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Abstract

In plants, miRNA production is orchestrated by a suite of proteins that control transcription of the pri-miRNA gene, post-
transcriptional processing and nuclear export of the mature miRNA. Post-transcriptional processing of miRNAs is con-
trolled by a pair of physically interacting proteins, hyponastic leaves 1 (HYL1) and Dicer-like 1 (DCL1). However, the
evolutionary history and structural basis of the HYL1-DCL1 interaction is unknown. Here we use ancestral sequence
reconstruction and functional characterization of ancestral HYL1 in vitro and in Arabidopsis thaliana to better under-
stand the origin and evolution of the HYL1-DCL1 interaction and its impact on miRNA production and plant develop-
ment. We found the ancestral plant HYL1 evolved high affinity for both double-stranded RNA (dsRNA) and its DCL1
partner before the divergence of mosses from seed plants (~500 Ma), and these high-affinity interactions remained
largely conserved throughout plant evolutionary history. Structural modeling and molecular binding experiments sug-
gest that the second of two dsRNA-binding motifs (DSRMs) in HYL1 may interact tightly with the first of two C-terminal
DCL1 DSRMs to mediate the HYL1-DCL1 physical interaction necessary for efficient miRNA production. Transgenic
expression of the nearly 200 Ma-old ancestral flowering-plant HYL1 in A. thaliana was sufficient to rescue many key
aspects of plant development disrupted by HYL1™ knockout and restored near-native miRNA production, suggesting
that the functional partnership of HYL1-DCL1 originated very early in and was strongly conserved throughout the
evolutionary history of terrestrial plants. Overall, our results are consistent with a model in which miRNA-based gene
regulation evolved as part of a conserved plant “developmental toolkit.”

Key words: ancestral reconstruction, RNA interference, plant development, evolution of development, molecular
evolution.

Introduction body plan, tissue/organ development, and cell differentiation

Understanding the factors that have contributed to similar-
ities and differences among living species has intrigued hu-
manity since archaic times, informing cultural myths, and
generating much of the impetus for biological science.
Before the genomic era, it was widely believed that changes
in gene complement were primarily responsible for pheno-
typic differences across species (Pertea and Salzberg 2010).
However, studies of the evolution of development have
highlighted the fact that changes in gene regulation can be
just as important for generating novel biodiversity (Romero et
al. 2012). Evolution of transcription factors controlling when,
where, and how much of a gene’s messenger RNA (mRNA) is
produced—or of the DNA regulatory elements transcription
factors recognize—can alter the patterns of gene regulation
across species, leading to differences in developmental timing,

(Quattrocchio et al. 1999; Graham et al. 2000; Davidson and
Erwin 2006; He and Deem 2010; Mansfield 2013; Hudry et al.
2014; Jill Harrison 2017; Sz6vényi et al. 2019).

Transcription factors are not the only layer of regulation
controlling gene function (Martinez and Walhout 2009). RNA
interference (RNAI) is an additional gene-regulatory mecha-
nism that affects mRNAs after they have been transcribed
(Agrawal et al. 2003). Small RNAs interfere with gene-specific
protein synthesis by guiding Argonaute (AGO) proteins to
specific mMRNA targets via sequence complementarity
(Hutvagner and Simard 2008; Sheu-Gruttadauria and
MacRae 2017). RNAi is found in all major eukaryote lineages
(Cerutti and Casas-Mollano 2006), with various lineage-
specific secondary losses (Obbard et al. 2009; Zhang et al.
2011; Billmyre et al. 2013; Mukherjee et al. 2013; Jesenicnik
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et al. 2019). Although recent studies suggest that endogenous
mRNA regulation by RNAi may be facilitated by unique
mechanisms in protists and fungi (Dang et al. 2017;
Billmyre et al. 2013; Zhang et al. 2018), the most well-
studied mechanism of endogenous RNAi-facilitated gene reg-
ulation occurs via micro-RNAs (miRNAs) encoded in animal
and plant genomes (Moran et al. 2017).

Mature miRNAs are short (~22 nt) single-stranded RNAs
produced from genomic pri-miRNA genes (Ha and Kim
2014), many of which can mediate various aspects of devel-
opmental programming (Ge et al. 2012; Alberti and Cochella
2017). Animals and plants both use miRNAs for mRNA
regulation but generate mature miRNAs using different pro-
cesses (Axtell et al. 2011). Animals generally export pre-
miRNA “hairpins” from the nucleus to the cytoplasm, where
they are further processed into mature miRNAs by a complex
formed by a physical interaction between a double-stranding
RNA-binding protein (DRB) and the endoribonuclease, Dicer
(Kim et al. 2016; O’Brien et al. 2018). In contrast, mature plant
miRNA:s are typically generated completely in the nucleus by
homologs of animal DRB—Dicer, before export to the cyto-
plasm (Bollman et al. 2003; Kurihara and Watanabe 2004;
Kurihara et al. 2006; Axtell et al. 2011; Bologna et al. 2018).
Although animals and plants both utilize a DRB—Dicer com-
plex for the final step in mature miRNA production, the
structural interface facilitating complex formation is different
(Dias et al. 2017), suggesting the DRB-Dicer complex may
have evolved convergently in animals and plants. Coupled
with the lack of clearly shared pri-miRNA genes between
animal and plant lineages, marked differences in miRNA bio-
genesis between the two groups has led researchers to suggest
that miRNA-based gene regulation probably evolved inde-
pendently in animals and plants via convergent elaboration
of a more simplified ancestral RNAi mechanism (Shabalina
and Koonin 2008; Axtell et al. 2011; Tarver et al. 2012).

Although many of the details of miRNA biogenesis have
been documented in the model plant, Arabidopsis thaliana,
much less is known about when the various components
required for endogenous miRNA-based gene regulation arose
or how the plant miRNA biogenesis system evolved. Recent
examinations of miRNA-gene evolution suggest that the ear-
liest plant genomes encoded ~14 conserved miRNA genes,
although the large number of identified species-specific
miRNAs suggests that early plants could have had a richer
miRNA-gene complement, many of which were lost or al-
tered beyond recognition in modern species (Willmann and
Poethig 2007). MicroRNA biogenesis in A. thaliana is orches-
trated by the Dicer homolog, Dicer-like 1 (DCL1) and the DRB
homolog, hyponastic leaves 1 (HYL1) (Hammond et al. 2000;
Martinez et al. 2002; Kurihara and Watanabe 2004; Hiraguri et
al. 2005; Kurihara et al. 2006; Franco-Zorrilla et al. 2007; Yang
et al. 2010, 2014). Studies of the evolution of these protein
families suggest that HYL1 originated in very early plants
(Axtell et al. 2011; Dias et al. 2017), and although DCL1
homologs are found throughout eukaryotes, many of the
key features of plant DCL1 responsible for efficient miRNA
processing are thought to have evolved around the origin of
multicellular plants (Jia et al. 2017). Whether the HYL1-DCL1
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interaction responsible for A. thaliana miRNA biogenesis
arose early in plants or was a later elaboration of a simpler
RNAi system remains unknown, and the evolutionary dy-
namics of the HYL1-DCL1 complex have not been
investigated.

Here we use ancestral protein resurrection in vitro and in
live A. thaliana to directly investigate the evolution of HYL1’s
role in plant miRNA biogenesis. We found that HYL1’s capac-
ity to mediate miRNA biogenesis arose early in plants and was
largely maintained over the hundreds of millions of years of
evolutionary history between its origin and modern plant
species. Interestingly, the reconstructed ancestral HYL1 of
flowering plants—which existed nearly 200 Ma (Silvestro et
al. 2021)—was sufficient to recover many of the aspects of the
HYL1™ knockout phenotype in modern A. thaliana by or-
chestrating near-native miRNA biogenesis, despite low overall
sequence similarity, strongly suggesting that the HYL1-DCL1
miRNA-processing complex evolved early in plants and
remained strongly conserved throughout plant evolutionary
history.

Results and Discussion

HYL1 Evolved High Affinity for Double-Stranded RNA
and DCL1 Early in Plant Evolutionary History

To begin examining how plant HYL1 evolved the capacity to
mediate miRNA biogenesis by forming a complex with DCL1
and its pri-miRNA targets, we identified double-stranded
RNA-binding proteins (DRBs) and inferred a maximum-
likelihood consensus tree for this protein family, integrating
results from different alignment strategies (see Materials and
Methods). Consistent with our previous analysis (Dias et al.
2017), we found that plant DRBs were monophyletic with
high statistical confidence (>0.97 SH-like approximate likeli-
hood ratio test [aLRT], depending on the alignment), and
plant HYL1+DRB6 formed a monophyletic lineage with
SH-like aLRT support >0.92 (fig. 1; supplementary figs. S1
and S2, Supplementary Material online). The HYL1-DRB6
duplication event appears to have occurred before the diver-
gence of mosses from seed plants. Although the support for
HYL1T monophyly was sometimes low (eg, SH-like
alLRT = 0.77 using the mafft alignment), the HYL1 lineage
was recovered in the maximume-likelihood tree using all se-
quence alignments, with support reaching 0.99 in one case
and averaging 0.85 across all alignments (see supplementary
fig. S2, Supplementary Material online). The major plant lin-
eages were all recovered in the HYL1 consensus tree, with the
overall branching pattern generally congruent with recent
plant species phylogenies (Ruhfel et al. 2014; Wickett et al.
2014).

Plant HYL1 has been shown to mediate interactions with
double-stranded RNA (dsRNA) and with the twin C-terminal
double-stranded RNA-binding motifs (DSRMs) of DCL1 to
facilitate RNAi (Hiraguri et al. 2005; Kurihara et al. 2006;
Yang et al. 2010, 2014). To determine when these interactions
evolved, we used an alignment-integrated approach (Aadland
and Kolaczkowski 2020) to reconstruct maximume-likelihood
ancestral DRB protein sequences at key nodes on the HYL1
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Fic. 1. Ancestral DRBs evolved high affinity for dsSRNA and Arabidopsis thaliana DCL1 early in plant evolutionary history. Maximum likelihood
phylogeny of HYL1 and related DRBs is shown (right), with major taxa colored and key ancestral nodes indicated by gray circles. Sequences from
fungi and protists are not shown, for clarity (see supplementary fig. S1, Supplementary Material online for full tree). Ancestral proteins were
resurrected, and binding affinities for dsRNA (left) and the A. thaliana DCL1 partner were measured by replicate in vitro kinetics assays (see
Materials and Methods). Affinities are reported in —log,, units, with longer bars indicating tighter molecular binding, and standard errors are
indicated. Dark bars indicate steady-state binding affinity (Kd), and light bars indicate initial binding rates (Km). Yellow star indicates that results
are shown for the alternative ancFlowering HYL1 protein, with ambiguous Serine residues replaced by plausible alternative amino acids (see

supplementary fig. S5, Supplementary Material online for details).

phylogeny and measured their affinity for dsSRNA and for the
C-terminal DSRM+DSRM domains of A. thaliana DCL1
in vitro (see Materials and Methods). Ancestral protein
sequences were reconstructed with high statistical support
and low ambiguity (supplementary figs. S2 and S3,
Supplementary Material online). For each sequence, >84%
of reconstructed sites had posterior probability >0.95. In all
cases except for the ancestral plant DRB (ancPlant DRB),
<1.1% of sites had an alternative reconstruction with poste-
rior probability >0.3, and ancPlant DRB had <2% such sites.

We found that the ancestral plant DRB had relatively low
affinity for both dsRNA and for A. thaliana DCL1
DSRM+-DSRM (fig. 1; supplementary fig. S4, Supplementary
Material online). Following the gene duplication giving rise to
the HYL1+DRB6 lineage in early plants, ancPlant
HYL1+DRB6 increased its affinity for dsRNA by ~9.3-fold
and its affinity for A. thaliana DCL1 by ~3.5-fold (fig. 1;

P < 0.0072). After this early functional shift, dsRNA- and
DCL1-affinities remained relatively stable across the HYL1 lin-
eage, varying by at most ~2.2-fold, except for the ancestral
flowering-plant HYL1, which appeared to have lost affinity for
A. thaliana DCL1 (~10.9-fold decrease; P < 0.008; see supple-
mentary fig. S5, Supplementary Material online). However,
the apparent loss of DCL1-affinity in ancFlowering HYL1 is
likely due to ancestral reconstruction error; affinity for the A.
thaliana DCL1 construct was restored when we introduced
plausible alternative reconstructions at three positions in the
second DSRM of ancFlowering HYL1. All three positions were
ambiguously Serine in the maximum-likelihood ancestral se-
quence (posterior probability <0.57); all three had plausible
alternative states with posterior probability >0.3, and in all
cases, the plausible alternative residue was conserved in sub-
sequent maximum-likelihood ancestral sequences in the phy-
logeny. Introducing all three plausible alternative residues
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increased affinity for A. thaliana DCL1 by ~99-fold
(P<0012; see supplementary fig. S5 Supplementary
Material online). It is possible that ancestral sequence recon-
struction (ASR) errors observed in the ancFlowering HYL1
sequence are associated with the relative paucity of sequence
data from angiosperms outside the monocot+dicot clade;
additional sequencing from these under-represented species
could help mitigate such errors.

The initial increase in dsSRNA- and DCL1-affinity observed
between ancPlant DRB and ancPlant HYL1+DRB6 does ap-
pear to be robust to ancestral reconstruction ambiguity. We
reconstructed plausible alternative versions of ancPlant DRB
and ancPlant HYL1+DRB6 by replacing every maximum-
likelihood residue or gap state within the N-terminal
DSRM+DSRM region with the next-most-probable residue,
provided it had posterior probability >0.3 (see Materials and
Methods). We observed an ~8.8-fold increase in dsRNA af-
finity (P < 0.007) and an ~4.1-fold increase in affinity for A.
thaliana DCL1 (P < 0.011) between alternative ancPlant DRB
and alternative ancPlant HYL1+DRB6, similar to what we
observed using maximume-likelihood ancestral sequences
(supplementary fig. S6, Supplementary Material online).

Taken together, these results suggest that the ancestral
plant HYL1+4-DRB6 protein increased affinity for dsSRNA and
for its DCL1 partner immediately after it diverged from the
other plant DRB lineages, and that these affinities remained
relatively stable across the entire HYL1 lineage. That all an-
cestral plant HYL1s exhibited relatively high affinity for the
derived A. thaliana DCL1 DSRM-+DSRM construct suggests
that the initial HYL1-DCL1 interface may have evolved very
early and was subsequently maintained throughout the plant
lineage. Although these results are consistent with a model in
which the ancestral HYL1 (or perhaps the HYL1+DCL1 an-
cestor) evolved a new role mediating dsRNA- and DCL1-
interactions to facilitate miRNA biogenesis in plants, we cau-
tion that inferring biological function from molecular binding
kinetics would be highly speculative. DRB6 is absent from A.
thaliana, and little is known about its molecular function in
other plant species (Clavel et al. 2016).

The Second DSRM of HYL1 Interacts with the First
DSRM of DCL1 In Vitro

Studies in model systems have shown that the twin N-terminal
DSRMs of HYL1 interact directly with the twin C-terminal
DSRMs of DCL1 to facilitate RNAI (Reis et al. 2015). However,
the structural interface mediating this interaction is unknown, as
is its evolutionary origin. To better understand the HYL1-DCL1
interaction within an evolutionary context, we measured the
affinities of individual DSRM pairs from A. thaliana HYL1-
DCL1 and ancestral plant HYL14+-DRB6 DSRMs interacting
with DSRMs from A. thaliana DCL1. To mitigate the potential
impact of ASR errors on binding affinity assays, we did not at-
tempt to reconstruct full-length DCL1 proteins.

We found that the second DSRM from A. thaliana HYL1
had the highest affinity for any A. thaliana DCL1 DSRM
(P <0048 fig. 2A; supplementary fig. S7A, Supplementary
Material online). Specifically, A. thaliana HYL1 DSRM2 had
~34-fold higher affinity than DSRM1 for A. thaliana DCL1
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Fic. 2. The second DSRM of HYL1 and ancestral plant HYL1+DRB6
interacts strongly with the first DSRM of plant DCL1 in vitro. We
measured the binding affinities of individual DSRM domains from
Arabidopsis thaliana HYL1 (A), and ancestral plant HYL1+DRB6 (B,
C), interacting with individual DSRM domains from A. thaliana DCL1
(A, B) and the ancestral plant DCL1 (C), using an in vitro kinetics assay
(see Materials and Methods). Affinities are reported in —log;, units,
with longer bars indicating tighter molecular binding, and standard
errors are shown. Dark bars indicate steady-state binding affinity (Kd),
and light bars indicate initial binding rates (Km).

DSRM1. HYLT DSRM2 and DSRM1 had equivalent affinity for
DCL1 DSRM2 (P> 0.21). We observed the same pattern of
DSRM—DSRM affinities for ancPlant HYL14+-DRB6 domains
interacting with A. thaliana DCL1 domains (fig. 2B; supplemen-
tary fig S7B, Supplementary Material online). AncPlant
HYL1+DRB6 DSRM2 had >52-fold higher affinity than
DSRM1 for A. thaliana DCL1T DSRMs (P < 0.022) and ~2.3-
fold higher affinity for DCL1T DSRM1, compared with DCL1
DSRM?2 (P < 0.050).

We reconstructed maximum-likelihood ancestral plant
DCL1 DSRM1 and DSRM2 from a consensus phylogeny of
plant DCL1 (supplementary fig. S8, Supplementary Material
online). DCL1 DSRMs were reconstructed with high confi-
dence; >83% of sites had posterior probability >0.9, and
<0.73% of sites had plausible alternative reconstructions
(supplementary fig. S8, Supplementary Material online).
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Ancestral plant HYL1+DRB6 DSRMs exhibited the same af-
finity profiles for ancPlant DCL1 DSRMs that we observed for
DCL1 DSRMs from A. thaliana (fig. 2C; supplementary fig. S7C,
Supplementary Material online). The ancestral plant
HYL1+DRB6 DSRM2 had the highest affinity for any ancestral
plant DCL1 DSRM overall, with ~3.4-fold higher affinity for
ancPlant DCL1T DSRM1 than any other combination of
DSRM-DSRM ' interactions (P < 0.023). Together, these
results suggest a specific HYL1-DCL1 interaction mediated
by HYL1's DSRM2 domain and DCL1’s DSRM1 domain may
have evolved very early in the HYL1+DRB6 lineage and was
maintained over the evolutionary history of land plants.

To further evaluate this hypothesis, we inferred structural
models of various HYL1-DCL1T DSRM-DSRM complexes by
homology modeling, optimized protein—protein interactions
using short molecular dynamics simulations and predicted
DSRM—DSRM binding affinities using a structure-based statis-
tical machine learning approach (see Materials and Methods).
Structure-based affinity predictions were consistent with a
model in which HYL1 DSRMs interact with DCL1’s DSRM1
via two main contact regions (supplementary figs. S9 and
S10, Supplementary Material online). First, the HYLT DSRM
o1-f1 loop appears to interact favorably with parts of DCL1
o1 and o2 via a largely conserved network of hydrophobic and
polar interactions (supplementary fig. S10, Supplementary
Material online). Similarly, a conserved network of favorable
contacts was observed between regions of HYL1 51 and /33
interacting with DCL1’s 2 and 52 — 3 loop (supplementary
fig. $10, Supplementary Material online).

Overall, DSRMs from ancestral plant HYL1+DRB6 and A.
thaliana HYL1 bound DCL1 DSRM1s with >2.36-fold higher
predicted affinities than other structural combinations
(P < 1.4e~% supplementary fig. 59, Supplementary Material on-
line). Affinity prediction was not able to distinguish whether
HYL1 DSRM1 or DSRM2 had higher affinity for DCL1 DSRM1
(P=0.71), which is not unexpected, given the relatively low
accuracy of structure-based protein—protein affinity prediction
(Dias and Kolazckowski 2015, 2017). Although other structural
complexes typically had much lower predicted affinities (supple-
mentary fig. S9, Supplementary Material online), we did observe
two cases in which alternative HYL1-DCL1 complexes had high
affinities (P > 0.20). The ancestral plant DCL1 DSRM2 had rela-
tively high predicted affinities for A. thaliana’s HYL1 DSRM1 and
DSRM2 (supplementary fig. S9, Supplementary Material online).
We note that these predicted high-affinity interactions only oc-
cur in complexes of ancestral DCL1 DSRM?2 and extant A. thali-
ana HYL1T DSRMs and not in ancestral—ancestral or
extant—extant complexes, suggesting they are probably not in-
dicative of a long-term functional HYL1-DCL1 interface.

Together, these results suggest that HYL1 may bind DCL1
DSRM1 through an evolutionarily conserved structural inter-
face that likely evolved very early in plants.

Ancestral HYL1 Partially Rescues HYLT1— Knockout
Phenotype

To examine the potential of ancestral-reconstructed HYL1 to
function in vivo, we created replicate transgenic A. thaliana
stably expressing the ancestral flowering plant HYL1 (hereafter,

ancFpHYL1), with the native HYL1™ gene knocked out (see
Materials and Methods). Although we expected older ancestral
HYL1 proteins to interact favorably with A. thaliana DCL1, this
node was chosen to help mitigate potential impacts of ASR
ambiguity associated with reconstruction of very ancient
sequences on protein function in vivo. On average,
ancFpHYL1 was expressed ~5-fold higher in transgenic A.
thaliana plants, compared with wild-type HYL1 gene expres-
sion (P=0.02); HYL1 expression was not detected in the
HYL1™ knockout (fig. 3A). Confocal imaging of seedling hypo-
cotyl cells confirmed that an ancFpHYL1+-GFP fusion protein is
expressed in plant cells (Vazquez et al. 2004), suggesting it could
interact with the native A. thaliana DCL1 protein (fig. 3B).
Visual inspection of ancFpHYL1, HYL1™ knockout, and wild-
type A. thaliana seedlings, rosettes, mature plants, and mature
siliquae suggested that, in general, ancFpHYL1-expressing
plants appeared more similar to wild-type HYL1 than to
HYL1™ knockout plants, which display the characteristic
“hyponastic leaf’ phenotype (Lu and Fedoroff 2000) and re-
duced growth rates (fig. 3C—F).

The ancFpHYL1 transgene either completely or partially re-
covered many key quantitative aspects of the HYL1™ knockout
phenotype (fig. 3G—M). Average rosette leaf diameter was se-
verely reduced in the HYL1™ knockout, compared with wild-
type (P<10e % fig 3G) but was completely rescued by
ancFpHYL1 (P=0.84). Similarly, plant height was reduced in
HYL1T™ (P=0071; fig. 3K) but recovered by ancFpHYL1
(P=098). Other aspects of the HYL1™ knockout phenotype
were partially recovered by ancFpHYL1, with quantitative phe-
notypes having intermediate values between HYL1™ and wild-
type, including rosette leaf number (P < 1.0e™ % fig. 3J), days to
flowering (P < 1.0e™“ fig. 3H), silique length (P < 1.0e™* fig. 3/)
and seeds/silique (P < 1.0e”* fig, 3L). The ancFpHYL1 transgene
also partially rescued HYL1™ hypersensitivity to abscisic acid
(ABA) (Vazquez et al. 2004), which reduced time to seed germi-
nation in the HYL1™ knockout but had a lesser effect on
ancFpHYL1 seeds (P = 0.021 at 48 hours; fig. 3M).

That ancFpHYL1 appears to function reasonably well within
the modern A. thaliana genomic context is surprising, given the
relatively high degree of sequence dissimilarity between
ancFpHYL1 and the native HYL1 protein (supplementary fig,
S11, Supplementary Material online). We observed 92 amino
acid differences between ancFpHYL1 and A. thaliana HYL1 out
of 392 aligned sequence positions, 19 of which were considered
radical substitutions changing biochemical classes (supplemen-
tary fig. S11, Supplementary Material online). Thirteen substi-
tutions (5 radical) occurred within HYL1T DSRMT1, and 15 (4
radical) were within the DSRM2 domain. We did not observe
any large insertions or deletions in ancFpHYL1 DSRM1 or
DSRM2 domains, relative to those of A. thaliana, and structural
models of ancFpHYL1 domains were consistent with the con-
served DSRM domain structure (see supplementary fig. 510,
Supplementary Material online) We did observe five large dele-
tions in the C-terminal region of A. thaliana HYL1, relative to
ancFpHYL1, which encodes no annotated structural or func-
tional domains; of course, the structural implications of these
major indel events are difficult to gauge without an empirical
determination of this protein sequence region.
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Fic. 3. Transgenic expression of ancestral flowering-plant HYL1 (ancFpHYL1) rescues many aspects of the HYL1™ knockout phenotype in
Arabidopsis thaliana. We transformed replicate HYL1™ knockout A. thaliana plants to express the ancestral flowering-plant HYL1
(ancFpHYL1) as a transgene and compare various aspects of plant phenotype across wild-type (Col-0), HYL1™ knockout (hyl1) and
ancFpHYL1 plants. (A) HYL1 transcript levels from 11-day-old seedlings. Statistical differences were evaluated by two-tailed unpaired t test,
assuming unequal variances. (B) Confocal image of root cells from young seedlings expressing an ancFpHYL1-GFP fusion protein. (C)
Representative seedlings of wild-type Col-0 (left), HYL1™ knockout (middle) and ancFpHYL1 (right); (D) shows representative plants at the
rosette stage, and (E) shows representative mature plants. (F) Representative siliquae from wild-type Col-0 (left), HYL1™ knockout (middle) and
ancFpHYL1 (right) plants. (G) Quantification of rosette diameter. (H) Comparison of average days to flowering. (I) Average silique length. (J)
Average number of leaves in rosette stage plants. (K) Comparison of mature plant heights. (L) Average number of seeds per silique. (M) Cold-
stratified seeds germinated in the absence (top) or presence of ABA (bottom) on MS media. We report the average and standard-error in %-
germination at each time point. Statistical significance was assessed in (G—L) and at 48 h in (M) using one-way ANOVA, Tukey’s multiple
comparisons test and Dunnett’s multiple comparisons test. Different letters (a, b, c) indicate statistically significant differences at P < 0.05.

Ancestral HYL1 Rescues Native microRNA Production ancFpHYL1, using small-RNA sequencing (see Materials and
in HYL1— Knockout Plants Methods). Although the total numbers of small-RNA se-
To better understand how the ancestral flowering-plant HYL1 quencing reads obtained from wild-type, HYL1™ knockout
(ancFpHYL1) functions in a modern genomic context, we and ancFpHYL1 plants was consistent after quality filtering
quantified global miRNA production in wild-type, HYL1™ (P=0.41), the number of reads mapping to annotated A.
knockout and transgenic A. thaliana plants expressing thaliana miRNAs was severely reduced in the HYL1™
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knockout, compared with wild-type and ancFpHYL1 plants
(>58fold less; P<121e”> supplementary fig. S12,
Supplementary Material online), consistent with a model in
which HYL1™ knockout reduces the efficiency of miRNA pro-
duction (Hiraguri et al. 2005; Kurihara et al. 2006; Dong et al.
2008; Yang et al. 2010, 2014).

Plant miRNA biogenesis is a complex process that pro-
duces a number of intermediate products that may not
necessarily function directly in RNAI, including pri-miRNA
transcripts, pre-miRNA hairpins and mature miRNA
duplexes; only the mature single-stranded miRNA guide
strand loaded onto AGO can be assumed to potentially
function in RNAI directly (Hutvagner and Simard 2008;
Sheu-Gruttadauria and MacRae 2017). To determine which
specific miRNA products are being captured by our small-
RNA sequencing protocol, we first mapped sequencing
reads directly to pri-miRNA transcripts, which are typically
the first RNA products produced via transcription of geno-
mic pri-miRNA genes. In all cases, we found that the vast
majority of reads mapped to the annotated mature miRNA
strands embedded within each pri-miRNA, with very few
reads mapping to intervening hairpin regions or other parts
of the pri-miRNA (supplementary fig. S13, Supplementary
Material online). Over 76% of pri-miRNA transcripts had
>80% of sequencing reads mapping to annotated mature
miRNA regions within the pri-miRNA sequence (>70% of
pri-miRNAs had >90% of reads mapping to mature miRNA
regions; supplementary fig. S14, Supplementary Material on-
line). These results suggest that our small-RNA sequencing
protocol is likely to be overwhelmingly sequencing mature
miRNAs which could function directly in RNAI, with very
few reads coming from primary miRNA transcripts or pre-
miRNA hairpins.

To determine if our small-RNA sequencing approach was
sequencing miRNA duplexes or primarily the mature single-
stranded guide strand, we calculated the proportion of reads
mapping to each pri-miRNA transcript that matched each of
the two possible miRNA guide strands. If small-RNA sequenc-
ing is primarily sequencing miRNA duplexes, we would expect
the density of read proportions to have a strong peak at 0.5.
Alternatively, a peak density skewed toward 1.0 would indi-
cate sequencing of primarily miRNA guide strands. The ob-
served density of read proportions had a strong mode at
0.855 = 7.703e"* (median 0.888), suggesting very strong
strand bias indicative of sequencing reads coming over-
whelmingly from mature single-stranded miRNA guide
strands with the potential to be directly loaded onto AGO
proteins to function in RNAi (supplementary fig. S15,
Supplementary Material online). Although many plant
miRNAs exhibit guide-strand selection preference, in which
one of the miRNA duplex strands is preferentially loaded onto
AGO, in most cases strand selection preference is not abso-
lute (Rajagopalan et al. 2006; Takeda et al. 2008; Eamens et al.
2009). To further evaluate the extent to which our small-RNA
sequencing protocol was sequencing mature miRNA guide
strands, we calculated miRNA guide strand/pri-miRNA read
proportions for those pri-miRNAs with only one annotated
mature miRNA guide strand, indicative of cases in which

strand-selection preference is very strongly biased. In these
cases, nearly all the small-RNA sequencing reads mapping to
each pri-miRNA mapped to the single annotated mature
miRNA guide strand, further suggesting that the vast majority
of sequencing reads were coming from mature single-
stranded miRNA guide strands with the strong potential to
be functioning in RNAi (supplementary fig. S15,
Supplementary Material online).

Previous studies have shown that HYLT may affect the
distribution of miRNA lengths produced by the HYL1-
DCL1 complex (Dong et al. 2008). To examine the impact
of HYL1 on miRNA fidelity, we locally aligned all reads map-
ping to each specific annotated mature miRNA and charac-
terized the variation in miRNA lengths at both the 5’ and 3’
ends (see Materials and Methods). We observed no strong
differences in 5’ or 3’ miRNA fidelity in the HYL1™ knockout,
compared with wild-type plants (false discovery rate [FDR]-
corrected Kolmogorov—Smirnov [K—S] and t-test P > 0.72).
Transgenic ancFpHYL1 plants generated only one miRNA
(miR408-5p) with significantly different 5’ or 3’ distributions,
compared with wild-type HYL1 (FDR-corrected P < 0.02).
These results suggest that HYL1 knockout and
ancFpHYL1 has little, if any, impact on the length fidelity of
miRNA production.

To quantify the impact of the HYL1™ knockout and
ancFpHYL1 transgene on A. thaliana miRNA production,
we compared the normalized “expression” of each annotated
miRNA from HYL1™ and ancFpHYL1 genotypes with wild-
type expression (see Materials and Methods). We found that
ancFpHYL1 miRNA expression profiles were extremely corre-
lated with wild-type HYL1 miRNA expression (¥ = 0.998),
whereas HYL1T™ miRNA expression was only weakly corre-
lated with wild-type miRNA expression (¥ = 0.337; fig. 4A).
As expected, knocking out HYL1 resulted in differential ex-
pression of a number of annotated miRNAs, compared with
wild-type plants (fig. 4B). At an FDR of 0.05, 37 annotated
miRNAs were differentially expressed in HYL1™ knockout
plants versus wild-type, with 18 being up-regulated and 19
being down-regulated (supplementary tables S1 and S2,
Supplementary Material online). Eighteen of these differen-
tially expressed miRNAs had a fold-change in expression >3
(10 up-regulated; 8 down-regulated). At FDR=0.01, 12
miRNAs were up-regulated in HYL1™, and 13 were down-
regulated. Consistent with the observed impact of HYL1™
knockout on the A. thaliana phenotype (see fig. 3), we found
that a number of the annotated miRNAs identified as differ-
entially expressed between HYL1™ and wild-type plants had
developmental-related functional annotations in miRbase
(Kozomara and Giriffiths-Jones 2011). For example, miR159a,
miR165a, miR168b, and miR172¢ target mRNAs that regulate
meristem initiation and development, and miR160a,
miR167d, miR170-5p and miR396a/b are associated with
the regulation of plant growth hormones auxin and gibber-
ellin. In contrast, ancFpHYL1 had only one annotated miRNA
that was identified as differentially-expressed when compared
with wild-type HYL1 (miR845a; FDR-corrected P =4.81e™>;
fig. 4B); this miRNA targets retrotransposons, specifically in
pollen (Borges et al. 2018). These results suggest that
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Fic. 4. Transgenic expression of ancestral flowering-plant HYL1 (ancFpHYL1) recovers near-native production of annotated miRNAs in HYL1™
knockout Arabidopsis thaliana. We transformed replicate HYL1™ knockout A. thaliana plants to express the ancestral flowering-plant HYL1
(ancFpHYL1) as a transgene and measured miRNA production using small-RNA sequencing (see Materials and Methods). (A) We plot the
expression of each annotated miRNA (as transcripts-per-million reads, TPM) in HYL1™ knockout (teal) and ancFpHYL1 (orange) plants, versus
wild-type Col-0 (WT, x-axis). Best-fit linear regressions are shown. (B) We plot the Log, fold-change (x-axis) and —Log,, P-value (y-axis) of each
annotated miRNA expressed in HYL1™ (teal) and ancFpHYL1 (orange) plants, compared with wild-type Col-0 (WT). Points above the horizontal
dotted lines have P < 0.05, and points outside the two vertical dotted lines have an absolute fold-change >3.0. The microRNA, ath-miR845a
(labeled), is the only differentially expressed miRNA in ancFpHYL1 plants, compared with wild-type.

ancFpHYL1 is sufficient to recover near-native miRNA pro-
duction when expressed in A. thaliana.

Conclusion

Investigations into the evolution of animal and plant devel-
opment have highlighted the importance of gene regulation
for generating phenotypic diversity (Quattrocchio et al. 1999;
Graham et al. 2000; Davidson and Erwin 2006; He and Deem
2010; Mansfield 2013; Hudry et al. 2014; Jill Harrison 2017;
Szévényi et al. 2019), but also characterized a specific pattern
of evolutionary dynamics that may underlie developmental
evolution, in general. Interestingly, the basic transcription-
factor driven gene regulatory networks underlying develop-
ment are shockingly conserved across millions of years of
evolutionary history (Peter and Davidson 2011), leading
researchers to propose a model in which “evolutionary
tinkering” reused modular gene regulatory networks in new
ways over time, contributing to both similarities and differ-
ences across species (Jacob 1977; Halder et al. 1995; de
Mendoza et al. 2013; Paixao-Cortes et al. 2015; Verd et al.
2019).

Our examination of the evolution of the HYL1-DCL1 part-
nership responsible for the production of miRNAs contribut-
ing to post-transcriptional gene regulation and plant
development suggests the HYL1-DCL1 interaction could
have arisen as early as the first land plants (ancPlant
DRB1+-DRB6 in fig. 1). Ancestral HYL1 proteins reconstructed
from before the divergence of mosses from seed plants ~500
Ma (Morris et al. 2018) had high affinity for dsRNA targets
and for modern A. thaliana DCL1 in vitro, and the predicted
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HYL1-DCL1 structural interface was the same in ancestral
HYL1-DCL1 and A. thaliana HYL1-DCL1. However, precise
reconstruction of ancestral land-plant DRB proteins will prob-
ably require additional sequence sampling from streptophyte
and chlorophyte lineages, which were under-represented in
our sequence data. Surprisingly, the ancestral flowering-plant
HYL1 from ~200 Ma (Silvestro et al. 2021) was sufficient to
recover many aspects of the HYL1™ knockout phenotype in
A. thaliana by driving near-native miRNA production. These
results suggest that the HYL1-DCL1 partnership was strongly
conserved once it evolved in plants.

Overall, the evolution of plant miRNA production appears
consistent with a “conserved developmental toolkit” model,
in which miRNA production—facilitated by HYL1-DCL1—
arose as a new mechanism for controlling plant development
that may have contributed to key aspects of early plant phe-
notypic novelty. Other protein families involved in miRNA
biogenesis also appear strongly conserved across species
(Murphy et al. 2008), further supporting the general conclu-
sion that miRNA-based RNAi might represent a conserved
gene-regulatory “toolkit.” In contrast to the relative stability of
the proteins involved in RNAI, pri-miRNA genes appear to be
very rapidly evolving. Although recent studies have suggested
that some miRNAs might be shared across diverse species
(Arteaga-Vazquez et al. 2006), many pri-miRNA genes have
very limited taxonomic distributions and appear to be rela-
tively fast-evolving, suggesting that miRNAs and their regula-
tory targets might be highly evolutionarily labile (Tarver et al.
2012; Chorostecki et al. 2017; Simkin et al. 2020). Through
their role in determining RNAi “target specificity” via
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sequence complementarity with mRNAs, rapid miRNA evo-
lution suggests an efficient mechanism through which evolu-
tionary processes can “tinker with” post-transcriptional gene
regulation—and thereby development—by altering pri-
miRNA gene transcription, the sequences of the mature
miRNAs or specific target sites on mRNA:s.

Materials and Methods

Protein Family Identification, Sequence Alignment,
and Phylogenetic Analysis

Protein sequences containing at least one double-stranded
RNA-binding motif (DSRM, NCBI conserved domain data-
base id CD00048) were identified by rpsblast search of the
nr database using an e-value cutoff of 0.01 (Marchler-Bauer
and Bryant 2004 Kozomara and Giriffiths-Jones 20171;
Marchler-Bauer et al. 2015, NCBI Resource Coordinators
2016). DRBs were identified as full-length protein sequences
containing 2 — 3 DSRMs and no other annotated functional
domains with e-value <0.01. Dicer and Dicer-like (DCL) pro-
tein sequences were identified using a similar approach, with
members of the Dicer—DCL protein family being defined as
having at least a PAZ domain (NCBI conserved domain data-
base ids CD02843, CD02844, or smart00949) followed by two
RIBOc domains (CD00593), with rpsblast e-value <0.01.
Other functional domains were annotated by sequence
search of the NCBI conserved domain database.

Full-length DRB and Dicer—DCL protein sequences were
aligned using mafft-einsi v7.215 (Katoh and Standley 2013),
MSAProbs v0.9.7 (Liu et al. 2010), MUSCLE v3.8.31 (Edgar
2004), Probalign v1.4 (Roshan and Livesay 2006), and
ProbCons v1.12 (Do et al. 2005), with default parameters.
We identified experimentally determined DSRM structures
by sequence search of the RCSB protein data bank (Rose et
al. 2013), using DSRMs from annotated human, D. mela-
nogaster and A. thaliana DRBs and Dicer—DCL sequences
as queries and an e-value cutoff of 0.01. Resulting X-ray and
NMR structures were aligned using the iterative_structure_a-
lign algorithm in MODELLER v9.14 (Eswar et al. 2008;
Madhusudhan et al. 2009). We used the mafft —add param-
eter to align DSRM protein sequences to the structure-based
alignment.

Approximate maximum likelihood phylogenies were con-
structed from each alignment using FastTree v2.1.7 with de-
fault parameters (Price et al. 2010). Initial trees were used as
starting trees for full maximume-likelihood reconstruction us-
ing RAXML v8.0.24 (Stamatakis 2014), with the best-fit evo-
lutionary model selected from each alignment using AIC in
ProtTest v3 (Darriba et al. 2011). Clade support was evaluated
by SH-like aLRT scores (Anisimova and Gascuel 2006).

Ancestral protein sequences were reconstructed using an
empirical Bayesian method to integrate over plausible tree
topologies (Hanson-Smith et al. 2010). We collected all
maximum-likelihood trees inferred from any sequence
alignment and estimated the posterior probability of each
topology—assuming a given alignment—using Bayes’ rule,
assuming a flat prior over topologies. Given a topology and
alignment, we inferred the marginal posterior-probability

distribution over ancestral sequences at each node using
RAXML, which implements an empirical Bayesian ancestral
reconstruction algorithm (Yang et al. 1995). We integrated
over topologies by weighting each ancestral reconstruction by
the posterior probability of that tree, given the alignment.
Sequence alignments were mapped to one another using
the mafft —merge option. Alignment uncertainty was incor-
porated by combining ASRs from each alignment using a flat
prior over alignments (Aadland and Kolaczkowski 2020).

Ancestral insertions and deletions (indels) were recon-
structed by converting each sequence alignment to a
presence—absence matrix and reconstructing ancestral pres-
ence/absence states using the BINCAT model in RAXML,
which calculates the posterior probability of a “gap” at each
position in the alignment, for each ancestral node on the
phylogenetic tree.

Experimental Measurement of Protein—RNA and
Protein—Protein Affinity
We generated blunt-ended GC-rich 28-base-pair RNA
molecules in vitro using T7 RNA reverse transcriptase and
synthetic dsDNA as template. Complementary purified
single-stranded RNAs were annealed to produce double-
stranded RNA by combining at 1:1 ratio, heating to 95 °C
for 5min and then cooling to 25 °C. Blunt-ended dsRNA was
produced by exposure to alkaline phosphatase. The 3’ end of
one RNA strand was biotinylated to facilitate kinetics assays
using the Pierce 3’ End RNA Biotinylation Kit (Thermo).

Ancestral and extant full-length DRB proteins, DCL
DSRM14-DSRM2 constructs and constructs encoding indi-
vidual DSRM domains were expressed in E. coli Rosetta
2(DE3)pLysS cells using pET-22b(+) constructs, which were
verified by Sanger sequencing. Proteins were purified by His-
affinity purification and visualized by SDS-page stained with
1% Coomassie. Protein concentrations were measured using a
linear-transformed Bradford assay (Zor and Selinger 1996).

We measured protein—-RNA and protein—protein binding
using a label-free in vitro kinetics assay at pH = 7 (Abdiche et
al. 2008; Frenzel and Willbold 2014). Biotinylated RNA mole-
cules were bound to a series of eight streptavidin probes for
5 min, until saturation was observed. Probes were washed and
then exposed to 25 g ml~" biocytin to bind any remaining
free streptavidin. FLAG-tagged proteins were similarly immo-
bilized using anti-FLAG affinity probes. Each probe with
bound ligand was then exposed to purified protein at increas-
ing concentrations in 1x Kinetics Buffer (ForteBio) for 6 min,
followed by dissociation in Kinetics Buffer for an additional
4 min before exposure to the next concentration of free pro-
tein (Frenzel and Willbold 2014). Molecular binding at each
concentration over time was measured as the change in laser
wavelength when reflected through the probe in solution,
sampled every 3 ms. Two probes were not exposed to free
protein as controls to evaluate system fluctuation across the
time of the experiment; measurements from these control
probes were averaged and subtracted from each analysis
probe.

For each replicate experiment, we estimated the protein
concentration at which 15-maximal steady-state binding was
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achieved (Kd) by fitting a one-site binding curve to the
steady-state laser wavelengths measured across free protein
concentrations at saturation, using nonlinear regression. We
additionally fit one-site association/dissociation curves to the
full time-course data in order to estimate the initial rates of
binding across protein concentrations and used these rates to
calculate the protein concentration at which the half-
maximal binding rate was achieved (Km). Kds and Kms
were —log;, transformed to facilitate visualization, and stan-
dard errors across three experimental replicates were calcu-
lated. We calculated the statistical significance of differences
between Kds and Kms using the two-tailed unpaired t test,
assuming unequal variances.

DSRM Structural Modeling and Affinity Prediction
We modeled individual DSRM—DSRM structural complexes
using MODELLER v9.14 (Eswar et al. 2008), using the A. thali-
ana HYL1T DSRM-DSRM complex (PDB ID: 3ADI) as a tem-
plate (Yang et al. 2010). For each complex, we constructed
100 potential structural models and selected the best 10 using
the modeller objective function (molpdf), DOPE and
DOPEHR scores (Shen and Sali 2006). Each score was rescaled
to units of standard deviation across the 100 models, and we
ranked models by the best average of rescaled molpdf, DOPE
and DOPEHR scores.

Each initial DSRM—DSRM structural model was used as a
starting point for a short molecular dynamics simulation us-
ing GROMACS v5.1.2 (Pronk et al. 2013). We used the
amber99sb-ildn force field and the tip3p water model.
Initial dynamics topologies were generated using the
GROMACS pdb2gmx algorithm with default parameters.
Topologies were relaxed into simulated solvent using a
50,000-step steepest-descent energy minimization. The sys-
tem was then brought to 300K using a 50-ps dynamics sim-
ulation under positional restraints, followed by pressure
stabilization for an additional 50 ps. Simulations were run
using Particle-Mesh Ewald electrostatics with cubic interpo-
lation and grid spacing of 0.12 nanometers. Van der Waals
forces were calculated using a cutoff of 1.0 nanometer. We
used Nose—Hoover temperature coupling, with protein and
solvent systems coupled separately and the period of tem-
perature fluctuations set to 0.1 ps. Pressure coupling was ap-
plied using the Parrinello—Rahman approach, with a
fluctuation period of 2.0 ps. Nonbonded cutoffs were treated
using buffered Verlet lists. We selected the lowest-energy
complex from the last 10 ps of each pressure stabilization
simulation for affinity prediction.

DSRM—DSRM Aaffinities were predicted from structural
complexes using a statistical machine learning approach
(Dias and Kolazckowski 2015). Simulated solvent and ions
were excluded from the protein—protein complex, the bind-
ing site was identified, and protein—protein interactions were
decomposed into a vector of atom—atom interaction features
likely to correlate with binding affinity (Dias and Kolazckowski
2015). Affinities (reported as pKd = —log(Kd)) were pre-
dicted using a support vector regression model previously
trained using a large number of protein—protein complexes
with associated experimental affinity measurements
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(Dias and Kolaczkowski 2017). We report the mean of pre-
dicted affinities across the 10 complexes generated from each
structural model. Differences in predicted pKds were assessed
using the two-tailed unpaired t test, assuming unequal
variances.

Creation of Transgenic A. thaliana Plants

Full-length ancestral flowering plant HYL1 (ancFpHYL1) syn-
thesized DNA sequence with Xbal and Sall sites at the 5'- and
3-ends was ligated into the Xbal/Sall sites of the
pCAMBIA1300-Pro35S:GFP plant transformation construct.
The ancFpHYL1 transgenic construct was transformed to
Agrobacterium tumefaciens strain GV3101 and plated on LB
media (5g yeast extract, 10g tryptone, and 10g NaCl;
pH =7.0) containing 50mg |~' Kanamycin and 25mg I~
Gentamicin Sulfate. Floral dip method was used for
Agrobacterium-mediated transformation of hyl1-2 mutant
A. thaliana Col-0 plants (Zhang et al. 2006). To select for
Hygromycin resistance, sterilized and stratified T1 seeds
were plated on MS media (1x Murashige and Skoog salt,
0.05% MES, 1% sucrose, and 0.6% phyto Agar) supplemented
with 50mg |I~" Hygromycin and 200mg I~" Carbenicillin.
Plated seeds were germinated and grown at 22 °C for 2 weeks
under continuous light. The Hygromycin resistant T1 seed-
lings were transferred to soil and grown at 26 °C with a 16 h
light/8h dark cycle. T2 seedlings were further plated on
Hygromycin selection plates to screen for single transgene
insertion in the HYL1™ knockout mutant background.
Replicate T3 and T4 homozygous transgenic seedlings were
used for phenotypic analysis and RNA isolation.

Transgenic plants expressing ancFpHYL1 were validated by
Reverse Transcription Quantitative PCR (RT-qPCR). Total
RNA was extracted from 11-day old WT, HYL1", and
ancFpHYL1 T3 homozygous transgenic seedlings following
the instructions of the plant miniRNA kit (Zymo research).
RT-qPCR was carried out with a Power SYBR Green RNA-to-
Ct 1-Step Kit (Applied Biosystems). UBQ10 (AT4G05320) was
used as an endogenous control. The 27T method was
used to quantify relative transcript expression (Livak and
Schmittgen 2001). Statistical differences in transcript expres-
sion were evaluated by the two-tailed unpaired t test, assum-
ing unequal variances.

Transgenic plants expressing ancFpHYL-GFP fusion pro-
teins were confirmed by confocal imaging. GFP signal in the
roots of 11-day-old seedlings was imaged by a Zeiss LSM880
(Zeiss Microscopy, Oberkochen, Germany) confocal laser
scanning microscope. GFP was excited at 488 nm, and emis-
sion was collected between 515 and 550 nm.

Phenotyping A. thaliana Plants

Flowering time of Col-0 wild-type, HYL1™, and transgenic
ancFpHYL1 plants was assessed by sowing seeds on soil, strat-
ified at 4 °C in darkness for 4 days, and then transferred to 22
°C growth chamber under short day conditions (8 h light/16
h dark) at light intensity of 95 umol m~2 s~ . For measuring
silique length and seeds per silique, seeds were sowed on soll,
stratified at 4 °C in darkness for 4 days, and then transferred
to 26 °C under long day conditions (16 h light/8 h dark) at
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light intensity of 75 umol m~*s~". One hundred siliques were

obtained and measured for each genotype, from three repli-
cate plant lines. For assaying seed germination in response to
exogenous ABA, seeds were sterilized and plated on 1, MS
medium in absence or presence of 0.5 [LM ABA, stratified at 4
°Cin darkness for 4 days, and then transferred to 22 °C under
continuous low light. We recorded the percentage of 100
seeds that germinated between 48 and 120 h, at 24-h intervals.
Statistical differences of phenotypes were assessed using one-
way ANOVA and Tukey's multiple comparisons test or
Dunnett’s multiple comparisons test.

Small-RNA Sequencing and Analysis

Total RNA was extracted from replicate whole 11-day-old
Col-0  wild-type, HYL1™ knockout and transgenic
ancFpHYL1 seedlings using the Monarch Total RNA
Miniprep kit (New England BioLabs), following the manufac-
turer’s instructions. All RNA analytes were assayed for RNA
integrity, concentration and fragment size. Samples for total
RNA-seq were quantified on a TapeStation system (Agilent,
Inc. Santa Clara, CA). Samples with RNA Integrity score >8.0
were considered high quality and used in subsequent se-
quencing. Input concentrations were 65—236ng pl™ .
Small RNA-seq library construction was performed using
the Perkin Elmer’s Bio Scientific NEXTflex Small RNA-Seq
Kit v3 and bar-coded with individual tags following the man-
ufacturer’s instructions (Bioo Scientific Corp, Austin, TX).
Libraries were prepared on a Perkin Elmer’s Sciclone G3
NGS Workstation Liquid Handling System. After quality con-
trol, sequencing libraries were quantified using a Perkin
Elmer’s LabChip system and size-selected on Sage Science’s
Plppin Prep. The pool was sequenced on the HS4000 using
single-end sequencing of 50 cycles.

The Araport11 reference genome and annotation from
The Arabidopsis Information Resource (TAIR) was used for
small-RNA sequence mapping (Garcia-Hernandez et al. 2002).
After filtering using FastQC with default parameters for qual-
ity control, Cutadapt v.2.8 (Martin 2011) was used to remove
adapters from the sequencing reads from each of three bio-
logical replicates per genotype. Cleaned reads were quasi-
mapped to the Araport11 transcriptome using Salmon v.1.1
(Patro et al. 2017), with default parameters. Transcript-level
abundance estimates from Salmon were integrated into the
DESeq2 v.1.22.2 (Love et al. 2014) pipeline using Tximport
v.1.10.1 (Soneson et al. 2015). Differentially expressed tran-
scripts were identified using DESeq2, which implements the
Wald test based on negative binominal generalized linear
models. An FDR correction (Benjamini and Hochberg 1995)
was used to adjust individual P-values for multiple-testing
(padj). Genes with padj< 005 and absolute-value fold
change |FC|>1.5 were considered significantly differentially
expressed. Volcano plots were created using the
EnhancedVolcano R package. Micro-RNA sequences were ex-
amined for fidelity by calculating the number of aligned reads
having extensions or deletions, compared with the annotated
mature miRNA. Averaging over replicates for each genotype
(Col-0 wild-type, HYL1™ knockout and transgenic
ancFpHYL1), we calculated the distribution of 3’ and 5

extensions and deletions for each annotated mature
miRNA. Differences in distributions of 3’ and 5’ extensions
and deletions across genotypes were assessed using the K—S
test.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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