shown to associate with most bona fide miRNAs and medi-
ate target transcript cleavage and/or translational repression 
(Voshall et al. 2015; Yamasaki et al. 2016; Chung et al. 2019). 
However, the biological function(s) of AGO1 remains largely 
uncharacterized. To gain further insights into the evolution 
of sRNAs and RNAi-related pathways in eukaryotes, particu-
larly in unicellular photosynthetic organisms, we character-
ized here a unique class of >26-nt sRNAs that associate 
preferentially with AGO1 in Chlamydomonas.

Results

AGO1-associated sRNAs
Deep sequencing of total sRNA libraries from vegetative 
Chlamydomonas cells has previously revealed that this uni-
cellular organism contains a complex array of sRNAs, includ-
ing miRNAs and a variety of endogenous sRNAs (Molnár 
et al. 2007; Zhao et al. 2007; Voshall et al. 2015; Müller 
et al. 2020). Notably, more than 36% of the sequenced 
sRNAs were longer than 26 nt (Fig. 1). By contrast, the abun-
dance of >26-nt sRNAs is fairly low in diverse libraries from 
land plants (Fig. 1; Axtell 2013; Hardcastle et al. 2018; Feng 
et al. 2020; Lunardon et al. 2020; Chen et al. 2021; Baldrich 
et al. 2022), including mosses (e.g. Physcomitrium patens), 
liverworts (e.g. Marchantia polymorpha), gymnosperms 
(e.g. Norway spruce [Picea abies] and gingko [Ginkgo biloba]), 
and angiosperms (e.g. Arabidopsis and maize [Zea mays]). 
sRNAs longer than 26 nt are also rare in Volvox carteri 
(Fig. 1; Li et al. 2014; Dueck et al. 2016), a green alga belonging 
to the same family, Volvocaceae, as Chlamydomonas (Craig 
et al. 2021). However, we acknowledge that the detection 
of >26-nt sRNAs in published libraries may be affected by 
certain experimental procedures, such as RNA size selection 
during library construction, and we cannot rule out the exist-
ence of longer sRNAs in other photosynthetic eukaryotes. 
Also, at present, little is known about the biogenesis and 
function of the >26-nt sRNAs detected in Chlamydomonas.

Similarly, the role(s) of AGO1, the most abundant AGO in 
Chlamydomonas (Chung et al. 2019), is not known. 
Phylogenetic analyses indicated that Chlamydomonas 
AGO1 and AGO2/AGO3 belong to different clades, possibly 
having diverged in a common ancestor of the Chlorophyceae 
algal class (Supplemental Fig. S1). However, putative ortho-
logs of AGO1 appear to have been lost in some lineages of 
the Chlorophyceae (including V. carteri; Supplemental Fig. 
S1). From a functional perspective, Chlamydomonas AGO1 
contains the 4 conserved domains typical of eukaryotic 
AGOs, namely the N-terminal, PAZ, MID, and PIWI domains 
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(Casas-Mollano et al. 2008; Chung et al. 2019). Moreover, the 
PIWI domain includes the RNase H-like active site (Iwakawa 
and Tomari 2022), with putative functional residues in the 
catalytic tetrad, suggesting that AGO1 has the capability to 
cleave target transcripts (Chung et al. 2019).

As previously described for AGO3 (Voshall et al. 2015), we 
introduced a transgene encoding FLAG-tagged AGO1 into 
the Chlamydomonas Maa7-IR44 strain, which exhibits 

resistance to 5-fluoroindole due to RNAi of MAA7 
(METHYL ANTHRANILIC ACID 7; Ma et al. 2013). We then 
isolated AGO1 and its associated sRNAs by co-immunopre-
cipitation with an anti-FLAG antibody and generated 2 inde-
pendent sRNA libraries for deep sequencing. Analysis of the 
obtained genome-matching reads revealed that >75% of the 
AGO1-associated sRNAs were longer than 26 nts (Fig. 2A). By 
contrast, as already reported (Voshall et al. 2015; Chung et al. 
2019), AGO3 is associated preferentially with sRNAs 20 to 
22 nt in length, with only 0.1% of the reads being longer 
than 26 nt (Fig. 2A). Redundant sRNAs associated with 
AGO1 predominantly matched introns (∼21.4%) and 3′ 

UTRs (∼25.7%) of predicted protein-coding genes as well 
as intergenic regions (∼22.5%) in the nuclear genome 
(Fig. 2B). AGO1 also bound to abundant transfer RNA 
(tRNA) fragments derived from genes encoded in the nuclear 
(∼5.1%) or chloroplast (∼14.9%) genomes (Fig. 2B). We veri-
fied the existence of a subset of AGO1-associated >26-nt 
sRNAs by RNA gel blot analyses (Fig. 2C), which also con-
firmed the occurrence of sRNA size variants ranging from 
26 to almost 42 nt in length. tRNA-derived fragments were 
instead more precisely defined in size (Fig. 2C).

We also examined the 5′-terminal nucleotide bias in total 
sRNA libraries from wild-type Chlamydomonas strains, which 
presumably include sRNAs associated with AGO1, AGO2, and 
AGO3 as well as some unbound sRNAs (Fig. 2D). Relative to 
the total sRNA population (i.e. sRNAs of 18 to 32 nt in length), 
the fraction 26 to 32 nt in length was enriched in sRNAs starting 
with A, whereas the fraction 20 to 22 nt in length was enriched in 
sRNAs starting with U (Fig. 2D). Consistent with these findings 
and as an indication of binding specificity, 57% of redundant 
AGO1-associated sRNAs (mainly >26 nt in length) had an A 
at the 5′-most position (Fig. 2D), whereas most AGO3-bound 
sRNAs had a U as the 5′ nucleotide (Voshall et al. 2015).

To validate the preferential association of Chlamydomonas 
>26-nt sRNAs with native AGO1, we used clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR- 
associated nuclease 9 (Cas9)-mediated genome editing 
(Akella et al. 2021) to generate knockout mutants of the 
AGO1 gene. To this end, we electroporated cells of the wild- 
type strain CC-124 with both a ribonucleoprotein (RNP) com-
plex, consisting of Cas9 and a guide RNA targeting exon 1 of 
AGO1, and a single-stranded oligodeoxynucleotide (ssODN), 
with a mutated DNA sequence overlapping the Cas9 cleavage 
site. Precise repair of the DNA double-strand break caused by 
the Cas9 RNP complex, using the ssODN as a homologous 
template, would substitute 8 bp within exon 1 of AGO1 
(Fig. 3A), introducing an in-frame stop codon that destroys 
the Cas9 protospacer adjacent motif (PAM).

We identified 2 (independently generated) precisely edited 
mutants by PCR analysis of selected Chlamydomonas col-
onies, using a primer that anneals exclusively to the altered se-
quence (Fig. 3, A and B). Sequencing of a 235-bp PCR product 
(Fig. 3A, primers F1/R2), overlapping the mutated site, re-
vealed no additional, unintended changes to the DNA se-
quence of AGO1 exon 1. In both edited mutants, AGO1 

Figure 1. Size distribution of genome-mapped total sRNAs in green al-

gae and land plants. References for the analyzed sRNA libraries are in-

dicated in parenthesis. nt, nucleotide. Green algal species: C. reinhardtii 

(Valli et al. 2016) and V. carteri (Li et al. 2014). Land plant species: 

P. patens (Xia et al. 2016), M. polymorpha (Lin et al. 2016), P. abies 

(Wilkinson et al. 2021), G. biloba (Zhang et al. 2015), Z. mays (Liu 

et al. 2014), and A. thaliana (Schalk et al. 2017).
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transcript abundance was substantially reduced, presumably 
because of nonsense-mediated mRNA decay triggered by a 
premature termination codon (Supplemental Fig. S2A).

In these mutants, impaired formation of AGO1 effector 
complexes is expected to result in destabilization of the asso-
ciated sRNAs, although some sRNAs may persist by alterna-
tive association with the intact AGO2/AGO3 proteins. 

A

B

C D

Figure 2. AGO1-associated sRNAs in C. reinhardtii. A) Size distribution of genome-mapped AGO1-associated sRNAs (blue) and AGO3-associated 

sRNAs (red). Data from replicate sRNA libraries are shown as bars of the same color. B) Abundance (as % of all genome-mapped reads) of 

AGO1-associated redundant sRNAs matching sequences of distinct functional categories. The chloroplast fraction corresponds to tRNAs present 

in the chloroplast genome. C) RNA gel blot analyses of sRNAs isolated from the indicated strains and detected with probes specific for the most 

abundant >26-nt sRNAs of Clusters 51304+ or 69832− (Supplemental Table S3) or tRNA fragments derived from nuclear tRNAAsp(GUC). The same 

filters were reprobed with the U6 small nuclear RNA sequence (U6) as a control for equivalent loading of the lanes. The asterisks indicate putative 

RNA precursors of the >26-nt sRNAs. CC-124, wild-type strain; Maa7-IR44, CC-124 transformed with an inverted repeat (IR) transgene designed to 

induce RNAi of MAA7 (encoding tryptophan synthase β-subunit). D) 5′-terminal nucleotide preference of genome-mapped total sRNAs (of the 

indicated size fractions), AGO1-associated sRNAs and AGO3-associated sRNAs.
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A

B

D

C

Figure 3. Abundance of >26-nt sRNAs in AGO1 edited mutants. A) Schematic diagram of the AGO1 gene showing the Cas9 target region in exon 1. 

Short arrows indicate primers used for PCR analysis. In the wild-type sequence (top sequence), the target region is highlighted in light blue. The Cas9 

cleavage site is indicated by a black arrowhead and the PAM is shown in blue font. Homology-directed repair of the DNA double-strand break, using 

an electroporated ssODN as template, introduces 8-bp changes (underlined red font) into the genome, including an in-frame stop codon (bottom 

sequence). B) The AGO1 target region was amplified by PCR with primers F1/R2 (annealing outside the edited sequence) or mut-F1/R2 (with one 

primer annealing exclusively to the edited sequence). The panels show representative inverted contrast images of PCR products resolved by agarose 

gel electrophoresis. CC-124, wild-type strain; ago1-45 and ago1-59, edited mutants with a disrupted AGO1 gene in the CC-124 background. C) RNA 

gel blot analysis of sRNAs isolated from the indicated strains and detected with probes specific for the most abundant >26-nt sRNAs of Clusters 

51304+ or 69832−. The same membranes were reprobed with the U6 small nuclear RNA sequence as a control for equivalent loading of the lanes. 

The asterisks indicate putative RNA precursors of the >26-nt sRNAs. Examined cells were cultured under various nutritional conditions: Control, 

nutrient-replete medium; N starvation, nitrogen deprivation for 24 h; and S starvation, sulfur deprivation for 24 h. D) Size distribution of genome- 

mapped total sRNAs from wild type (CC-124) or ago1 mutant (ago1-45) strains. Data from replicate sRNA libraries are shown as bars of the same 

color.
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Indeed, RNA gel blot analyses showed that the abundance of 
all tested >26-nt sRNAs is lower in the ago1 knockout mu-
tants in comparison to the wild-type strain (Fig. 3C; 
Supplemental Fig. S2, B and C). Deep sequencing of total 
sRNA libraries from the parental and the ago1-45 
Chlamydomonas strains also revealed that, based on normal-
ized read counts, the ago1 mutant shows a relative decrease 
in the >26-nt sRNAs, concomitantly with a relative increase 
in 20 to 21-nt sRNAs (Fig. 3D; Supplemental Fig. S2D). These 
results demonstrate that Chlamydomonas contains a unique 
class of >26-nt sRNAs, with a bias for adenine as the starting 
nucleotide, that is bound preferentially by AGO1.

Genomic loci generating AGO1-associated >26-nt 
sRNAs
Abundant >26-nt sRNAs (excluding tRNA fragments) mapped 
to a limited number of genomic loci in chromosomes 1, 3, 6, 7, 8, 
and 9 of Chlamydomonas (Fig. 4A). For cataloging purposes, we 
annotated adjacent reads mapping to the nuclear genome no 
more than 100 bp apart, regardless of a strand, as belonging 
to the same sRNA cluster (Supplemental Fig. S3). However, 
the sequences of most of these sRNA clusters were partly similar 
to each other (Table 1; Supplemental Fig. S3), corresponding to 
moderately repetitive elements.

The loci producing >26-nt sRNAs also tended to form 
superclusters at certain genomic locations. As an example, 
the Chlamydomonas Cre03.g164550 gene encodes a homo-
log of the conserved eukaryotic FRA2 (Fe repressor of 
activation-2)/BolA-like protein 2, which in both fungi and 
mammals plays an essential role in trafficking (2Fe–2S) clus-
ters to certain enzymes and transcription factors that control 
iron metabolism (Rey et al. 2019; Talib and Outten 2021). The 
third intron of this gene is ∼3 kb in length and contains 5 
clusters producing AGO1-associated sRNAs in the sense 
orientation (Fig. 4B, clusters 51304+, 51305+, 51306+, 
51307+, and 51308+). An additional cluster is located in 
the 3′ UTR of the same gene in the antisense orientation 
(Fig. 4B, cluster 51309−).

The structure of the FRA2/BolA-like protein 2 gene, with 4 
exons and 3 introns, is conserved in algae of the 
Trebouxiophyceae (e.g. Coccomyxa subellipsoidea) and 
Chlorophyceae (e.g. Chlamydomonas) classes, which diverged 
750 to 850 million years ago (Leliaert et al. 2012). However, in 
most algal species, the third intron is relatively short, as in 
Tetradesmus obliquus, V. carteri, and Edaphochlamys debaryana 
within the Chlorophyceae (Supplemental Fig. S4). By contrast, 
this third intron has experienced substantial size expansion in 
Chlamydomonas and its close relatives Chlamydomonas incerta 
and Chlamydomonas schloesseri (Supplemental Fig. S4), when 
compared to the more distant relative E. debaryana (for details 
on the phylogenetic relationships see Craig et al. 2021). 
Interestingly, the three Chlamydomonas species contain con-
served sequences homologous to the AGO1-associated 
>26-nt sRNAs in the third intron and 3′ UTR of their FRA2/ 
BolA-like protein 2 genes (Fig. 4B; Supplemental Figs S5 and 

S6); moreover, these sequences have been amplified so that 
the size of the third intron has increased in parallel with the 
number of sRNA-producing clusters (1 in C. schloesseri, 3 in C. 
incerta, and 5 in C. reinhardtii at a threshold of >70% nucleotide 
identity).

We also examined the existence of sRNAs homologous to 
those from clusters 51304+, 51545+, and 69832− in E. debar-
yana and C. incerta by RNA gel blot analysis (Supplemental 
Fig. S7, A, C, and D). Using probes specific for the most abun-
dant reads of each cluster, we detected >26-nt sRNAs in 
C. reinhardtii and its close relative C. incerta. Moreover, 
changes in steady-state levels of these related sRNAs were 
conserved in the two species in response to several nutrient 
limitation conditions (see below), (Supplemental Fig. S7, A, C, 
and D). Reprobing the same membrane with an oligonucleo-
tide hybridizing to a C. reinhardtii miRNA, miR912 (21 nt in 
length), substantiated the notion that the detected sRNAs 
are indeed larger in size than canonical miRNAs and also 
showed that miR912 is not conserved in C. incerta 
(Supplemental Fig. S7B). The E. debaryana genome does 
not appear to harbor loci with homology to the examined 
C. reinhardtii sRNAs; we also did not observe obvious hybrid-
ization signals to RNA isolated from this species in RNA gel 
blots (Supplemental Fig. S7). Thus, although the origin of 
the repetitive genomic loci producing these >26-nt sRNAs 
remains unknown, some of these sequences have been con-
served and amplified within core Chlamydomonas species. 
Moreover, their expression under various nutritional limita-
tion conditions also appears to be conserved.

Biogenesis of AGO1-associated >26-nt sRNAs
To assess whether the >26-nt sRNAs show any evidence of 
specific processing, we aligned the sRNAs within each cluster 
to their corresponding genomic sequences and evaluated the 
precision with which their 5′ and 3′ ends had been generated 
as well as the possible folding of precursor RNAs into second-
ary structures. In most cases, we predicted a putative precur-
sor with a fold-back hairpin secondary structure, ∼60 to 
80 nt in length, by using RNAfold from the Vienna RNA pack-
age (Lorenz et al. 2011; Fig. 5, cluster 51304+, and 
Supplemental Fig. S3). Moreover, RNA gel blot analyses sug-
gested the existence of easily detectable RNA precursors of 
the predicted length (Figs 2C and 3C, asterisks).

The 5′ end of the >26-nt sRNAs encoded in the 5′ arm of 
the predicted hairpin and the 3′ end of the >26-nt sRNAs en-
coded in the 3′ arm of the hairpin appeared to be quite pre-
cisely processed, as evidenced in both strand ends on the left 
side of the secondary structure diagrams (Fig. 5; 
Supplemental Fig. S3). However, in very few instances, the 
precursor sequences formed a stable, perfectly base-paired 
dsRNA stem at the putative cleavage sites (Supplemental 
Fig. S3), making it unlikely that they were processed by 
RNase III enzymes such as DCL (Vermeulen et al. 2005; 
Macrae et al. 2006; Song and Rossi 2017). Additionally, the 
processing of the right ends of the hairpin secondary struc-
tures (i.e. 3′ end of >26-nt sRNAs encoded in the 5′ arm of 
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the hairpin and 5′ end of >26-nt sRNAs encoded in the 3′ 

arm of the hairpin) appeared to be rather imprecise and 
the putative cleavage site(s) often corresponded to predicted 
ssRNA regions. Also, we cannot rule out that some of the ap-
parent specificity in processing 5′ ends of >26-nt sRNAs may 
reflect the predominant stabilization of sequences starting 
with adenine because of the AGO1 binding preference.

Although the secondary structure of predicted >26-nt 
sRNA precursors suggested that they are not processed by 
DCLs, we tested more directly whether the biogenesis of the 
AGO1-associated sRNAs was dependent on these RNase III 
endonucleases. As already mentioned, Chlamydomonas en-
codes 3 DCL proteins, of which DCL2 and DCL3 are fairly simi-
lar to each other (Casas-Mollano et al. 2008; Valli et al. 2016). 
Examination of sRNA libraries from a Chlamydomonas dcl3 
null mutant (Valli et al. 2016) revealed that lack of DCL3 func-
tion did not affect the production of the >26-nt sRNAs pref-
erentially associated with AGO1 (Fig. 6A; Table 1). However, as 
already described (Valli et al. 2016), the accumulation of 20 to 

22-nt sRNA (including most miRNAs) was substantially lower 
in this mutant (Fig. 6A; Table 1). RNA gel blot analysis indi-
cated that the steady-state level of >26-nt sRNAs (and of their 
putative precursors) is slightly increased in a dcl3 mutant rela-
tive to the wild-type strain (Fig. 6B).

To examine the role of DCL2 in the biogenesis of the 
>26-nt sRNAs associated with AGO1, we generated 
Cas9-edited mutants by using a strategy similar to the one 
described for AGO1 disruption (Supplemental Fig. S8A). 
We identified 2 (independently generated) edited mutants, 
one containing the designed premature stop codon in 
DCL2 exon 1, accompanied by a downstream insertion of 
part of the homologous repair template, and one displaying 
a 2-bp deletion and insertion of the repair template (in anti-
sense orientation) at the Cas9 cleavage site (Supplemental 
Fig. S8, B and C). In RNA gel blot analyses of the dcl2 knock-
out mutant strains, as with Chlamydomonas dcl3 mutants, 
the abundance of the >26-nt sRNAs was not affected or 
somewhat higher than in the wild-type strain (Fig. 6D).

BA

Figure 4. AGO1-associated >26-nt sRNAs originate from clustered genomic loci. A) Location of genomic loci producing AGO1-associated >26-nt 

sRNAs on Chlamydomonas chromosomes. The black traces indicate the number of AGO1-associated long sRNAs (from normalized libraries) 

mapped in sliding 10-kb windows across the Chlamydomonas chromosomes. Red squares represent putative centromeres (Craig et al. 2021). B) 

Genome browser view of the clusters matching to the Cre03.g164550 gene, encoding a homolog of the conserved eukaryotic FRA2/BolA-like protein 

2. The upper panel shows the chromosome 3 coordinates and a diagram of the Cre03.g164550 gene with exons (orange boxes), introns (thin gray 

lines), and UTRs (thick gray lines). The middle panel shows sRNAs from total sRNA libraries mapping to the sense strand (upper) or the antisense 

strand (lower). Individual mapped sRNAs are shown as red marks (mapped on + strand) or blue marks (mapped on − strand) along with coverage in 

black (indicated as RPM). The bottom panel shows AGO1-associated >26-nt sRNAs mapping to the sense strand (upper) or the antisense strand 

(lower).
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We previously generated Chlamydomonas strains where 
DCL1 expression was suppressed by RNAi in a wild-type back-
ground (CC-124) and in a mutant (Mut11) defective in 
chromatin-mediated transcriptional silencing (Casas-Mollano 
et al. 2008). We used these strains to demonstrate that DCL1 
plays a role in transposon repression, particularly when 
chromatin-mediated silencing was compromised (Casas- 
Mollano et al. 2008). RNA gel blot analyses of the same strains 
indicated that production of the AGO1-associated >26-nt 
sRNAs is not affected by DCL1 suppression (Fig. 6C). On the con-
trary, the abundance of both the >26-nt sRNAs and their puta-
tive precursors increased in the DCL1 RNAi lines, and even more 
so in the strain that is also deficient in chromatin-mediated 
transcriptional silencing (Fig. 6C).

These results suggest that the biogenesis of the >26-nt 
sRNAs is independent of Chlamydomonas DCL1, DCL2, 
and DCL3. Compensatory functions between any of the 
DCL proteins seem unlikely since all these enzymes appear 
to antagonize to some degree (admittedly small in some 
cases) the production of >26-nt sRNAs and their putative 
precursors (Fig. 6). Moreover, as already mentioned, the pre-
dicted precursor hairpin RNAs do not seem to be cleaved at 
perfectly base-paired dsRNA regions, as would be required 
for DICER-mediated processing (Vermeulen et al. 2005; 
Macrae et al. 2006; Song and Rossi 2017). Thus, our observa-
tions strongly suggest that the Chlamydomonas >26-nt 
sRNAs associated with AGO1 have distinct biogenesis from 
that of canonical miRNAs and siRNAs, although the actual 
molecular mechanism(s) remains elusive.

Potential role(s) of AGO1-associated >26-nt sRNAs
Patterns of adaptive evolution have been observed in animal 
RNAi-pathway genes involved in the control of transposable 
elements and/or viruses, such as those coding for PIWI proteins 
and a subset of insect AGOs including orthologs of Drosophila 
melanogaster AGO2 (Wynant et al. 2017; Palmer et al. 2018; 
Ozata et al. 2019). Their accelerated evolution has been hy-
pothesized to reflect an “evolutionary arms race” with the rap-
idly evolving molecular parasites they are targeting (Wynant 
et al. 2017; Palmer et al. 2018). Directional selective pressure 
can be identified by testing for an elevated rate of nonsynon-
ymous nucleotide substitutions (Ka) relative to synonymous 
substitutions (Ks) within the coding sequence of a protein 
(Hurst 2002; Wynant et al. 2017). Using tree-based methods 
for the calculation of Ka/Ks ratios of Chlamydomonas AGO 
genes, we observed substantially elevated values for the AGO1 
and AGO2/AGO3 genes in comparison to the housekeeping 
ACTIN gene (Supplemental Fig. S9). The Ka/Ks ratios for 
Chlamydomonas AGOs, particularly AGO1, were similar to 
those of the fast-evolving animal RNAi-pathway genes 
(Wynant et al. 2017), suggesting that AGO1 might likewise 
play a role in defense responses against transposons and/or 
viruses.

As described above, AGO1 associates predominantly with 
uncommonly long sRNAs derived from moderately repetitive 
sequences and, in principle, it might also have a role in regu-
lating the expression of endogenous genes using the asso-
ciated >26-nt sRNAs as guides. To obtain insight into the 
possible function(s) of these sRNAs, we examined the 

Table 1. AGO1-associated >26-nt sRNAs and miRNAs in Chlamydomonas

Cluster/miRNAa sRNA sequenceb Chrc Wild typed dcl3d AGO1 IPd AGO3 IPd

3142−, 3151− AUGGGUCCGAUCGGGAAGCUUUAUC* 1 2,489 4,801 23,221 7

3152− AUGGGUCCGGCCGGGAAGCUUUAUC* 1 71 115 130 0

51198+ GAGGUCCGACAGCGAGAGGGUUA* 3 960 1,558 982 0

51293−, 51295−, 51304+, 51308+,  

51309−, 78707−

AUGGGUCCGACCGGGAAGCUUUAUC* 3, 9 8,803 10,666 77,472 142

51294−, 51305+, 51306+ AUGGGUCCGAACGGGAAGCUUUAUC* 3 3,111 4,532 13,680 14

51307+ AGGGUCCGAACGGCAAGCUUUAUC* 3 124 352 2,231 6

51545+ ACGAGGUCCGACCGUAGAGGUUUAC* 3 785 1393 1,528 10

66035+ AUGGGCCGAACGGGCAGGUUUAUC* 6 259 560 3,394 2

69832− AGGGUCCGAACGCGAAGCUUUAUC* 7 300 464 12,166 2

74058+ AUGGUCCGCCGGGGAAGCGUUAUC* 8 135 226 396 1

74059+ AUGGUCCGCCCUGGAAGCGUUAUCAAG* 8 74 98 123 0

miR9897-5p UACCGGGCGUGGGGAGGGCAGG 10 169 1 18 44,247

miR9897-3p UUACGGCUCCUUCUUAUCGGC 10 168 9 15 16,083

miR1157-3p UUCAGGUAGCGGGACCAGGUG 12 42 0 5 6,431

miR1169-3p UGUGGAUGUUGCUUGCUGGAU 16 11 0 6 1,860

miR1162-3p UGUUGUAGUAGUUUAGCCCUGC 6 210 1 52 15,085

miR1147-3p UUCAGGUAGCGGGACCAGGUG 12 42 0 5 6,431

miR1153-5p UGGGCCAUCGUAUUACUAUCAG 4 20 0 15 18,557

miR910 AGCAGCGUCGGGCUCGACCGC 14 689 4 4 31

aThe encoding strand for each cluster is indicated as + or − (C. reinhardtii genome v5.5). 
bThe 5′ end sequence for the predominant >26-nt sRNAs in the examined clusters is followed by an asterisk denoting length and sequence variation at their 3′ ends (see 

Supplemental Fig. S3). 
cChromosome where the cluster or miRNA locus is located. 
dNormalized read counts (as reads per million) are shown for sRNAs from total sRNA libraries in the wild-type or dcl3 mutant strains and from libraries of co-immunoprecipitated 

sRNAs associated with AGO1 or AGO3.
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expression of the abundant sequences corresponding to clus-
ter 51304+ under a variety of stress conditions. Interestingly, 
in RNA gel blot analyses of Chlamydomonas, the levels of pu-
tative precursor and mature sRNAs from cluster 51304+ in-
creased markedly under sulfur or nitrogen deprivation, in 
comparison to those of cells grown in nutrient-replete me-
dium (Fig. 7A). We observed a similar response to nutrient 
deprivation in Chlamydomonas and its close relative C. incer-
ta for the >26-nt sRNAs corresponding to clusters 51304+, 
51545+, and 69832− (Supplemental Fig. S7, A, C, and D). 
Examination of total sRNA libraries generated from 
Chlamydomonas cells cultured under nutrient-replete or 
nitrogen-deprived conditions also revealed an increased rela-
tive abundance of a subset of the AGO1-associated >26-nt 
sRNAs when nitrogen was omitted from the medium 
(Supplemental Table S1, clusters 51198+, 51293−, 51295−, 
51304+, 51308+, 51309+, 78707−, and 66035+).

In human (Homo sapiens) AGO2, the conserved helix 7 and 
residue I365 have been reported to shape the miRNA seed re-
gion for rapid target RNA recognition (Klum et al. 2018; 
Gebert and MacRae 2019). These features (particularly the 
equivalent isoleucine and nearby residues) are conserved in 
Chlamydomonas AGO1 (Chung et al. 2019), consistent with 
a similar guide targeting mode as canonical AGO proteins. 

Thus, we used the web server psRNATarget (Dai et al. 
2018), with near default parameters (i.e. following 
miRNA-like pairing rules), to identify target mRNAs hybridiz-
ing to the first 21 nucleotides of the abundant >26-nt sRNAs 
derived from the 5′ arm of cluster 51304+ (Fig. 5). We note 
that this sequence is conserved in several additional >26-nt 
sRNA clusters present in the Chlamydomonas genome 
(Table 1; Supplemental Fig. S3, clusters 51293−, 51295−, 
51304+, 51308+, 51309+, and 78707−) as well as in genomic 
loci of the closely related species C. incerta and C. schloesseri. 
Thirty-three putative targets were predicted using this 
approach (Supplemental Data Set S1), including 
Cre03.g164550, which contains the 51304+ cluster within 
its third intron and complementary sequences (in antisense 
orientation) within its 3′ UTR (Fig. 7B; Supplemental Fig. 
S10). The predicted targets appear to play a role in diverse cel-
lular functions rather than being confined to specific cellular 
or metabolic pathways (Supplemental Data Set S1).

We then examined publicly available transcriptome se-
quencing (RNA-seq) data sets collected from wild-type 
Chlamydomonas cultured under nutrient-replete or under 
phosphorus-, sulfur-, or nitrogen-deprived conditions (Ngan 
et al. 2015), to assess the expression level of the predicted tar-
gets of sRNAs from cluster 51304+ (Supplemental Data Set S2). 

Figure 5. Predicted precursor RNA structure for cluster 51304+. Sequences of AGO1-associated >26-nt sRNAs were aligned to the corresponding 

genomic sequence and their frequency in the libraries is shown as raw counts. The secondary structure of the matching genomic sequence was 

predicted with RNAfold (Lorenz et al. 2011) and depicted at the bottom. The most abundant >26-nt sRNAs present in the 5′ arm or the 3′ 

arm of the predicted hairpin are indicated in red and blue, respectively. Fairly precise putative cleavage sites on the left side of the depicted hairpin 

are indicated by red and blue arrows. More imprecise putative cleavage sites in the terminal loop of the depicted hairpin are indicated by black 

arrowheads.
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With the caveat that some target predictions may represent 
false positives or the predicted binding sites may not be ac-
cessible for interaction with a guide sRNA, 45.5% (15 out of 
33) of the predicted target transcripts were downregulated 
under sulfur deprivation and 42.4% (14 out of 33) of the pre-
dicted target transcripts were downregulated under nitrogen 
deprivation (Supplemental Data Set S2). Additionally, 10 
out of the 33 predicted targets (30.3%) were downregulated 
under both nutritional deprivation conditions, suggesting 

that they are controlled by a similar mechanism(s) 
(Supplemental Data Set S2). Of note, Cre03.g164550 tran-
script abundance was significantly downregulated under sul-
fur or nitrogen deprivation (Fig. 7C; Supplemental Data Set 
S2), coinciding with increased abundance of the cluster 
51304+ >26-nt sRNAs (Fig. 7A).

In the AGO1-edited mutants, which showed diminished 
steady-state levels of >26-nt sRNAs under all examined 
trophic conditions (Fig. 3C; Supplemental Fig. S2, B–D), the 

A B

C
D

Figure 6. The biogenesis of AGO1-associated >26-nt sRNAs is independent of DCL1, DCL2, and DCL3. A) Size distribution of genome-mapped total 

sRNAs from the wild-type strain (black) and the dcl3 null mutant (gray). Data from replicate sRNA libraries are shown as bars of the same color. RPM, 

reads per million. B) RNA gel blot analysis of sRNAs isolated from the wild-type (CC-124) or dcl3 mutant (dcl3) strains and detected with probes 

specific for the most abundant >26-nt sRNAs of Clusters 51304+ or 51545+ (Supplemental Table S3). The same filter was reprobed with the U6 

small nuclear RNA sequence (U6) as a control for equivalent loading of the lanes. The asterisk indicates putative RNA precursors of the >26-nt 

sRNAs. C) RNA gel blot analysis of sRNAs isolated from the indicated strains and detected with probes specific for the most abundant >26-nt 

sRNAs of Clusters 51304+ or 69832− (Supplemental Table S3). CC-124, wild-type strain; Dcl1-IR1 or Dcl1-IR9, CC-124 transformed with an IR trans-

gene designed to induce RNAi of DCL1 (Casas-Mollano et al. 2008); Mut11, mutant defective in a core subunit of H3K4 methyltransferase complexes 

required for chromatin-mediated silencing (van Dijk et al. 2005); Mut11xDcl1-IR1, Mut11 transformed with an IR transgene designed to induce RNAi 

of DCL1 (Casas-Mollano et al. 2008). D) RNA gel blot analysis of sRNAs isolated from the wild-type (CC-124) or dcl2 mutant (dcl2-4 and dcl2-20) 

strains and detected with probes specific for the most abundant >26-nt sRNAs of Clusters 51304+ or 51545+.
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A

B

C

D

E

F

Figure 7. The abundance of AGO1-associated >26-nt sRNAs increases under certain nutritional deprivation conditions, concurrently with the 

downregulation of the Cre03.g164550 transcript. A) RNA gel blot analysis of >26-nt sRNAs from cluster 51304+ in Chlamydomonas cells cultured 

under the denoted conditions. Control, nutrient-replete standard laboratory conditions; Heat shock, 42 °C for 20 min; P starvation, phosphorus 

deprivation for 24 h; S starvation, sulfur deprivation for 24 h; N starvation, nitrogen deprivation for 24 h. sRNAs were detected with a probe specific 

for the most abundant >26-nt sRNAs of cluster 51304+ (Supplemental Table S3). The same filter was reprobed with the U6 small nuclear RNA 

sequence as a control for equivalent loading of the lanes. The asterisk indicates putative RNA precursors of the >26-nt sRNAs. CC-124, wild-type 

strain; Maa7-IR44, CC-124 transformed with an IR transgene designed to induce RNAi of MAA7 (encoding tryptophan synthase β-subunit). B) 

Schematic diagram of the binding site of Cluster 51304+ sRNAs in the 3′ UTR of the predicted target Cre03.g164550. C) Relative Cre03.g164550 

mRNA levels in wild-type Chlamydomonas grown under the indicated nutritional conditions. RPKM, reads per kilobase per million determined 

from RNA-seq data. Samples indicated with double asterisks are significantly different (P < 0.01). D) Relative Cre03.g164550 transcript abundance 

examined by RT-qPCR in cells grown under the indicated nutritional conditions. Values are means ± standard deviation (SD) of 3 independent ex-

periments and normalized to those in CC-124 grown in standard TAP medium. Samples indicated with asterisks are significantly different (**P <  

0.01; *P < 0.05) in a 2 tailed Student’s t-test. ago1-45, edited mutant with a disrupted AGO1 gene in the CC-124 background. E) RNA gel blot analysis 

of Cre03.g164550 transcript levels. The same filter was reprobed with the coding sequence of RACK1 (encoding RECEPTOR FOR ACTIVATED C 

KINASE 1) as a control for similar loading of the lanes. F) Growth and survival of the indicated strains on nutrient replete TAP medium (TAP) 

or on the same medium lacking sulfur (TAP–S). The images show serially diluted cells in spots, after 1 and 4 wk of incubation under dim lights.
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abundance of Cre03.g164550 transcripts increased moderate-
ly under sulfur or nitrogen deprivation relative to the wild- 
type strain (Fig. 7, D and E). Two additional predicted targets, 
Cre01.g036950 (encoding Cobalamin 5′-phosphate synthase) 
and Cre06.g278097 (encoding a putative mRNA export factor; 
Supplemental Data Set S2), also displayed somewhat en-
hanced steady-state mRNA levels in the ago1-45 mutant 
strain under nutritional stress (Supplemental Fig. S11, A and 
B). However, despite repeated attempts, we were unable to 
detect cleavage of any of these predicted target transcripts, 
by a modified 5′ rapid amplification of cDNA ends (5′ 

RACE) protocol (Yamasaki et al. 2013; Voshall et al. 2015), 
within the putative >26-nt sRNA binding elements. Thus, 
our observations suggest that AGO1-associated >26-nt 
sRNAs might target specific genes for silencing under sulfur 
or nitrogen limitation, but the actual mechanism(s) remains 
to be explored. Additionally, AGO1 mutant strains became 
chlorotic faster and/or more acutely than the wild type under 
sulfur or nitrogen deprivation (Fig. 7F; Supplemental Fig. 11C), 
suggesting a role for Chlamydomonas AGO1 (and, presum-
ably, its associated sRNAs) in tolerance to nutritional stresses.

Discussion

RNAi, mediated by small noncoding RNAs, is a highly con-
served mechanism influencing gene regulation, genome sta-
bility as well as defense responses against genomic parasites 
(Ghildiyal and Zamore 2009; Borges and Martienssen 2015; 
Wendte and Pikaard 2017; Yu et al. 2017; Bartel 2018; Lee 
and Carroll 2018; Ozata et al. 2019; Chen and Rechavi 
2022). In multicellular eukaryotes, such as land plants, ani-
mals, and fungi, extensive duplication and diversification of 
RNAi machinery components have resulted in complex, part-
ly overlapping pathways for epigenetic regulation (Ghildiyal 
and Zamore 2009; Czech and Hannon 2011; Borges and 
Martienssen 2015; Lee and Carroll 2018; Wang et al. 2021). 
Duplicated RNAi components appear to allow the evolution 
of new gene regulatory mechanisms that use distinct sRNAs 
as sequence-specific determinants, as well as more effective 
strategies to counteract the action of invading viruses and 
transposable elements. By contrast, many unicellular eukar-
yotes appear to have entirely lost the RNAi machinery or 
have retained only a basic set of RNAi components 
(Cerutti and Casas-Mollano 2006; Casas-Mollano et al. 
2008). Intriguingly, the alga Chlamydomonas has an RNAi 
machinery much more complex than might be expected 
for a unicellular organism, consisting of 3 AGOs, 3 DCLs, 
and a diverse assortment of sRNAs (Molnár et al. 2007; 
Zhao et al. 2007; Casas-Mollano et al. 2008; Voshall et al. 
2015; Valli et al. 2016; Chung et al. 2019; Müller et al. 
2020). Of the core RNAi proteins, Chlamydomonas DCL3 
and AGO3 have been implicated in the biogenesis and activ-
ity of many (all) miRNAs (Voshall et al. 2015; Valli et al. 2016; 
Yamasaki et al. 2016; Chung et al. 2019). Their closely related 
paralogous genes, DCL2 and AGO2, are expressed at relatively 
low levels and AGO2 binds to ∼21-nt siRNAs of unknown 

function (Chung et al. 2019). By contrast, the more divergent 
paralogs DCL1 and AGO1 have not been characterized in de-
tail (Casas-Mollano et al. 2008). Likewise, the biogenesis and 
function(s) of most endogenous sRNAs in Chlamydomonas, 
including a unique, abundant class of >26-nt sRNAs (Fig. 1), 
remain to be elucidated.

As described here, AGO1 is associated predominantly with 
these >26-nt sRNAs, having a bias for adenine as the 
5′-terminal nucleotide (Figs 2 and 3). The most abundant 
AGO1-associated sRNAs were generated from a limited 
number of genomic loci (Fig. 4; Table 1), corresponding to 
moderately repetitive sequences that match either intergenic 
regions or introns/3′ UTRs of predicted protein-coding genes 
(Fig. 2B). These features are in agreement with several char-
acteristics of the recently annotated locus class 4, uncovered 
by using data-driven machine-learning approaches to sys-
tematically classify sRNA loci in Chlamydomonas (Müller 
et al. 2020). Moreover, the sequences producing >26-nt 
sRNAs, as well as their expression, were conserved in closely 
related Chlamydomonas species (Supplemental Figs S4–S7). 
The >26-nt sRNAs are likely processed from ∼60 to 80-nt 
precursor RNAs that can fold into hairpin secondary struc-
tures (Fig. 5; Supplemental Fig. S3). However, most putative 
precursor RNAs do not appear to be cleaved at perfectly 
base-paired dsRNA regions (Supplemental Fig. S3) and 
>26-nt sRNA biogenesis was independent of DCL1, DCL2, 
and DCL3 (Fig. 6; Table 1).

The Chlamydomonas >26-nt sRNAs share some features 
with animal piRNAs (Ghildiyal and Zamore 2009; Ozata 
et al. 2019; Haase 2022) such as a longer size than canonical 
miRNAs/siRNAs, being produced from genomic clusters, and 
DICER-independent biogenesis. However, piRNAs are pro-
cessed from ssRNAs without obvious secondary structures 
and they associate with PIWI proteins (Ghildiyal and 
Zamore 2009; Ozata et al. 2019; Haase 2022), which are ab-
sent from plant and green algal species (Cerutti and 
Casas-Mollano 2006; Swarts et al. 2014). In land plants, 
most sRNAs are shorter than ∼26 nts (Axtell 2013; Borges 
and Martienssen 2015; Hardcastle et al. 2018; Feng et al. 
2020; Lunardon et al. 2020; Chen et al. 2021; Baldrich et al. 
2022) and, to our knowledge, sRNAs with similar character-
istics to the Chlamydomonas >26-nt sRNAs have not been 
described. Thus, the Chlamydomonas >26-nt sRNAs appear 
to add to a growing list of atypical sRNAs with unique bio-
genesis pathways and/or functions (Rzeszutek and Betlej 
2020; Wu et al. 2020; Alves and Nogueira 2021; Meseguer 
2021; Reshetnyak et al. 2021).

Based on its fairly high Ka/Ks ratio (Supplemental Fig. S9), 
similar to that of PIWIs and certain animal AGOs involved in 
the control of viruses and/or transposons (Wynant et al. 
2017; Palmer et al. 2018; Ozata et al. 2019), we hypothesize 
that Chlamydomonas AGO1 may play a role in defense re-
sponses against molecular parasites. We previously impli-
cated Chlamydomonas DCL1 in transposon silencing 
(Casas-Mollano et al. 2008); and, intriguingly, DCL1 and 
AGO1 might possibly be functionally linked since they are 
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encoded by adjacent, divergently transcribed genes (an ar-
rangement conserved in the genomes of the related species 
C. incerta and C. schloesseri; Casas-Mollano et al. 2008). 
However, as already described (Jeong et al. 2002; 
Casas-Mollano et al. 2008; Kim et al. 2015), multiple, partly 
redundant epigenetic mechanisms are involved in preventing 
transposon mobilization in Chlamydomonas. In cells grown 
under standard laboratory conditions, transposons appear 
to be primarily repressed by a chromatin-based mechan-
ism(s), and only when this system is defective can the in-
volvement of RNAi as a transposon silencing mechanism 
be fully appreciated (Jeong et al. 2002; Casas-Mollano et al. 
2008; Kim et al. 2015).

AGO1 might also have a role in regulating the expression 
of endogenous genes, presumably using the associated 
>26-nt sRNAs as guides. Interestingly, we observed that 
the abundance of several AGO1-associated sRNAs was mark-
edly enhanced under certain nutritional stresses, such as ni-
trogen or sulfur deprivation (Fig. 7A; Supplemental Fig. S7
and Table S1). Under these same conditions, a substantial 
fraction of putative target transcripts, identified by sequence 
complementarity to the most abundant reads from cluster 
51304+, displayed a reduction in their mRNA levels in wild- 
type Chlamydomonas (Supplemental Data Set S2). One of 
the downregulated transcripts corresponded to the FRA2/ 
BolA-like protein 2 gene (Fig. 7C), which hosts several 
>26-nt sRNA clusters within its third intron but also contains 
complementary target sequences within its 3′ UTR (Fig. 4B; 
Supplemental Fig. S10). In the AGO1-edited mutants, the 
transcript abundance of the FRA2/BolA-like protein 2 gene in-
creased moderately under sulfur or nitrogen deprivation rela-
tive to wild-type levels (Fig. 7, D and E). Similar changes in 
transcript abundance, comparing ago1 mutants to the wild- 
type strain, were detected for other predicted target genes, 
namely Cre01.g036950 (encoding Cobalamin 5′-phosphate 
synthase) and Cre06.g278097 (encoding a putative mRNA 
export factor; Supplemental Fig. S11, A and B). 
Additionally, ago1 mutant strains displayed an accelerated 
and/or more severe chlorotic phenotype under sulfur or ni-
trogen deprivation (Fig. 7F; Supplemental Fig. 11C). These ob-
servations are consistent with the regulation of certain genes, 
in response to nutritional stresses, by an effector complex 
comprised of AGO1 and its associated sRNAs, but the actual 
molecular mechanism(s) is not obvious.

Curiously, some of the conserved cluster sequences produ-
cing >26-nt sRNAs, although not matching known transpos-
able elements, have been amplified in closely related 
Chlamydomonas species (Supplemental Figs S4–S6). Also, 
since DCL mutations result in somewhat enhanced >26-nt 
sRNA steady-state levels in Chlamydomonas (Fig. 6), the 
RNAi machinery appears to antagonize the production of 
>26-nt sRNAs and of their putative RNA precursors, as ex-
pected for a defense mechanism against genomic parasites. 
Thus, although the origin of the sequences encoding these 
sRNAs remains elusive, in several respects they appear to 
have transposon-like behavior. Within this context, it was 

recently reported that sequences of diverse giant viruses 
can integrate into the nuclear genomes of several 
Chlamydomonas species (Moniruzzaman et al. 2022). We sur-
mise that the transposon-like sequences generating >26-nt 
sRNAs might have been ancestrally targeted for silencing 
by AGO1 effector complexes. Yet, in the course of evolution, 
some of the >26-nt sRNAs may have fortuitously acquired 
endogenous target genes, conferring a selective advantage 
in gene regulation and leading to the fixation of the encoding 
clusters.

At their core, eukaryotic RNAi systems consist of a short 
guide RNA, allowing for sequence-specific target recognition, 
and an effector protein of the AGO family, which mediates 
downstream effects with varying outcomes (Burroughs 
et al. 2014; Swarts et al. 2014; Dexheimer and Cochella 
2020). The guide sRNAs identified in earlier studies were de-
rived from dsRNA precursors processed by RNAse III type 
DICER endonucleases (Ghildiyal and Zamore 2009; 
Burroughs et al. 2014; Borges and Martienssen 2015; Yu 
et al. 2017; Bartel 2018; Chen and Rechavi 2022). However, 
it is now becoming apparent that guide sRNAs can be gener-
ated by a variety of alternative pathways (Ghildiyal and 
Zamore 2009; Yang and Lai 2010; Burroughs et al. 2014; 
Wendte and Pikaard 2017; Bartel 2018; Alves and Nogueira 
2021; Haase 2022). The functional role of AGOs also appears 
to have changed during evolution, from relatively simple 
host-defense proteins against viruses and transposons to 
key players in complex multiprotein regulatory pathways in 
multicellular organisms (Shabalina and Koonin 2008; 
Ghildiyal and Zamore 2009; Burroughs et al. 2014; Swarts 
et al. 2014; Borges and Martienssen 2015; Lee and Carroll 
2018; Dexheimer and Cochella 2020; Chen and Rechavi 
2022). Based on our observations, it is tempting to speculate 
that the minimal RNAi (protein) machinery might consist of 
a single AGO acting in association with sRNAs generated by a 
DICER-independent mechanism(s).

Material and methods

C. reinhardtii strains, mutants, and culture conditions
Strain Maa7-IR44, containing an inverted repeat transgene 
designed to silence the MAA7 gene (encoding Tryptophan 
Synthase β-subunit), was previously described (Ma et al. 
2013). Mut11 is an insertional mutant defective in a core sub-
unit of histone H3 lysine 4 methyltransferase complexes, 
which is required for chromatin-mediated silencing (Jeong 
et al. 2002; van Dijk et al. 2005). Chlamydomonas strains 
where DCL1 expression was suppressed by transgenic RNAi 
in the wild-type background (CC-124) or in the Mut11 mu-
tant background were also described (Casas-Mollano et al. 
2008). For the isolation of AGO1-associated sRNAs, we 
cloned a sequence encoding the FLAG tag (Einhauer and 
Jungbauer 2001; Voshall et al. 2015) in-frame and upstream 
of the Chlamydomonas AGO1 (Cre02.g141050) coding se-
quence. This construct was placed under the control of 
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PsaD regulatory sequences and transformed into Maa7-IR44 
by electroporation (Yamano et al. 2013). The PsaD regulatory 
sequences allow reliable expression with reduced incidence 
of gene silencing of cDNA transgenes in Chlamydomonas 
(Fischer and Rochaix 2001).

Unless noted otherwise, Chlamydomonas or other algal 
species were routinely grown in tris-acetate phosphate 
(TAP) medium (Harris 2009). For nitrogen deprivation ana-
lyses, cells initially grown in nutrient-replete TAP medium 
to the middle of the logarithmic phase (OD750 ∼0.3 to 0.4) 
were collected by centrifugation (2,000 × g for 8 min), 
washed twice, and resuspended at a density of ∼1.0 × 106 

cells mL−1 in TAP medium or TAP medium lacking nitrogen 
(i.e. lacking ammonium chloride; Harris 2009; Voshall et al. 
2017). After 24 h of incubation under continuous illumin-
ation (∼150 μmol m−2 s−1 photosynthetic photon flux dens-
ity; fluorescent cool white light bulbs), cells were harvested 
and immediately frozen in liquid nitrogen for total RNA iso-
lation. A similar protocol was used for the analysis of 
phosphate- or sulfur-deprived cells, following prior specifica-
tions (Moseley et al. 2009; González-Ballester et al. 2010; 
Voshall et al. 2017). For heat-shock treatments, mid-log 
phase cells in TAP medium were incubated in a water bath 
at 42 °C for 20 min. For phenotypic analyses, cells grown to 
logarithmic phase in TAP medium were serially diluted, spot-
ted on agar plates of the appropriate medium (see figure le-
gends), and incubated for 35 d under dim lights (Ma et al. 
2013; Voshall et al. 2017).

AGO1 and DCL2 gene editing
Following a previously described protocol (Akella et al. 2021), 
cells of the wild-type CC-124 strain were electroporated with 
an in vitro assembled Cas9 RNP, targeting either AGO1 exon 
1 or DCL2 exon 1, together with a corresponding modified 
ssODN, to serve as a template for homology-directed DNA 
repair. After a 48-h recovery period, electroporated cells 
were spread on TAP agar plates containing oxyfluorfen 
(Akella et al. 2021). Surviving colonies were screened by 
PCR amplification (Cao et al. 2009) of the AGO1 or the 
DCL2 target site, using a primer (AGO1-mut-F1 or 
DCL2-mut-F1) that anneals exclusively to the edited se-
quence. The oligonucleotides and primers used for these ex-
periments are listed in Supplemental Table S3.

Isolation of AGO1-associated sRNAs, library 
preparation, and sequencing
FLAG-tagged AGO1 was affinity-purified from cell lysates as 
previously described (van Dijk et al. 2005; Voshall et al. 2015). 
RNAs associated with AGO1 were purified with TRI reagent 
(Molecular Research Center) and contaminant DNA was re-
moved by DNase I treatment (Ibrahim et al. 2010; Ma et al. 
2013). Small cDNA libraries (2 independent replicates) 
were prepared with a small RNA v1.5 sample prep kit 
(Illumina), following the manufacturer’s protocol, and 

sequenced on a Hiseq1500 instrument (Illumina). All sequen-
cing data were deposited into the NCBI Sequence Read 
Archive (SRA) under BioProject PRJNA765360.

Purification of total sRNAs, library preparation, and 
sequencing
Total RNA was purified from wild-type (CC-124) or ago1-45 
mutant cells, grown to the middle of the logarithmic phase, 
by using TRI reagent (Molecular Research Center). 
Contaminating genomic DNA was removed with DNase I 
treatment (Ibrahim et al. 2010; Ma et al. 2013). Small 
cDNA libraries (2 independent replicates from each strain) 
were prepared with a NEXTFLEX Small RNA-Seq v3 kit 
(Perkin Elmer), which includes randomized primer adapter 
technology to reduce ligation bias. The libraries were se-
quenced on a NextSeq550 platform (Illumina). All sequen-
cing data were deposited into the NCBI Sequence Read 
Archive (SRA) under BioProject PRJNA765360.

sRNA mapping and profiling
Adaptor-trimmed reads were mapped, by using Bowtie2 (ver-
sion 2.2.9) with default parameters (Langmead and Salzberg 
2012), to the unmasked C. reinhardtii genome v5.5 down-
loaded from Phytozome version 12.1 (https://phytozome.jgi. 
doe.gov/pz/portal.html; Goodstein et al. 2012). Mapped reads 
were filtered to remove those shorter than 18 nts or aligning 
to gaps or mismatches. The population of reads that mapped 
perfectly to the genome was then profiled based on length. 
Genome-mapped reads were also classified as matching the 
chloroplast or the mitochondrial genomes, ribosomal RNAs 
(rRNAs), small nuclear or nucleolar RNAs (snRNAs or 
snoRNAs), transfer RNAs (tRNAs), or transposable elements. 
All sequences except for transposable elements were taken 
from Genbank (accession numbers BK000554.2 and 
NC_001638.1 for the chloroplast and mitochondrial genomes, 
respectively). Transposon sequences were taken from 
Repbase (Kapitonov and Jurka 2008). After filtering the above 
sequences, the remaining mapped reads were further classi-
fied based on their match to structural categories in the anno-
tated Chlamydomonas nuclear genome (Creinhardtii_281 
_v5.5.gene.gff3), such as intergenic or genic regions, the latter 
partitioned into 5′ UTRs, exons, introns, or 3′ UTRs. The ex-
pression level in reads per million (RPM) for each mapped 
sRNA was determined by the formula: RPM = [(106C )/N], 
where C is the number of mapped reads corresponding to 
an individual sRNA sequence in the library and N is the total 
number of mapped reads in the library (Voshall et al. 2015). 
For comparative analyses, publicly available small RNA se-
quencing data from wild-type C. reinhardtii and a dcl3 null 
mutant (Valli et al. 2016) were retrieved from the NCBI 
Sequence Read Archive (BioProject PRJEB10672). AGO3- 
associated small RNA sequencing data (Voshall et al. 2015, 
2017) were also retrieved from NCBI SRA (BioProjects 
PRJNA271880 and PRJNA303189).
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Genome clustering of AGO1-associated sRNAs and 
secondary structure prediction of putative RNA 
precursors
After removing reads that mapped to known noncoding 
RNA categories, transposons, the chloroplast, or the mito-
chondrial genomes, the remaining sRNA reads were clustered 
by genomic location such that there were no more than 100 
nts between adjacent reads, regardless of the strand, in a gi-
ven cluster. The reads from both strands in the same genom-
ic location were placed in the same cluster. Then the 
genomic sequence for each strand of a cluster was folded 
using version 2.3.1 of RNAfold from the Vienna RNA package 
(Lorenz et al. 2011), to assess whether putative precursor 
RNAs for the sequenced sRNAs may have secondary struc-
tures. Clusters were also manually examined to assess the 
processing accuracy of the 5′ and 3′ ends of the predominant 
read(s), the frequency of the predominant read(s), and the 
extent of complementarity (i.e. dsRNA stem formation) be-
tween the 2 arms of predicted hairpins.

Analysis of sRNA size distribution in green algae and 
land plants
Publicly available total small RNA sequencing data correspond-
ing to whole cells or whole organisms (in nonreproductive 
phases) were retrieved from the NCBI SRA for the following spe-
cies: C. reinhardtii (E-MTAB-3851), V. carteri (SRR1029443), 
P. patens (SRR1842137), M. polymorpha (SRR2179617), P. abies 
(SRR14056790), G. biloba (SRR1658901), Z. mays (SRR895785), 
and A. thaliana (SRR4124967). The 3′ end adaptor sequences 
were trimmed using the fastx toolkit (http://hannonlab.cshl. 
edu/fastx_toolkit/), and the reads were then mapped to the re-
spective reference genomes as described above. Genome- 
mapped redundant reads, longer than 17 nts, were then profiled 
based on their size.

Prediction of Chlamydomonas >26-nt sRNA targets
Putative >26-nt sRNA target transcripts were predicted 
using psRNATarget schemaV2 (2017 release; Dai et al. 
2018). Default parameters were used except for the expect-
ation parameter, which was set to 4 (instead of the default 
5) to increase stringency. The transcript library used in the 
search was “cDNA library Phytozome 11, 281_v5.5.” 
Putative functions of the predicted targets were evaluated 
by using the annotations of Chlamydomonas genes [if avail-
able through Phytozome v. 12.1, (Goodstein et al. 2012)] as 
well as conserved protein domains.

Differential expression analysis of predicted >26-nt 
sRNA targets under various nutritional conditions
Publicly available poly(A) mRNA sequencing data collected 
from wild-type Chlamydomonas grown under different nutri-
tional conditions were retrieved from the NCBI SRA for the 
following treatments: phosphorus deprivation (SRR1216592, 
SRR1216593, SRR1216594, SRR1216595), sulfur deprivation 
(SRR1521728, SRR1521729, SRR1521742, SRR1521743; Ngan 

et al. 2015) and nitrogen deprivation (SRR1521680, 
SRR1521684, SRR1521722, SRR1521723; Ngan et al. 2015). 
Standard RNA-seq analysis tools, Tophat and Cuffdiff, were 
used to compare gene expression under nutrient-replete or 
nutrient-deprived conditions (Trapnell et al. 2009). Transcript 
abundance was analyzed as Reads Per Kilobase of transcript 
per Million mapped reads (RPKM), which normalizes read 
counts based on both transcript length and total number of 
reads, using the formula: RPKM = [(109C)/(NL)], where C is 
the number of reads mapped to each transcript, N is the total 
number of mapped reads in the library, and L is the transcript 
length in nucleotides (Mortazavi et al. 2008).

Phylogenetic analysis
AGO protein sequences from Viridiplantae were obtained from 
the NCBI database and the Phycocosm algal portal (https:// 
phycocosm.jgi.doe.gov/phycocosm/home). Polypeptides hom-
ologous to AGO-PIWI were identified by BLAST or PSI-BLAST 
searches of protein and/or translated genomic DNA sequences 
(see Supplemental Fig. S1 for their accession numbers). The 
phylogenetic analysis was carried out using the pipeline imple-
mented in the Phylogeny.fr server (Dereeper et al. 2008). 
Sequence alignment of the full-length proteins was performed 
with MUSCLE with default parameters (BLOSUM62; maximum 
number of iterations = 16; Edgar 2004). Blocks of conserved, 
aligned sequences were selected with Gblocks with default 
parameters (Talavera et al. 2007), resulting in 221 aligned posi-
tions in 10 selected blocks. Maximum likelihood phylogeny re-
construction was performed with PhyML (Guindon et al. 2010) 
and bootstrapping statistical test for branch support with a 
WAG amino acid substitution model (gamma shape param-
eter: 1.380; number of categories: 4; proportion of invariant: 
0.032; bootstrapped data sets: 500; Dereeper et al. 2008). 
Visualization of the phylogeny was done using TreeDyn 
(Chevenet et al. 2006).

Calculation of Ka/Ks ratios
Orthologous candidates for the AGO1 and AGO2/AGO3 genes 
(Supplemental Table S2) were identified from C. reinhardtii 
and the closely related species C. incerta, C. schloesseri, 
E. debaryana, and Chlamydomonas eustigma, based on the 
phylogeny shown in Supplemental Fig. S1. Multiple sequence 
alignment of each orthologous protein set was performed 
using the E-INS-i algorithm of MAFFT (Katoh et al. 2019). 
The nucleotide sequences coding for the AGO1 and AGO2/ 
AGO3 proteins were aligned based on the protein alignments 
using TranslatorX (Abascal et al. 2010). The ratios of nonsy-
nonymous (Ka) to synonymous (Ks) nucleotide substitution 
rates among these coding sequences were estimated by using 
the Ka/Ks Calculation tool available at the Norwegian 
Bioinformatics platform (http://services.cbu.uib.no/tools/ 
kaks). It uses the methods found in Liberles (2001) and 
Siltberg and Liberles (2002). For each data set, the coding se-
quence alignment produced using MAFFT was provided, and 
the maximum likelihood phylogenies (with the discrete 
Zhang substitution matrix option) were reconstructed. The 
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boxplot of the results was generated using R (https://www.R- 
project.org/).

RNA analyses
Total RNA was purified with TRI reagent (Molecular 
Research Center), in accordance with the manufacturer’s in-
structions (Ibrahim et al. 2010; Ma et al. 2013), from C. rein-
hardtii, C. incerta, or E. debaryana cells grown under different 
trophic conditions. For RNA gel blot analyses of sRNAs, total 
RNA samples were resolved in 15% polyacrylamide/7 M urea 
gels and electroblotted to Hybond-XL membranes (GE 
Healthcare; Ibrahim et al. 2010; Ma et al. 2013). Blots were hy-
bridized with 32P-labeled oligo-DNA probes using a 
High-Efficiency Hybridization System (Molecular Research 
Center) at 40 °C for 48 h (Ibrahim et al. 2010; Ma et al. 
2013). Specific sRNAs were detected by hybridization with 
DNA oligonucleotides labeled at their 5′ termini with 
[γ-32P]ATP and T4 Polynucleotide Kinase (New England 
Biolabs) as previously described (Ibrahim et al. 2010; Ma 
et al. 2013). The oligonucleotides used as hybridization 
probes are listed in Supplemental Table S3.

For reverse-transcription quantitative real-time PCR 
(RT-qPCR), total RNA from CC-124 and ago1 mutant strains 
was purified and treated with DNase I (Ambion, Austin, TX, 
USA) to remove any contaminating genomic DNA as previ-
ously reported (Ibrahim et al. 2010; Ma et al. 2013). Reverse 
transcription was performed as previously described 
(Carninci et al. 1998), but using Superscript III (Invitrogen). 
The synthesized first-strand cDNA was then used as a tem-
plate in end-point PCR or qPCR reactions (Sambrook and 
Russell 2001). DNA fragments were amplified and quantified 
with an RT2 SYBR Green/Fluorescein qPCR mastermix 
(Qiagen) on an iCycler Real-Time PCR Detection System 
(Bio-Rad). The ACTIN and RACK1 (Cre06.g278222, initially 
described as CBLP) transcript levels were examined for nor-
malization purposes. All primers used for end-point PCR 
and qPCR are listed in Supplemental Table S3.

Accession numbers
All sequencing data generated in this study have been deposited 
in the National Center for Biotechnology Information Sequence 
Read Archive under BioProject PRJNA765360. Accession num-
bers of public data sets analyzed in this work are listed in 
Materials and methods under the appropriate sections. Gene 
identifiers (Phytozome v. 12.1): Cre02.g141050 (AGO1); 
Cre04.g214250 (AGO2); Cre16.g689647 (AGO3); Cre02.g141 
000 (DCL1); Cre16.g684715 (DCL2); Cre07.g345900 (DCL3); 
Cre03.g164550 (FRA2/BolA-like protein 2); Cre01.g036950 
(CBA1); Cre06.g278097 (RAE1); Cre13.g603700 (ACTIN); 
Cre06.g278222 (RACK1).
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