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Abstract
The Solanaceae or “nightshade” family is an economically important group with remarkable diversity. To gain a better un-
derstanding of how the unique biology of the Solanaceae relates to the family’s small RNA (sRNA) genomic landscape, we
downloaded over 255 publicly available sRNA data sets that comprise over 2.6 billion reads of sequence data. We applied a
suite of computational tools to predict and annotate two major sRNA classes: (1) microRNAs (miRNAs), typically 20- to
22-nucleotide (nt) RNAs generated from a hairpin precursor and functioning in gene silencing and (2) short interfering
RNAs (siRNAs), including 24-nt heterochromatic siRNAs typically functioning to repress repetitive regions of the genome
via RNA-directed DNA methylation, as well as secondary phased siRNAs and trans-acting siRNAs generated via miRNA-
directed cleavage of a polymerase II-derived RNA precursor. Our analyses described thousands of sRNA loci, including
poorly understood clusters of 22-nt siRNAs that accumulate during viral infection. The birth, death, expansion, and con-
traction of these sRNA loci are dynamic evolutionary processes that characterize the Solanaceae family. These analyses indi-
cate that individuals within the same genus share similar sRNA landscapes, whereas comparisons between distinct genera
within the Solanaceae reveal relatively few commonalities.
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Introduction
Plant genomes encode thousands of sRNA loci that partici-
pate in a wide variety of processes, including developmental
transitions, epigenetic patterning, biotic and abiotic stress
responses, and local and long-distance communication.
sRNAs are 18–24 nucleotide (nt) noncoding sequences that
are loaded into ARGONAUTE (AGO) proteins to direct
transcriptional or post-transcriptional gene silencing in a
sequence-specific manner. sRNAs can be divided into differ-
ent classes based on their length, biogenesis, and mode of
action. This study focuses on microRNAs (miRNAs) and
short-interfering RNAs (siRNAs).

MiRNAs are typically 21 or 22 nt in length and originate
from a self-complementary, single-stranded (ss)RNA mole-
cule, an RNA polymerase II (Pol II) product, that forms a
hairpin structure. This characteristic secondary structure is
typically recognized by DICER-LIKE 1 (DCL1) and processed
through two sequential cleavage events into a mature
double-stranded (ds)RNA duplex; each of these mature
miRNAs has the potential to be loaded into AGO effector
proteins (Axtell et al., 2011).

Small interfering RNAs (siRNAs) can be divided into multi-
ple categories: hairpin siRNAs, which are generated in a
manner similar to miRNAs, heterochromatic siRNAs (hc-
siRNAs), and secondary siRNAs. hc-siRNAs are the most
abundant and diverse sRNA class in plants; they are typically
24 nt in length and originate from heterochromatic regions
of the genome (e.g. repetitive regions and transposable ele-
ments [TEs]). hc-siRNA precursors are transcribed by RNA
Pol IV, converted into dsRNA by RNA-DEPENDENT RNA
POLYMERASE 2 (RDR2), and finally recognized and cleaved
by DCL3, generating mature duplexes of which individual
sRNAs guide sequence-specific RNA-directed DNA methyla-
tion (RdDM) (Won et al., 2014). In contrast, secondary
siRNAs are generated from coding and noncoding Pol II
transcripts and require a miRNA “trigger” to initiate produc-
tion. Secondary siRNAs include phased siRNAs (phasiRNAs),
trans-acting siRNAs (tasiRNAs), and epigenetically activated
siRNAs. PhasiRNA production is typically initiated by a 22-nt
miRNA trigger that recognizes and directs the cleavage of
ssRNA targets, which are then transformed into dsRNA by
RDR6, and processed into “in phase” sRNAs via cleavage in a
sequential manner by DCL4 and DCL5 (Fei et al., 2013; Chen
et al., 2018).

The evolutionary history of sRNA biogenesis pathways is
complex. While the core pathways supporting the biogenesis
of major sRNA classes are conserved across the land plants,
lineage-specific instances of duplication, subfunctionalization,
and gene loss often lead to complicated evolutionary rela-
tionships among AGO, DCL, and RDR family members. In
the AGO family, the moss genome of Physcomitrium patens,
for instance, contains three AGO genes (AGO1/4/7), while
flowering plant genomes often contain 10–20 AGO family
members (Axtell, 2018). The Arabidopsis (Arabidopsis

thaliana) genome, for example, contains 10 AGO genes
encoding proteins that can be broadly grouped into three
clades: AGO1/5/10, AGO2/3/7/8, and AGO4/6/9 (Zhang
et al., 2015). These individual AGO clades interact with dis-
tinct classes of sRNAs. For example, AGO1 predominantly
binds 21- or 22-nt miRNAs, AGO4 binds 24-nt hc-siRNAs in
the canonical RdDM pathway, while AGO2 binds 22-nt
siRNAs that function in viral responses (Ma and Zhang,
2018). Additional AGOs have undergone further subfunc-
tionalization in select species; for example, there are four
AGO1 paralogs in rice (Oryza sativa), each of which has dis-
tinct miRNA binding affinities (Wu et al., 2009). There are
also instances of de novo function arising within the AGO
gene family. For example, maize (Zea mays) AGO18b is a
grass-specific AGO that regulates inflorescence meristem de-
velopment and negatively regulates spikelet number on the
tassel (Sun et al., 2018). Despite the functional importance
of gene family expansion and contraction among key com-
ponents of sRNA biogenesis machinery, relatively little char-
acterization of the DCL, RDR, and AGO families has been
carried out in the Solanaceae. Existing data focused on small
subsets of Solanaceae species have characterized lineage-
specific expansion events within the AGO (Liao et al., 2020),
RDR, and DCL families (Esposito et al., 2018). Given the
abundance of genomic resources now available for the
Solanaceae, a more comprehensive, cross-species characteri-
zation of these gene family members will help resolve ques-
tions with respect to the evolution of unique aspects of
sRNA biogenesis within this family.

Solanaceae harbors a remarkable amount of morphologi-
cal and metabolomic diversity. The nightshade family
includes staple crops (e.g. potato [Solanum tuberosum] and
eggplant [Solanum melongena]), high-value crops (e.g. to-
mato [Solanum lycopersicum], pepper [Capsicum annuum],
petunia [Petunia hybrida], and tobacco [Nicotiana taba-
cum]), and emerging crop systems (e.g. ground cherry
[Physalis pruinosa]), making it the third most economically
important plant family in the world. Moreover, several spe-
cies in the Solanaceae family serve as popular model systems
for studies of biological processes pronounced within this
family, including fruit ripening (Klee and Giovannoni, 2011;
Shinozaki et al., 2018), plant–pathogen interactions (Goodin
et al., 2015; Pombo et al., 2020), and the production of spe-
cialized metabolites (Fan et al., 2019; Leong et al., 2019).
These model systems are supported by high-quality refer-
ence genomes (Mueller et al., 2005; Potato Genome
Sequencing Consortium et al., 2011; Bombarely et al., 2012,
2016; Tomato Genome Consortium, 2012; Qin et al., 2014)
that have facilitated the generation and analysis of genomic
scale deep-sequencing data sets within the family. There are
currently more than 250 Solanaceae libraries, equating to
over 2.6 billion reads of publicly available sRNA data avail-
able in the National Center for Biotechnology Information
(NCBI) short read archive (SRA). Previous works focused on
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specific aspects of sRNA biology within the Solanaceae have
identified unique sRNA phenomena that are associated with
the diverse biology of this family. One specific case is the
miR482/miR2118 superfamily in Solanaceae, which also
includes miR5300 members. In eudicots, this family of 22-nt
miRNAs targets the encoded sequence of the P-loop motif
of NUCLEOTIDE-BINDING DOMAIN LEUCINE-RICH
REPEAT (NLR) disease resistance proteins (Shivaprasad et al.,
2012), generating a secondary siRNA cascade with implica-
tions for basal innate immunity (Zhai et al., 2011;
Shivaprasad et al., 2012). Evolutionary studies indicate that
this superfamily originated prior to the split of the Solanum
and Nicotiana genera (de Vries et al., 2015), and superfamily
members have even been found in Gymnosperm species, in-
dicating that this miRNA family has deep evolutionary ori-
gins (Xia et al., 2015).

Genomic resources that support cross-species analyses in
land plants have grown substantially over the last two deca-
des. There are now more than 200 fully sequenced genomes
covering major branches of the land plant phylogeny. In ad-
dition to the availability of plant genomes, innovations in
RNA library construction and sequencing technologies, as
well as algorithms and bioinformatic resources, have drasti-
cally reduced experimental costs and facilitated the large-
scale production of publicly available sRNA sequence data.
Two recent studies using publicly available and recently gen-
erated sRNA data sets harvested from a broad range of land
plant taxa have taken advantage of these resources and sub-
stantially improved the annotation of miRNA, phasiRNA,
and hc-siRNA loci in land plant genomes (Chen et al., 2020;
Lunardon et al., 2020). These studies both show that siRNA
loci are minimally conserved across species, while mature
miRNAs tend to be conserved across lineages (Chen et al.,
2020; Lunardon et al., 2020). There are numerous lineages-
or species-specific miRNA sequences that correspond to
young miRNAs (Cuperus et al., 2010; Chávez Montes et al.,
2014; Lunardon et al., 2020). Although large-scale studies
produce a massive amount of data and describe major evo-
lutionary trends, they are often unable to capture lineage-
and species-specific phenomena.

In this study, we applied a suite of computational tools to
a large collection of publicly available sRNA libraries to in-
vestigate the unique aspects of miRNAs and siRNA biology
within the Solanaceae. We describe thousands of sRNA loci,
some of which are unique to the Solanaceae. For example,
we found that an annotated, Solanaceae-specific miRNA
family is actually a miniature inverted-repeat transposable
elements (MITEs)-derived siRNA, and we observed family-
wide expression of DCL2-derived 21-nt phasiRNAs. Our anal-
yses also revealed aspects of sRNA biology that are only con-
served at the sub-family level, including a lineage-specific
expansion of previously unidentified miRNAs in Nicotiana, a
distinct split in phasiRNA production between the
Solanum/Capsicum and Nicotiana/Petunia branches of the
family, and distinct clusters of 22-nt sRNAs that are
expressed in response to viral infection in tomato. Overall,

our analyses indicate that individuals within the same genus
share similar sRNA landscapes, whereas comparisons be-
tween distinct genera within the Solanaceae reveal relatively
few commonalities.

Results

Evolution of sRNA biogenesis genes in Solanaceae
sRNA biogenesis and function are regulated by proteins in
the Nuclear RNA Polymerase (NRP), RDR, dsRNA-binding
protein (DRB), Dicer-Like protein (DCL), and ARGONAUTE
protein (AGO) families. To describe and interpret sRNA bio-
genesis and function in the Solanaceae, we performed a phy-
logenetic analysis of these proteins encoded in genomes of
A. thaliana, two Convolvulaceae outgroups (two species of
morning glory in the Convolvulaceae [Ipomoea trifida and
Ipomoea triloba]) and seven Solanaceae species [Nicotiana
benthamiana, N. tabacum, Petunia axillaris, Petunia inflata,
C. annuum, S. lycopersicum, and S. tuberosum]. In
Supplemental Table S1, we summarize the number of pro-
tein genes encoded for NRP, RDR, DCL, DRB, and AGO gene
families in each species. Two observations emerged from
this table. First, some gene families expanded when compar-
ing Arabidopsis to members of the Convolvulaceae and/or
Solanaceae families. For instance, the number of genes ex-
panded in the AGO family comparing A. thaliana (10 AGOs)
to Convolvulaceae (13 AGOs) or Solanaceae for the genus
Petunia (12 or 13 AGOs) and the genus Solanum (13 or 15
AGOs). A second observation was the appearance of missing
gene annotations for specific gene families in certain species
(e.g. NRP genes encoded in tomato and potato). Thus, we
chose to focus on AGO and DCL gene families in all species.
All annotated genes are detailed in Supplemental Table S1.
Their evolutionary relationships are visualized in Figure 1
and Supplemental Figure S1.

AGO proteins are required to load sRNAs and to catalyze
their functional activity. AGO proteins can either trigger the
biogenesis of sRNAs, through the miRNA-directed cleavage of
secondary siRNAs including phasiRNA and tasiRNA tran-
scripts, or catalyze sRNA regulatory activity through transcrip-
tional or post-transcriptional regulation. Our phylogenetic
analysis identified an expansion of specific and distinct AGO
genes for Convolvulaceae and Solanaceae species when com-
pared to Arabidopsis. For example, we identified a
Convolvulaceae-specific expansion for AGO5 (to three copies)
and AGO7 (to two copies) that did not occur in the
Solanaceae (Figure 1; Supplemental Table S1). We also identi-
fied differential AGO gene family expansion and loss across
the Solanaceae. For instance, we expected to find two copies
of AGO2/AGO3 (based on gene family membership in A.
thaliana) but we only identified one homolog in Capsicum,
Nicotiana ssp., and Petunia ssp., and three in Solanum ssp.
(Figure 1; Supplemental Table S1). A common feature that
we observed across the Solanaceae was a family-wide expan-
sion of AGO1; depending on the particular species, we identi-
fied two to three AGO1 paralogs within the Solanaceae
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A

B C

Figure 1 Solanaceae-specific diversification of the AGO family highlights expansion and subfunctionalization of subfamily members. Phylogenetic
tree of proteins encoded by the AGO gene family in the Solanaceae (A). Clades of AGO subfamily members are drawn with distinct colors. A
boxe highlights a group of AGO genes that have expanded in Solanaceae. Circles indicate AGO homologs in tomatoes. Heatmaps show the rela-
tive expression of AGO1 (B) and AGO2 (C) in different tomato samples. Orthologous protein groups were identified using OrthoFinder and
SonicParanoid. Protein alignments and phylogeny analysis were completed using MUSCLE and IQ-TREE. Phylogenetic tree was illustrated using
iTOL. The scale bar and branch lengths in (A) correspond to the expected number of substitutions per site. The scale bars in (B and C) show ex-
pression of AGO paralogs across samples normalized as reads per million (RPM).
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(Figure 1; Supplemental Table S1). To test whether this AGO1
expansion coincides with evidence for subfunctionalization,
we downloaded and visualized public expression data for the
two AGO1 paralogs we identified in tomato (Figure 1B;
http://bar.utoronto.ca/eplant_tomato/). Interestingly, we ob-
served a distinct expression pattern of both copies with one
mainly accumulating during vegetative development
(Solyc06g072300), while the other mainly accumulated in
fruits during reproductive development (Solyc03g098280).
This observation suggests that indeed, these AGO1 paralogs
are in the process of subfunctionalization in tomato. We also
discovered that AGO2 expanded into triplicate copies that
are located in tandem on chromosome 2 in tomato
(Figure 1A). Existing public data indicate that only one of the
three AGO2 copies is expressed, and this is predominantly
during fruit development (Figure 1C). In brief, we discovered
lineage-specific expansions of AGO subfamily members in the
Convolvulaceae and Solanaceae. Public expression data for to-
mato indicate that these AGO1 and AGO2 paralogs may have
subfunctionalized following duplication.

We annotated additional sRNA biogenesis genes, including
NRP, RDR, DRB, and DCL (Figure 2; Supplemental Figure S1;
Supplemental Table S1), and discovered a subfamily expan-
sion of DCL2 in the Solanum (tomato and potato) and
Capsicum (pepper) branch of the Solanaceae. For all three
species, DCL2 expanded through a tandem duplication on
chromosome 11 (annotated as chromosome 12 for pepper).
In tomato, DCL2 underwent additional duplication events,
expanding to three tandem duplicates on chromosome 11
and additional copy on chromosome 6 (Figure 2). To gain
insights into the impact of gene expansion on function, we
downloaded public expression data for tomato, and found
that the DCL2 copy on chromosome 6 (Solyc06g048960) is
broadly expressed throughout the whole plant and the three
paralogs on chromosome 11 (Solyc11g008520;
Solyc11g008530; Solyc11g008540) are specifically enriched in
flowers and fruits (Figure 2B). We also observed much
higher expression levels for two of the DCL2 paralogs on
chromosome 11 (Solyc11g008530; Solyc11g008540) relative
to the broadly expressed copy of DCL2 on chromosome 6
(Solyc06g048960). Together, these observations highlight a
Solanaceae-specific expansion and putative subfunctionaliza-
tion of DCL2. See additional details about DCL2 in our
phasiRNA analysis below.

Mining publicly available Solanaceae sRNA data
We selected seven core species in the Solanaceae (tomato,
potato, pepper, “petunia_ax” (P. axilaris), “petunia_in” (P.
inflata), tobacco, “benthi” [N. benthamiana]) for our cross-
species analyses of sRNA loci. These species were selected
based on the availability of fully sequenced genome assem-
blies and publicly available sRNA data. Notably, we excluded
eggplant from this study due to the paucity of publicly avail-
able S. melongena sequence data. In total, we analyzed over
2.6 billion sRNA reads from 255 different libraries. By far, to-
mato and potato were the most extensively sampled, having
84 and 73 high-quality publicly available libraries, respectively,

while tobacco was the least sampled species (represented by
only 9 libraries on the NCBI SRA; Supplemental Data Set 1).
The depth of sequencing also varied quite substantially
across libraries. This was largely due to the differences in se-
quencing technologies. In line with previous studies, we
counterbalanced this heterogeneity in sequence depth by
merging all high-quality libraries together and treating them
as independent reference sets (Lunardon et al., 2020). Most
of these reference sets included organ atlas samples that rep-
resent expression patterns from diverse organ systems and
developmental stages. The total number of genome aligned
reads for each species varied from just over 70-million reads
for P. axillaris and tobacco to more than 650 million reads
for tomato (Supplemental Data Set 1).

MiRNA predictions indicate an expansion of
miRNAs in Nicotiana species
We identified previously annotated and novel miRNAs
across the Solanaceae using two software programs:
ShortStack and miR-PREFeR (Axtell, 2013; Lei and Sun,
2014).

While ShortStack was more conservative and predicted
fewer miRNAs in each species, our miR-PREFeR data sets in-
cluded some less reliable miRNA predictions. To maximize
our miRNA predictions while maintaining high-quality stand-
ards, we applied a post-prediction filter that used previously
published criteria for defining miRNAs, including a minimum
free energy (MFE) of less than –0.2 kcal mol–1 nt–1 for pre-
cursor folding and the expression of both miRNA/miRNA*
strands of the miRNA duplex (Axtell and Meyers, 2018).
After filtering, we combined both software predictions into a
consensus set of miRNAs with assigned annotations based
on 585% sequence similarity to miRBase v22 (Supplemental
Data Set 2). Overall, our analyses predicted between 124 and
440 miRNAs across the Solanaceous species (Figure 3;
Supplemental Data Set 2). The depth of sequence data did
not correspond with the number of miRNAs that we pre-
dicted for a given species. For example, pepper (330) and
benthi (440) had the highest number of predicted miRNAs
by far, even though these species are only supported by a
moderate depth of sequence data relative to tomato, which
only had 194 predicted miRNAs (Supplemental Data Set 2).
This indicates that our miRNA predictions were generally
not constrained by sampling.

We were surprised to find more than 400 predicted
miRNAs in the benthi genome. To gain higher confidence in
these benthi predictions, we manually filtered the benthi
miRNA precursors based on the folding and expression of
their predicted precursors using SructVis (Supplemental
Data Sets 2 and 3; https://github.com/MikeAxtell/strucVis).
Even after manual filtering, we had a substantial number of
predicted miRNAs for benthi (368), indicating that these
predictions reflect a real lineage-specific miRNA expansion
in Nicotiana (Figure 3). In agreement with this conclusion,
we also identified a relatively high number of miRNAs in to-
bacco (194), despite having the lowest depth of sequence

648 | PLANT PHYSIOLOGY 2022: 189; 644–665 Baldrich et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/189/2/644/6539768 by guest on 02 August 2022

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
http://bar.utoronto.ca/eplant_tomato/
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac089#supplementary-data
https://github.com/MikeAxtell/strucVis


A

B

Figure 2 Phylogenetic analysis of DCL family members encoded in the Solanaceae highlights a Solanum/Capsicum-specific expansion of DCL2.
Phylogenetic tree of protein sequences indicating DCL subfamily members in the Solanaceae (A). Subclades of the DCL family are drawn with dis-
tinct colors and a box highlights a group of DCL2 paralogs that expanded in Capsicum and Solanum genera. Circles indicate tomato paralogs for
DCL2. Heatmaps show the relative abundance of these tomato DCL2 paralogs in diverse samples (B). Protein orthologous groups were identified
using OrthoFinder and SonicParanoid. Protein alignments and phylogeny analysis were done using MUSCLE and IQ-TREE. Phylogenetic tree was
visualized using iTOL. The scale bar and branch lengths in (A) correspond to the expected number of substitutions per site. The scale bars in (B
and C) show expression of DCL2 paralogs across samples normalized as reads per million (RPM).
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data for this species. Notably, less than half of the miRNAs
that we identified in either of the two Nicotiana genomes
could be annotated using miRBase, indicating that miRNA
expansion in Nicotiana was likely driven by the evolution of
“young” lineage-specific miRNAs. To learn how evolutionary
age of these Nicotiana-specific miRNAs influences function,
we performed miRNA target predictions with the benthi
miRNA data set (Supplemental Data Set 4). We found that
the more recently evolved benthi-specific miRNAs were pre-
dicted to target fewer mRNAs (33.5 mRNAs) than the
miRBase-conserved miRNAs in benthi (55.6 mRNAs)
(Supplemental Data Set 4), and that average penalty scores
for benthi-specific miRNAs were slightly higher (3.6) than the
miRBase-conserved miRNAs (3.5). Higher scores equate to a
less reliable miRNA target match (Kakrana et al., 2017);
therefore, the benthi-specific miRNAs tend to have less reli-
able target predictions. Overall, this analysis indicates that
more recently evolved Nicotiana miRNAs have fewer and less
reliable targets, which may equate to more limited functions.

We also characterized a substantial expansion of predicted
miRNAs in pepper (330), which is congruent with previous

miRNA predictions for this species (Seo et al., 2018; Taller
et al., 2018). In contrast, we predicted relatively few miRNAs
for both of the petunia genomes (124—P. inflata and 126—
P. axillaris). This reduced number of predicted miRNAs in
petunia may simply reflect a lack of sample diversity for
these species; publicly available sRNA-seq data sets for petu-
nia are predominantly composed of floral samples
(Supplemental Data Set 1). Indeed, a previous analysis using
combined miRNA prediction software and a homology-
based search for known miRNAs characterized about 140
miRNAs for both petunia genomes, indicating that our de
novo predictions on their own are missing putative miRNA
loci. Increasing the diversity of sRNA samples would likely
improve miRNA annotations for this genus (Bombarely
et al., 2016). Finally, we only identified a moderate number
of predicted miRNAs in the Solanum genus (potato = 160,
tomato = 194), despite having a substantial amount of se-
quence data (480 sRNA libraries) for tomato. Solanum is
by far the best characterized genus in the Solanaceae with
regard to sRNA biology. Given that our predictions for this
genus are similar to those from previous studies, we are

Figure 3 MicroRNA predictions across Solanaceae support a lineage-specific expansion of miRNAs. Venn diagrams of total microRNAs (miRNAs)
predicted by miRPrefer, Shortstack, and both programs for each species (A). Upset plots showing previously unannotated (B) and miRBase anno-
tated (C) miRNAs that are shared across Solanaceae species. For each Upset plot: the bottom left shows the entire size of each set as a horizontal
histogram, the bottom right shows the intersection matrix, and the upper right shows the size of each combination as a vertical histogram. The
red line marks miRNAs common to all species, the purple line marks miRNAs common to both Petunia species, the orange line marks miRNAs
common to both Solanum species, the green line marks miRNAs common to both Nicotiana species, and the blue and yellow lines mark benthi-
and pepper-specific miRNAs, respectively.
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likely approaching a consistent set of Solanum-specific
miRNA predictions (Tomato Genome Consortium, 2012;
Zhang et al., 2013; Cardoso et al., 2018; Zuo et al., 2020;
Deng et al., 2021).

miRNA families are conserved within genera
To gain insight into miRNA conservation across Solanaceous
species, we collapsed all predicted miRNAs into clusters us-
ing a 75% sequence similarity cutoff, and annotated the
clusters with miRBase (v22 all land plant miRNAs
[Kozomara et al., 2019]; Supplemental Data Set 5). This
resulted in 911 clusters; 392 of which are present in two or
more species, 172 that are conserved at the genus level (i.e.
Solanum-conserved, Petunia-conserved, and Nicotiana-con-
served), and only 12 that are conserved across all seven spe-
cies in this study (Supplemental Data Set 5; Figure 3, B and
C). The 12 conserved clusters can be further condensed into
a handful of known miRNA families based on annotations
that are broadly conserved across the land plants (e.g. –
miR156/157, miR164, miR169/miR399, miR171, miR399,
miR165/166/168, and miR172, miR482/miR2118 [Axtell and
Meyers, 2018]). We designated clusters that could not be
annotated with miRBase as “novel.” The majority of these
novel clusters appear to be newly evolved, species-specific
miRNAs, while the majority of clusters that are conserved
across multiple species (present across three or more spe-
cies) aligned with annotated miRNAs in miRBase. In agree-
ment with previous studies showing that lineage-specific
miRNAs tend to be weakly expressed relative to conserved
miRNAs, we found that the expression of conserved
miRNAs was significantly higher on average relative to novel
miRNAs (Supplemental Figure S2; benthi P = 0.00057903,
pepper P = 1.98548E-08, potato P = 1.97921E-06, tomato
P = 2.27413E-07, petunia P = 2.39254E-05, tobacco P
= 5.89638E-08; Axtell et al., 2007).

Solanaceae-specific miRNA family miR5303 is
derived from MITE loci
Among the most conserved miRNA groupings, we identified
three clusters containing a Solanaceae-specific miRNA,
miR5303 (Gu et al., 2014). With the exception of petunia,
the miR5303 family was present in relatively high copy num-
bers across the Solanaceous genomes (7–11 miRNAs in each
species; Supplemental Data Set 5; Supplemental Figure 3). It
is rare for miRNAs to be present in such high copy numbers;
however, our findings are congruent with a previous study
that identified a high number of miR5303 copies in tomato,
potato, eggplant, and pepper (Gu et al., 2014). To correctly
identify miR5303 family members, we first aligned all
miR5303 variants in miRBase v22 (Figure 4), and found that
most of the variants are 24 nt in length, which again, is
atypical for a bonafide miRNA family (Axtell and Meyers,
2008; Figure 4A). We identified nine miR5303 variants that
are 21-nt in length in our tomato predictions that have
575% similarity with miR5303 miRBase entries, and found
that six of these tomato miRNAs clustered into a family
containing a conserved 50-UUUUG consensus sequence

(highlighted by the orange rectangle in Figure 4B). To fur-
ther characterize the function of this family, we performed a
miRNA target prediction analysis using all coding sequences
in the tomato genome as putative targets. We found that
miR5303 family members are predicted to target thousands
of genes in the tomato genome, which again, is unusual for
a miRNA family (Supplemental Data Set 6). Given the pres-
ence of 24-nt mature miRNA variants that are reminiscent
of 24-nt siRNAs, and the perfect/near-perfect folding of
miR5303 precursor sequences that are often formed by
inverted repeats (Figure 4C), we decided to test whether
miR5303 actually originates from MITEs in Solanaceae
genomes. Notably, MITEs exist in high copy numbers can
form hairpin sequences that are structurally similar to
miRNAs, and are known to generate 24-nt siRNAs (Kuang
et al., 2009). To test whether miR5303 family members origi-
nated from MITEs, we blasted precursors of miR5303 from
tomato against a plant MITE database (Chen et al., 2014)
and found that they align perfectly with annotated MITEs,
with the miR5303 mature miRNA variants mapping to the
terminal inverted repeat (TIR) ends of the MITEs
(Figure 4D). We therefore conclude that miR5303 is not a
miRNA, but a MITE.

Identification of 21-nt PHAS loci support
genus-level conservation of phasiRNA biology
We applied two bioinformatic tools, PHASIS (Kakrana et al.,
2017) and ShortStack (Axtell 2013), to assemble a list of 21-
nt PHAS loci across the Solanaceae. To classify coding versus
noncoding phasiRNAs, we merged PHAS locus coordinates
with gene annotation files for each species. Some of the
lesser studied Solanaceae genomes have incomplete annota-
tions which resulted in an overprediction of noncoding loci
for petunia, pepper, and benthi. To correct this imbalance,
we used BLAST to align all noncoding PHAS loci to the
NCBI nonredundant (nr) database (Altschul et al., 1990) and
manually annotated loci that aligned to protein-coding,
rRNA, and noncoding RNA sequences (Figure 5;
Supplemental Data Set 7). PHAS loci are typically triggered
by 22-nt miRNAs that have a 50-Uracil bias (Chen et al.,
2010; Cuperus et al., 2010). To identify putative triggers for
21-nt phasiRNA production, we ran target predictions using
our list of mature 22-nt miRNAs plus miR390 as triggers
and predicted PHAS loci as targets (Supplemental Data Set 8).

PhasiRNAs are predominantly generated from transcripts
of genes encoding disease resistance-related NUCLEOTIDE-
BINDING DOMAIN LEUCINE-RICH REPEAT ( NB-LRRs),
pentatricopeptide repeat (PPR) proteins, MYB transcription
factors, and trans-acting siRNA (TAS) loci (Shivaprasad et al.,
2012; Liu et al., 2020). We identified two to three times
more PHAS loci in Solanum (tomato and potato) and
Capsicum (pepper) species than Nicotiana and Petunia
(Figure 5). The majority of these Solanum/Capsicum loci
were derived from disease resistance-related genes that are
putatively triggered by the miR482/miR2118 superfamily
(Figure 5A; Supplemental Data Set 8). We also characterized
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an NB-LRR pseudogene, TAS5, which was recently shown to
function in pathogen response in tomato (Canto-Pastor
et al., 2019). In contrast, the Nicotiana and Petunia genomes
expressed relatively few disease resistance-related phasiRNAs,
and likewise, had very few loci with predicted miR482/
miR2118 target sites (Figure 5A; Supplemental Data Set 8).
We also found a substantial number of noncoding loci that
we decided to examine in further detail with the goal of
uncovering previously unannotated TAS loci within the
Solanaceae. As a quality control, we confirmed that TAS3, a
deeply conserved noncoding phasiRNA, was detected in all
of our species data sets (Supplemental Data Set 7; Xia et al.,
2013). Most notably, we discovered a previously uncharac-
terized, noncoding locus in both tomato and potato
(Figure 5B). This locus is 480% conserved between the two
species and generates highly abundant 21-nt siRNAs, some
of which putatively target genes encoding MYB transcription
factors (Supplemental Figure S4). We performed a BLAST

alignment between the tomato PHAS locus and all other
noncoding PHAS loci to determine whether this locus exists
outside of Solanum. This search failed to uncover any signifi-
cant alignments, indicating that this novel phasiRNA
evolved after Solanum split from other genera in the
Solanaceae (Särkinen et al., 2013).

As mentioned above, PPR-derived PHAS loci are abun-
dantly expressed in other species. In our analysis, we only
identified two PPR-related PHAS loci in the Solanaceae:
one in tomato (Solyc10g076450) and one in potato
(PGSC0003DMG400020556). We did, however, find strong
evidence for another, well-described siRNA mechanism
for the transcriptional regulation of PPR genes, in which
noncoding TAS-like-1/2 (TASL1/2) loci are triggered by
miR7122, generating 21-nt products that in turn target,
and likely silence, PPR genes (Xia et al., 2013; Figure 5C).
We identified TASL1/2 and its associated miR7122 trigger
in both Nicotiana species (benthi and tobacco). As

Figure 4 miR5303 aligns to MITE TIR sequences. The previously annotated Solanaceae-specific miRNA family, miR5303, exhibits many features
that disqualify it as a bonafide miRNA. The majority of the miR5303 miRBase entries include mature sequences that are 24 nt in length, indicating
that these sRNAs are likely derived from siRNA producing loci (A). miR5303 miRBase entries are highly variable in their sequence; we identified a
consensus sequence to isolate true miR5303 family members (highlighted in a box and shown in Supplemental Figure S3) (A). miRNAs 422-nt in
length were filtered out; however, the predicted miR5303 family members that are 21 or 22 nt follow the same 50-consensus sequence (UUUUG)
as the miRBase entries (B). The predicted precursors of miR5303 family members have near-perfect hairpin folding, indicating that these loci are
likely inverted repeats, rather than real miRNA precursors (C), and BLAST alignment of miR5303 family members to the plant MITE database pro-
duces a perfect alignment between the miR5303 species and MITE TIR sequences (D).
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demonstrated in other species, major 21-nt products
from these TASL loci target PPR genes (Supplemental
Figure S4, A–F). Surprisingly, we found no evidence for
TASL1/2 and its miR7122 trigger in other Solanaceae gen-
era. Given the conservation of this locus in other eudi-
cots outside of the Solanaceae family, we hypothesize
that miR7122-TASL1/2 is conserved in Nicotiana and was
independently lost from the other genera in the night-
shade family (Xia et al., 2013).

To investigate whether PHAS loci are generated from
orthologous genes across species, we constructed gene
orthogroups and searched for conserved PHAS loci within
these orthogroupings (Supplemental Data Set 9). Overall,
this analysis yielded surprisingly few orthologous PHAS loci
within the Solanaceae. Following up on our earlier analysis
of DCL2 duplication within sub-groups of the Solanaceae,
we also discovered that DICER-LIKE2 (DCL2) is broadly
expressed as a phasiRNA-producing locus that is present in

all of the species in our study (Figure 6). Interestingly, this
PHAS locus has been previously reported in the Fabaceae,
where it is triggered by different miRNAs in Medicago
(Medicago truncatula) and soybean (Glycine max), indicating
convergent evolution of phasiRNA production at DCL2
(Zhai et al., 2011). A DCL2 PHAS locus has also been identi-
fied in tomato (Canto-Pastor et al., 2019); however, this is
the first instance of its widespread presence across the
nightshade family. As reported earlier in the results, DCL2
has expanded through tandem duplications that are shared
in the tomato, potato, and pepper genomes (Figure 2). We
found the genomic regions containing these tandem DCL2
paralogs to be structurally conserved on Solanum chr11/
Capsicum chr12 (Figure 6A). Recently, a DCL2-dependent
miRNA (miR6026) was validated as a trigger for phasiRNAs
derived from the DCL2 locus in tomato (Wang et al., 2018),
creating a negative feedback loop on DCL2. To investigate
whether the same miRNA trigger initiates DCL2 phasiRNA

Figure 5 Genus-specific trends of 21-nt PHAS loci within the Solanaceae. Solanum (tomato and potato) and Capsicum (pepper) genera produce
two to three times more PHAS loci and predominantly express disease resistance related coding loci, relative to Nicotiana (tobacco and benthi)
and Petunia genera (A). The raw number of loci for each category in (A) is shown on the pie charts. All of the species express noncoding PHAS
loci. A previously unidentified noncoding TAS-like locus is shown for on chromosome 5 in tomato (left) and potato (right) (B), and a previously
identified noncoding Nicotiana-conserved TAS-like 1/2 locus is plotted for tobacco (left) and benthi (right) (C).
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production in the rest of the Solanaceae, or, as in the
Fabaceae (Zhai et al., 2011), independent triggers evolved at
this locus, we looked for shared miRNA–PHAS locus interac-
tions. We identified a conserved target site with a strong
target score for miR10533 in tomato, potato, pepper, and
petunia (Figure 6B). Like miR6026, miR10533 is also depen-
dent on DCL2 for its biogenesis (Wang et al., 2018).
However, unlike in the Fabaceae, where phasiRNA produc-
tion proceeds immediately after the miRNA target site (Zhai
et al., 2011), DCL2 phasiRNAs are produced both upstream
and downstream of the miR10533/miR6026 target sites in
the Solanaceae (Figure 6A). This imprecise initiation of phas-
ing either indicates that there are additional miRNA triggers
for this locus, or we are seeing the product of trans-
triggering from 22-nt siRNAs that are generated by neigh-
boring DCL2 paralogs (Figure 6).

hc-siRNAs and TEs across SOL genomes
TEs are recognized as one of the major evolutionary forces
that can shape genomes, via mutations and genome rear-
rangements. Presumably as protection from the possible det-
rimental consequences generated by TEs, plants have

evolved a mechanism using 24-nt hc-siRNAs that methylate
and repress TEs (Ahmed et al., 2011; Wang et al., 2013). In
order to analyze the hc-siRNA landscape in Solanaceae, we
first identified TEs in all the available genomes. We observed
that TEs represent between 25% (in petunia) and 48% of the
genome (in benthi). As expected, the majority of TEs belong
to an abundant LTR retrotransposon family, with most LTRs
mapping specifically to Gypsy/Ty3 and Copia/Ty1 elements
(Galindo-González et al., 2017; Supplemental Figure S5A).
Previous work mapped an expansion of LTRs in the Pepper
genome; our results indicate that this observation applies
broadly across the Solanaceae and is likely a generalized sig-
nature of Solanaceous genomes (Park et al., 2012; Vicient
and Casacuberta, 2017). After identifying TEs, we analyzed
the number of 24-nt reads that originate from each of the
transposon superfamilies. Due to the repetitive nature of TEs,
we did not attempt to further classify the sRNA reads into
TE subfamilies. We observed that most of the sRNA reads
mapped to retrotransposons, including LTR and non-LTR
TEs (Supplemental Figure S5B). However, we were surprised
to find that a large portion of hc-siRNAs also mapped to
SHORT INTERSPERSED NUCLEAR ELEMENT (SINE). SINE

Figure 6 DCL2 phasiRNA-producing loci are conserved across Solanaceous species. DCL2 paralogs in pepper, tomato, and potato, and orthologs in
petunia, benthi, and tobacco all produce 21-nt phasiRNAs (A). We identified conserved miRNA target sites for miR10533 and miR6026 in pepper,
tomato, potato, and petunia (red and yellow arrow respectively denotes cleavage sites) that have strong target scores, and may be a conserved
mechanism for triggering DCL2 PHAS locus production in these species (B).
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elements comprise a unique subset of TEs; they are tran-
scribed by RNA polymerase III, do not encode proteins, and
are widespread in almost all multicellular eukaryotic
genomes, with the exception Drosophila (Drosophila mela-
nogaster) (Kramerov and Vassetzky, 2011). Our discovery of
SINE-derived hc-siRNAs indicates that similar to LTRs, the
spread of nonautonomous SINE elements is repressed via hc-
siRNA-directed methylation.

Next, we analyzed the distribution of hc-siRNAs across
Solanaceous genomes. We focused this analysis on tomato,
pepper, potato, and tobacco, which all have chromosome-
scale assemblies. As expected, we found relatively high accu-
mulation of hc-siRNAs along the telomeric ends of chromo-
somes; these hc-siRNAs promote telomere methylation in
an RdDM-dependent manner (Vrbsky et al., 2010). We also
observed a striking lack of hc-siRNAs across the entire po-
tato genome (Figure 7). This result is similar to a previous
observation described in strawberry (Fragaria x ananassa),
where, as in potato, asexual cloning is the primary means of
propagation. Clonally propagated strawberry accumulates
very low levels of DNA methylation relative to sexually
propagated plants (Niederhuth et al., 2016). In the same
way, we postulate that depleted hc-siRNA levels in potato
could be caused by repeated rounds of asexual propagation.
Further studies comparing sexually versus asexually propa-
gated potato varieties would help resolve the connection be-
tween modes of reproduction and whether circumventing
meiosis over multiple generations leads to degeneration of
RdDM.

Discovery of 22-nt clusters expressed in response to
geminivirus infection
A recent study in Arabidopsis characterized a class of 22-nt
stress-responsive siRNAs that impact global translational re-
pression (Wu et al., 2020). To test whether a similar class of
sRNAs is present in the Solanaceae, we performed an analy-
sis on our tomato expression libraries which contain the
most extensive sampling with regard to abiotic and biotic
stress treatments. We found a strongly expressed cluster of
22-nt sRNA reads that mapped to a 4.8-kb region of the S.
lycopersicum genome. Interestingly, this 22-nt sRNA cluster
was uniquely expressed in a set of geminivirus-infected sam-
ples (ToLCV infected and TYLCV infected), and absent from
the rest of the tomato expression libraries, including mock-
treated controls (Figure 8). This cluster of 22-nt sRNAs con-
tains a DISEASE RESISTANCE PROTEIN (Solyc05g005330.3.1)
and ABSCISIC ALDEHYDE OXIDASE 3 (Solyc05g005333.1.1).
To investigate whether there are additional 22-nt clusters
that are specifically expressed in response to viral infection,
we applied an intensive, genome-wide analysis to uncover
highly expressed 22-nt sRNA clusters in the two viral-
infected samples, using our mock treated libraries as con-
trols. This genome-wide search uncovered 1,521 22-nt sRNA
clusters in total, 390 of which passed our filtering criteria
(Supplemental Figure S6 and Supplemental Data Set 10), of
which, 22 showed more than a four-fold induction in both

viral treatments (Supplemental Figure S6B and
Supplemental Data Set 10). Apart from the cluster shown in
Figure 8, A and B, one prominent example is the two clus-
ters shown in Figure 8, C and D, which are induced by
1,000-fold in response to ToLCV infection and by 10,000-
fold in response to TYLCV. These highly expressed, viral-
induced clusters overlap with three gene copies of EIN3-
BINDING F-BOX PROTEIN 1 (Solyc05g008700.2.1,
Solyc05g008720.1.1, and Solyc05g008730.1.1), one MYZUS
PERSICAE-INDUCED LIPASE 1 (Solyc05g008710.1.1), and one
RDR (Solyc05g008740.1.1). Further studies are needed to test
whether these geminivirus-induced 22-nt sRNA clusters
have a functional role in plant defense to viral pathogens.

Discussion
The Solanaceae family is widely used as a model for studying
the evolutionary diversification of specialized metabolism
(Fan et al., 2019), morphology (Koenig and Sinha, 2007;
Martinez et al., 2021), fruit development (Klee and
Giovannoni, 2011), and biotic and abiotic stress tolerance. In
this study, we took advantage of the numerous publicly
available sRNA data sets that have been generated for the
family to explore unique aspects of sRNA biology within the
Solanaceae. We found several features that are shared
among diverse Solanaceous species including a Solanales-
wide duplication of sRNA biogenesis machinery, a previously
annotated Solanaceae-specific miRNA family that we show
is actually a MITE-derived miRNA-like siRNA, and DCL2-
derived 21-nt phasiRNAs that are broadly expressed across
the diverse taxa in our study. We also found several phe-
nomena that evolved within sub-family lineages of the
Solanaceae. We discovered an expansion of lineage-specific
miRNAs within Nicotiana species, a distinct split in the
number and types of phasiRNAs that are produced in the
Capsicum/Solanum versus the Petunia/Nicotiana branches of
the family, a dramatic depletion of 24-nt hc-siRNAs in asex-
ually propagated potato, and 22-nt siRNA clusters that accu-
mulate in response to viral infection in tomato. Below, we
discuss some of the evolutionary implications for
Solanaceae-wide and sub-family specific sRNA phenomena
that we discovered in this study.

Expansion and subfunctionalization of sRNA
biogenesis machinery within the Solanaceae
In our reconstruction of sRNA biogenesis machinery gene
trees, we characterized lineage-specific expansions of AGO1,
AGO2, and DCL2 gene families. While AGO1 increased in
copy number across the Solanaceae, AGO2 and DCL2 specifi-
cally expanded in the Solanum, and Solanum/Capsicum
branches of the family, respectively, through tandem dupli-
cations. The tandem DCL2 paralogs have been previously
characterized to function as part of the tomato viral defense
response (Wang et al., 2018), discussed in further detail be-
low. Using public expression data for tomato, we identified
distinct expression patterns in vegetative and reproductive
organs for DCL2 paralogs, with enriched abundance in
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reproductive organs, suggesting that these gene paralogs are
undergoing subfunctionalization. Recent studies show that
24-nt phasiRNAs are produced only in reproductive organs
of angiosperms, while 21-nt phasiRNAs are produced in
both vegetative and reproductive tissues (Xia et al., 2019;
Pokhrel et al., 2021a). The 24-nt reproductive phasiRNAs are
triggered by miR2275 in most of the angiosperms while in
Solanaceous species, the miRNA trigger remains unknown
(Xia et al., 2019; Pokhrel et al., 2021b). Given that DCL2 was
shown to process endogenous 22-nt miRNAs, and that the

expression of some DCL2 paralogs peak in reproductive
organs, it would be interesting to functionally test whether
this DCL2 paralog expressed in reproductive tissues specifi-
cally processes a 22-nt miRNA that triggers reproductive 24-
nt phasiRNA biogenesis.

Solanaceae-wide miR5303 cluster is derived from
MITEs
Our cross-species miRNA predictions and clustering revealed
12 family-wide clusters of miRNAs. While the majority of

Figure 7 hc-siRNA expression across chromosomes in Solanaceae. Normalized read counts displayed as reads per million (RPM) for 24-nt TE-asso-
ciated hc-siRNAs are plotted across the assembled chromosomes for tobacco, tomato, potato, and pepper. The x-axis represents the chromosome
number, alternating between gray and black, and the y-axis represents the average number of reads at each chromosome position. The average
read number was calculated based on the number of available libraries for each species. The majority of hc-siRNAs map outside of the pericentro-
meric regions. Unexpectedly, potato accumulates a low proportion of 24-nt hc-siRNAs relative to total sRNAs.
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these clusters are associated with deeply conserved land
plant miRNA families that are shared outside of the
Solanaceae, we investigated the Solanaceae-specific cluster
annotated as miR5303 (Mohorianu et al., 2011). We discov-
ered that this family exhibits many features that are atypical
of miRNAs. For example, related miR5303 sequences in
miRBase include both 21- and 24-nt mature sequences and
most of the Solanaceae genomes harbor relatively high copy
numbers of miR5303 isomiRs that putatively target thou-
sands of genes based on our miRNA-target prediction analy-
sis. We found that, similar to a previous study on MITE-

derived miRNA-like siRNAs, mature miR5303 “miRNA”
sequences align perfectly to the TIR region of Solanaceae
MITEs (Kuang et al., 2009). How did our miRNA prediction
pipeline lead to the identification of MITE-derived sRNAs?
MITEs have near-perfect hairpin folding and express sRNAs
within mature miRNA size ranges, and thus fit many of the
criteria used to predict novel miRNA precursors. It has been
proposed that MITEs may contribute to the de novo evolu-
tion of miRNAs. However, this model is somewhat contro-
versial, as MITEs tend to express imprecise sRNAs that are
variable in both length and sequence, and thus are more

Figure 8 Tomato produces 22-nt sRNA clusters in response to geminivirus infection. Small RNA reads mapped to two tomato loci
(Ch05:268043.272842 [A and B] and Ch05:2979082.2987879 [C and D]) for a geminivirus infected and control sample pair showing strong expres-
sion of 22-nt siRNAs in response to viral treatments. The central boxes represent gene models from version 3.0 of the S. lycopersicum genome,
and shaded boxes represent repetitive sequences. Dots represent sRNA reads, color-coded by length, mapped to a genomic region, with abun-
dance represented by the position along the y axis. Hollow dots are multi-mapped reads (more than one location in the genome), and solid dots
are uniquely mapped reads. A and C, Expression plots of a control, mock-infected sample; B and D, these are from a corresponding virus-infected
sample.
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likely the products of siRNA rather than miRNA biogenesis
machinery (Cui et al., 2017). Even so, the conspicuous pres-
ence of miR5303-related sRNAs exclusively in the Solanaceae
is intriguing, and further investigation into putative func-
tional roles for these siRNAs could be interesting.

DCL2 is a broadly expressed PHAS locus that may
control viral responses across the Solanaceae
In a previous study focused on mechanisms of viral resis-
tance in tomato, paralogous copies of DCL2 were shown to
process a 22-nt miRNA (miR6026) that has dual functions,
participating in antiviral responses and creating a self-
regulating feedback loop by triggering DCL2 phasiRNA pro-
duction (Wang et al., 2018). In this study, we identified
DCL2 as a widely expressed PHAS locus that is present in all
seven Solanaceous species in our study. Contrary to previous
characterization of this locus, we predicted that another 22-
nt miRNA, miR10533, triggers phasiRNA production in
Solanum, Capsicum, and Petunia genera. Similar to miR6026,
miR10533 targets disease resistance-related genes in addition
to DCL2 (Supplemental Data Set 8). Based on the accumula-
tion patterns of DCL2 phasiRNAs, neither miRNA appears to
be an obvious trigger, although target mimic experiments
with miR6026 showed reduced DCL2 phasiRNA production
(Wang et al., 2018). We identified the miR6026 site more
than 250 bp outside of our predicted phasiRNA production
region, whereas miR10533 is sandwiched within the
phasiRNA register (Figure 6). The lack of an obvious trigger
suggests two possibilities: (1) there may be another, as yet
unidentified miRNA trigger, and/or (2) as hypothesized by
previous authors, the 22-nt sRNA products generated from
the DCL2 paralogs may be cross triggering one another in
cis, creating multiple phasiRNA initiation sites (Wang et al.,
2018). We have performed extensive miRNA predictions for
tomato, given the depth of sRNA sequence data available
for this species, and thus it is unlikely that we are simply
missing an additional trigger for DCL2 phasiRNA production.
Consistent with the second hypothesis, we observed weaker
phasing scores across most of the DCL2 PHAS loci, indicating
that cross-locus regulatory interactions trigger phasiRNA
production across DCL2 loci.

DCL2 PHAS loci have also been identified in two different
Fabaceae models, soybean and medicago, where they are
triggered by independent miRNAs (Li et al., 2010; Zhai et al.,
2011). Our study, in combination with this previous work,
shows that phasiRNA target–trigger interactions around
DCL2 have evolved multiple times within and across eudicot
families. This evolutionary hotspot for phasiRNA production
fits into a model in which the expression of sRNA biogenesis
machinery is regulated via self-triggered phasiRNA produc-
tion. Depending on the species, different components of
sRNA biogenesis machinery are processed into PHAS loci. In
soybean, for example, SUPPRESSOR OF GENE SILENCING 3
(SGS3) is targeted for phasiRNA production (Song et al.,
2011), and in Arabidopsis, AGO1 and DCL1 are both proc-
essed into PHAS loci (Xie et al., 2003; Vaucheret et al., 2004).

Why do plants use post-transcriptional regulation to control
siRNA biogenesis machinery? One potential theory is that
by regulating sRNA biogenesis machinery at the post-
transcriptional level, plants can maintain a standing pool of
transcripts for sRNA biogenesis that can be rapidly released
and translated in response to pathogens.

Lineage-specific expression of miRNAs and
phasiRNAs
One of our goals in this study was to identify miRNAs that
are uniquely conserved within the Solanaceae; however, as
discussed above, we demonstrate that miR5303, the only
Solanaceae-specific “miRNA family” that we were able to
predict in all of our study species, is actually a MITE-derived
siRNA. Rather than uncovering broadly conserved miRNAs,
we discovered numerous instances of lineage-specific
miRNAs, with the most pronounced example coming from
our representative species for Nicotiana. Even after stringent
filtering, we predicted over 350 miRNAs in the benthi ge-
nome, with more than half of these comprising previously
unannotated, lineage-specific miRNAs. Congruent with pre-
vious observations, we show that these lineage-specific
miRNAs are generally expressed at lower levels than deeply
conserved family members (Supplemental Figure S2; Axtell
et al., 2007). There are, however, a handful of annotated
miRNAs that are abundantly expressed (41,000 rpm;
Supplemental Figure S2). Given the ease of agrobacterium
(Agrobacterium tumefaciens) infiltration in benthi, follow-up
studies using transiently expressed target mimic knock-
downs and PARE sequencing may provide insight into the
targets and putative functions of these rapidly evolving
Nicotiana-specific miRNAs. One bottleneck that we encoun-
tered in this analysis was a lack of deep sRNA sequence
data for tobacco. Despite the lack of sampling in tobacco,
we still predicted more than 150 miRNAs for this genome,
which is similar to the number of miRNAs that we found in
the tomato genome, despite having almost 10 times more
sRNA sequence data for tomato. We are likely looking at
the tip of the iceberg when it comes to miRNA discoveries
in tobacco, and we predict that deeper sequencing in to-
bacco and related Nicotiana species will facilitate big gains
when it comes to miRNA discovery in the Solanaceae.

In a reverse trend, our genome-wide 21-nt phasiRNA pre-
dictions uncovered relatively few PHAS loci for Nicotiana
and Petunia species compared to the Solanum/Capsicum
branch of the family (Figure 5A). A distinct lack of PHAS
loci encoding NB-LRRs in Nicotiana and Petunia accounts
for one of the biggest differences in the number of PHAS
loci between these two branches of the family. We also dis-
covered two strongly expressed noncoding PHAS loci that
are conserved at the sub-family level. One is conserved in
both benthi and tobacco and was previously described to
function in the post-transcriptional regulation of PPR genes
(Supplemental Figure S4; Xia et al., 2013). The other locus is
uncharacterized and specific to tomato and potato
(Figure 5B). We discovered that this new PHAS locus
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produces a prominent 21-nt siRNA that putatively targets
MYB transcription factors (Figure 5D). It would be interest-
ing to test whether this Solanum-specific PHAS locus really
does function in regulating the expression of MYB transcrip-
tion factors. PhasiRNA production is triggered by miRNAs.
Therefore, it is logical that in addition to discovering
lineage-specific miRNAs, we also found lineage-specific PHAS
loci across the Solanaceae.

Repressed hc-siRNA expression reflects a history of
asexual propagation in potato
Our genome-wide hc-siRNA analysis revealed a low abun-
dance of 24-nt TE-associated siRNAs in potato. We hypothe-
size that this relative depletion in potato is caused by the
asexual means of propagation that is common for this crop.
Epigenetic marks are faithfully copied during mitosis; how-
ever, during meiosis, they are reset by RdDM-based repat-
terning, which involves TE-derived hc-siRNAs directing DNA
methylation (Daxinger et al., 2009; Schoft et al., 2009; Slotkin
et al., 2009; Mosher and Melnyk, 2010; Verhoeven and
Preite, 2014). Asexual propagation circumvents meiosis, and
thus this RdDM-based resetting of epigenetic marks is
avoided (Verhoeven and Preite, 2014), and over many
rounds of asexual propagation DNA methyl-cytosine marks
and their associated hc-siRNAs may become depleted. In
line with this hypothesis, a related study investigating
genome-wide DNA methylation patterns in diverse species
found a stark depletion in CHH cytosine methylation in
strawberry, another asexually propagated species
(Niederhuth et al., 2016). However, there are limitations to
our conclusions regarding depleted hc-siRNAs in potato.
These limitations include imperfect sampling, notably, the
majority of our potato samples are from vegetative tissues
(although this is true for most of the species in this study;
Supplemental Data Set 1), and insufficient information
about the source tissue that was used to generate these
public data sets, particularly information regarding how
many generations of asexual reproduction the source tissue
underwent prior to sampling. Since sRNA-derived TE silenc-
ing gradually accumulates over multiple generations, a well-
devised study comparing long-term asexually versus sexually
propagated source tissue would help resolve whether levels
of RdDM are directly impacted by asexual propagation, and
whether these hc-siRNAs could be reactivated during repro-
ductive development.

22-nt clusters expressed in response to viral
infection in tomato
A recent work in Arabidopsis uncovered 22-nt siRNAs that
are expressed in response to environmental stress and are
capable of impacting global translational repression, includ-
ing the translation of their cognate genes. Moreover, this
translational repression corresponds with an inhibition of
growth and activation of stress–response pathways (Wu
et al., 2020). In this study, we identified similar 22-nt siRNA
clusters in tomato that are expressed in response to viral

infection. Whether these siRNAs are also involved in attenu-
ating global translation and growth so that more resources
can be allocated to antiviral response remains to be seen.
Several of the clusters that we identified are generated from
genes involved in ABA production and ethylene signaling,
indicating that these 22-nt siRNA clusters may coordinate
genomic responses to pathogen attack by fine-tuning the
expression of ABA and ethylene pathways. Future work in-
vestigating whether this response is initiated by the plant in
order to activate defense mechanisms or perhaps is hijacked
by the virus in order to silence antiviral responses would
provide insight into the evolutionary function of these dis-
tinctive siRNAs.

Conclusion
In conclusion, while genera within the Solanaceae share uni-
fying features in the evolutionary history of their sRNA biol-
ogy, there are many lineage-specific phenomena that are
not broadly shared across the family. This conclusion is im-
portant as it provides valuable information on the appropri-
ateness of a given model species for providing generalized
insights into sRNA biology. Simultaneously, we encountered
limitations due to disparate sampling within the Solanaceae.
For example, while sample data exist across developmental
stages, environments, and genotypes to support investiga-
tions into tomato sRNA biology, there is a lack of publicly
available resources to study tomato’s sister species, eggplant
(Chapman, 2019). Similarly, our understanding of sRNA biol-
ogy for P. hybrida is largely limited to reproductive samples.
Given the sub-family phenomena that we identified in this
study, we suggest that delving into under-sampled taxa
rather than increasing sampling in well-studied species will
yield a greater return on investment when it comes to dis-
covering aspects of sRNA biology within the Solanaceae.

Materials and methods

Evolution of sRNA biogenesis protein genes in the
Solanaceae
We downloaded protein sequence files from Phytozome
v13, the Sweetpotato Genomics Resource, and the SOL
Genomics Network databases, and selected proteomes for
Arabidopsis (A. thaliana), two species of morning glory in
the Convolvulaceae (I. trifida and I. triloba), and the seven
Solanaceae species (benthi [N. benthamiana], tobacco [N.
tabacum], petunia [P. axillaris and P. inflata], pepper [C.
annuum], tomato [S. lycopersicum], and potato [S. tubero-
sum]) for analysis (Supplemental Table S2). We used
SonicParanoid v1.2.6 (Cosentino and Iwasaki, 2018) and
OrthoFinder v2.3.11 (Emms and Kelly, 2015) to perform a
gene orthology inference using default parameters. To iden-
tify orthologous groups related to NRP, RDR, DCL, DRB, and
AGO proteins, we used the reference protein IDs available
in the UniProt database for A. thaliana. We then aligned the
retrieved protein sequences using default parameters in
MUSCLE v3.8.1551 (Edgar, 2004) and trimmed alignments
with trimAL v1.4.rev15 applying the -gappyout option
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(Capella-Gutierrez et al., 2009). To infer phylogenetic trees,
we implemented the maximum likelihood method in IQ-
TREE v1.6.12 with the following parameters: -alrt 1000 and -
bb 1000 (Minh et al., 2013; Nguyen et al., 2015;
Kalyaanamoorthy et al., 2017). We used iTOL v4 (Letunic
and Bork, 2019) to visualize consensus trees and summarize
orthologous protein genes for the five gene families investi-
gated in each species (Supplemental Table S1). To investi-
gate organ-specific expression for the DCL1, AGO1, and
AGO2 paralogs identified for tomato, we downloaded ex-
pression data for S. lycopersicum from The Bio-Analytic
Resource for Plant Biology (Waese et al., 2017).

Data collection, quality filters, and read processing
We downloaded raw sRNA seq and PARE libraries for S.
lycopersicum (tomato), S. tuberosum (potato), N. benthami-
ana, N. tabacum (tobacco), C. annum (pepper), P. axillaris/P.
inflata (petunia) from the NCBI SRA (https://www.ncbi.nlm.
nih.gov/sra; detailed information regarding raw and proc-
essed libraries can be found in Supplemental Data Set 1).
Briefly, we processed raw FASTQ reads using a Python script
that performs quality filtering, trimming, adapter removal,
and then converts reads into chopped tag count files
(https://github.com/atulkakrana/preprocess.seq; Bolger et al.,
2014). We then mapped our reads to their respective refer-
ence genomes (Supplemental Table S2) using Bowtie 1
(Langmead, 2010) allowing for zero mismatches. We applied
two criteria for filtering out low-quality data: first, we ex-
cluded libraries with low mapping rates, and second, we re-
moved libraries that lacked a significant accumulation of 21-
and 24-nt reads based on size distribution plots
(Supplemental Figure S7), indicating potential RNA degrada-
tion. We assembled species-specific expression databases us-
ing these final, high-quality, processed data sets (Nakano
et al., 2020).

Solanaceae genome versions and functional gene
annotations
We used the following reference genomes and their associ-
ated annotation files to build expression databases and per-
form the bioinformatic analyses described in this study: C.
annum Zunla-1 v2.0 (http://public.genomics.org.cn/BGI/pep
per/; Qin et al., 2014), P. axillaris and P. inflata (Bombarely
et al., 2016), N. tabacum v4 (Edwards et al., 2017), N. ben-
thamiana v 0.3 (Bombarely et al., 2012), S. tuberosum
(Potato Genome Sequencing Consortium, 2011; Hardigan et
al., 2016), and S. lycopersicum build 2.5 (Tomato Genome
Consortium, 2012; ftp://ftp.solgenomics.net/genomes/).

MiRNA predictions
We used three different software packages to obtain a ro-
bust prediction of miRNAs across our Solanaceous model
genomes: ShortStack (Axtell, 2013), miR-PREFeR (Lei and
Sun, 2014), and miRPD (a version of miReap optimized for
plant miRNA prediction; Sun et al., 2013). We standardized
the minimum mapping coverage and size of hits across the
three programs in order to control for dissimilarities in

software performance. The vast majority of miRNAs fall be-
tween 20 and 22 nt in length so we narrowed our predic-
tions to this 20–22 nt size range. Each program employs a
different method for calculating coverage. In ShortStack, we
set the minimum coverage to 15, while in miR-PREFeR and
miRPD, we set the minimum coverage to 20. We then fil-
tered out predicted miRNA precursors based on recently
published guidelines for miRNA predictions (Axtell and
Meyers, 2018). Briefly, we required that all miRNAs express
both strands of the miRNA duplex (the mature miRNA and
miRNA-star), and originate from a precursor that folds with
a normalized MFE of less than –0.2 kcal mol–1 nt–1. Notably,
enforcing the expression of a complementary miRNA-star
sequence resulted in little to no filtering, so we applied a
more stringent filter requiring that the abundance of the
complementary miRNA-star reads were 510% of the abun-
dance of the mature miRNA.

We applied additional filtering for lineage-specific miRNAs
that did not match miRBase entries (see “MiRNA conserva-
tion across species”). To remove hairpin structures that
might originate from MITEs and tRNAs, we filtered out
novel miRNAs that aligned to our list of annotated TEs and
tRNA data sets for the Solanaceae (Supplemental Data Set
11). We found a surprising number of novel miRNAs in our
N. benthamiana (hereafter, “benthi”) data set which war-
ranted manual curation. To investigate whether our novel
benthi miRNAs originate from canonical precursor struc-
tures, we mapped our short read data onto predicted
miRNA precursors using structVis v0.4 (github: https://
github.com/MikeAxtell/strucVis), and removed novel
miRNAs that showed noncanonical folding and/or miRNA/
miRNA* expression. After these filtering steps we found the
miRPD results to be highly inconsistent, producing unrealis-
tically high numbers of predicted miRNAs for some of our
species and zero predicted miRNAs for others. Thus, we de-
cided to limit our analyses to the ShortStack and miR-
PREFeR results. To create a consensus set of miRNAs for
these two prediction programs, we collapsed precursors
with overlapping coordinates from these two software pro-
grams into unique entries. Overall, we found that ShortStack
was more conservative, predicting fewer miRNAs than miR-
PREFeR; however, the miRNAs were also predicted with ap-
preciable confidence and resulted in minimal post-
prediction filtering. Our hybrid prediction approach in com-
bination with stringent filtering allowed for sensitive, yet ro-
bust predictions across the species.

MiRNA conservation across species
To facilitate cross species comparisons of conserved and
novel miRNAs within the Solanaceae, we first clustered ma-
ture miRNA sequences for the predicted miRNAs (described
above) into families by requiring pairwise sequence overlap
of 575%. To annotate the miRNA families, we aligned ma-
ture miRNA sequences to the latest v22 miRBase database
of all land plants requiring an 85% match, and provided
new IDs for novel miRNA families (Kozomara and Griffiths-
Jones, 2014; Kozomara et al., 2019). We tabulated all novel
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and previously annotated miRNA families across the
Solanaceae in a master table that reports presence and ab-
sence for each miRNA family (Supplemental Data Set 5).

PHAS locus predictions and annotations
We used three programs to identify PHAS loci: ShortStack
(Axtell, 2013), PHASIS (Kakrana et al., 2017), and PhaseTank
(Guo et al., 2015). We ran PHASIS and PhaseTank using the
default parameters listed in the program manuals and fil-
tered the results for high-confidence loci that were identified
with a P 40.001. We ran ShortStack using the same param-
eters that were applied to our miRNA predictions.
PhaseTank did not perform consistently across the analyzed
genomes; it only reported PHAS loci for unassembled
regions of the genomes. After we removed unassembled
contigs, the program returned no results, so we decided to
remove PhaseTank from our analysis pipeline. We merged
the PHAS loci obtained from PHASIS and ShortStack into a
single list for each species, and collapsed loci located within
400 nt of each other into individual PHAS predictions
(Supplemental Data Set 7).

We annotated coding versus noncoding PHAS loci using
available CDS GFF files. To characterize noncoding PHAS loci
we aligned our noncoding PHAS loci to the NCBI nr data-
base and annotated the loci with one of the top 10 hits us-
ing default alignment parameters in BLAST (Altschul et al.,
1990). To test whether coding PHAS loci were generated
from orthologous genes across species, we constructed gene
orthogroups for species with associated peptide fasta files.
Finally, we linked these orthogroup predictions with annota-
tion files for tomato, Arabidopsis, and pepper (Supplemental
Data Set 9). The published pepper gff file lacks annotations,
so we generated our own pepper annotation file by running
a BLASTP search against the NCBI nr database and retriev-
ing the best BLAST hit for each entry.

miRNA target predictions
We used sPARTA, a miRNA target prediction program to
identify miRNA targets with the following specifications: -
genomeFeature 0 -tarPred H -tarScore S (Kakrana et al.,
2017). We applied a cut-off penalty score of 44 to filter for
reliable miRNA–mRNA target interactions in benthi
(Supplemental Data Set 4) and tomato (Supplemental Data
Set 6). PHAS loci are triggered by 22 bp miRNAs that have a
50-Uracil bias (Chen et al., 2010; Cuperus et al., 2010). We
ran sPARTA with the -featureFile option to identify miRNAs
from our predicted miRNA list that trigger PHAS locus pro-
duction from our predicted PhasiRNA list. We applied a
penalty score of 44 to filter for PHAS locus triggers, priori-
tized miRNA triggers that start with Uracil (U), and selected
miRNA triggers equal to 22 bp with the exception of
miR390 (Supplemental Data Set 8).

hc-siRNAs and TEs across SOL genomes
To analyze hc-siRNAs, we first ran RepeatMasker (http://
www.repeatmasker.org) on each one of the analyzed
genomes using the Viridiplantae RepBase database (http://

www.girinst.org/repbase) as a library, to identify TEs. Next,
we used the identified TEs as a database to map sRNA reads
using Bowtie (Langmead, 2010) with default parameters and
categorized all 24-nt-long reads that mapped to any of our
identified TEs as hc-siRNAs. It was impossible to identify the
specific origin of these sRNAs due to the repetitive nature
of TEs, so we only considered TE superfamilies for this study.
Genome-wide representation of hc-siRNAs was visualized by
plotting Manhattan plots with the qqman R package
(Turner, 2018). We plotted the data based on the genome
mapping coordinate along the chromosome for each hc-
siRNA and its relative abundance.

Identification of 22-nt clusters expressed in
response to geminivirus infection
To discover 22-nt sRNA clusters that may be linked to gemi-
nivirus infection in tomato, we downloaded sRNA libraries
for control and infected treatments from the
TOMATO_sRNA_SOL Next-Gen DB (Nakano et al., 2020)
and filtered for 22-nt reads. We tuned the parameters for
22-nt cluster identification using two fruit peel libraries
(Tomato_S_7 and Tomato_S_8, cv. Ailsa Craig, Gao et al.,
2015) and two leaf libraries (Tomato_S_50, cv. Moneymaker,
and Tomato_S_53, line FL505). To identify clusters that ac-
cumulate in response to geminivirus infection, we analyzed
two infected leaf libraries (Sly_leaves_t2, cv. Pusa Ruby,
Pradhan et al., 2015; Tomato_S_52, cv. Moneymaker) and
their corresponding control libraries (Sly_leaves_t1 and
Tomato_S_50, respectively). We applied the following analy-
sis pipeline to identify 22-nt sRNA clusters: first, we ran
ShortStack with the parameters tuned to yield the highest
reproducibility between repeated runs, relatively high simi-
larity between results from similar samples (e.g. leaf versus
leaf), and relatively high difference between results from dis-
tinct samples (e.g. leaf versus fruit peel), without
compromising the alignment rate (Johnson et al., 2016). This
fine tuning resulted in the following parameter set: –mmap
u –mismatch 1 –bowtie_m 3 –ranmax 2 –pad 125 –mincov
75 rpm. Using these parameters, we ran ShortStack to iden-
tify all of the 22-nt sRNA clusters in the aforementioned
four libraries. Next, we filtered out clusters that were shorter
than 200 bp in length, and clusters that were inconsistently
expressed in one infected–control sample pair, but not in
the other. We applied a threshold of absolute log2 fold
change greater than two in order to identify differentially
expressed clusters between the geminivirus-infected and
mock-treated samples.

Data visualization and representation
We visualized the 22-nt sRNA clusters using the transcrip-
tome browser function in the TOMATO_sRNA_SOL
Expression database (Nakano et al., 2006, 2020; https://mpss.
meyerslab.org/). We generated dot plots using the ggplot2
package (Wickham, 2016), heatmaps using gplots package
(Warnes et al., 2009), and heatmaps of DCL2 and AGO1
paralog expression using the TBTools heatmap function
(Chen et al., 2020).
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