
Breakthrough Technologies

Next-Generation Sequence Databases: RNA and Genomic
Informatics Resources for Plants1[OPEN]

Mayumi Nakano,a,b Kevin McCormick,b,2 Caghan Demirci,b,3 Feray Demirci,a,b,4

Sai Guna Ranjan Gurazada ,a,b Deepti Ramachandruni,a,b Ayush Dusia,b,c Joshua A. Rothhaupt,a,b and
Blake C. Meyersa,b,d,5,6

aDonald Danforth Plant Science Center, St. Louis, Missouri 63132
bDelaware Biotechnology Institute, University of Delaware, Newark, Delaware 19711
cDepartment of Computer and Information Sciences, University of Delaware, Newark, Delaware 19716
dUniversity of Missouri, Division of Plant Sciences, Columbia, Missouri 65211

ORCID IDs: 0000-0001-9317-4509 (M.N.); 0000-0002-3084-5683 (S.G.R.G.); 0000-0003-1310-8523 (A.D.); 0000-0003-3436-6097 (B.C.M.).

We developed public web sites and resources for data access, display, and analysis of plant small RNAs. These web sites are
interconnected with related data types. The current generation of these informatics tools was developed for Illumina data,
evolving over more than 15 years of improvements. Our online databases have customized web interfaces to uniquely handle
and display RNA-derived data from diverse plant species, ranging from Arabidopsis (Arabidopsis thaliana) to wheat (Triticum
spp.), including many crop and model species. The web interface displays the abundance and genomic context of data for small
RNAs, parallel analysis of RNA ends/degradome reads, RNA sequencing, and even chromatin immunoprecipitation
sequencing data; it also provides information about potentially novel transcripts (antisense transcripts, alternative splice
isoforms, and regulatory intergenic transcripts). Numerous options are included for downloading data as tables or via web
services. Interpretation of these data is facilitated by the inclusion of extensive repeat or transposon data in our genome viewer.
We have developed graphical and analytical tools, including a new viewer and a query page for the analysis of phased small
RNAs; these are particularly useful for understanding the complex small RNA pathways of plants. These public databases are
accessible at https://mpss.danforthcenter.org.

Plant small RNAs and their RNA targets function
in diverse pathways ranging from development to
stress responses and from posttranscriptional control to
genome defense. In parallel to advances in our under-
standing of these RNA activities, sequencing technol-
ogies have improved, yielding exponential increases in

small RNA data from thousands of libraries. These data
are often mapped onto sequenced plant genomes,
which are also growing in number. For more than
15 years, our group has developed public web re-
sources for the analysis of plant gene expression data.
The purpose of these resources has been to facilitate
gene- and genome-based analysis of RNA data, allow-
ing users to browse, analyze, and visualize results for
loci of interest. Our experience in this field started with
the first next-generation sequencing technology called
massively parallel signature sequencing (MPSS;
Brenner et al., 2000; Meyers et al., 2004c) and continued
with the development of small RNA sequencing (Lu
et al., 2005). The sequencing technologies have sub-
stantially advanced, as have our databases, web sites,
visualization tools, and applications for transcriptional
and chromatin analyses.

The original prototype of our web-based database for
next-generation sequence data was developed in 2003,
when we launched our first public web site for a model
plant, Arabidopsis (Arabidopsis thaliana), based on
mRNAMPSS data (Meyers et al., 2004a, 2004b; Nakano
et al., 2006). Although that first generation of our web
resources was already equippedwith many of the major
analysis tools we offer today, in the last 131 years, all
our tools have gone through a series of overhauls and
improvements to adapt to ever-increasing sizes and
types of data sets. On the back end, our database
structures have been continuously reexamined and
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reorganized to store and process ever-growing
amounts of data more efficiently and more rapidly.
The web interface has been completely rewritten or
substantially modified several times to improve per-
formance, to accommodate changes made to the data-
base structure, and to introduce more advanced
features for analysis and display of the data. These
improvements were necessary as we expanded our re-
sources by adding more plant species (and even orga-
nisms from other kingdoms) and more data types
while adapting to changing sequencing technologies.
For historical reasons, we retained the MPSS name
of our sites, although the data we display are almost
exclusively from Illumina’s sequencing-by-synthesis
technology.
The data on our web sites include small RNA, par-

allel analysis of RNA ends (PARE)/degradome, RNA
sequencing, and chromatin immunoprecipitation se-
quencing. As of September 2019, we have launched 70
public web sites featuring 31 different organisms (see
“Genomic Databases” below for the complete listing).
Our web pages are unique because they provide ex-
tensive information about individual reads or RNAs,
with those data embedded in the images and easily
accessible. Taking small RNAs as a primary focus of our
site, the accessibility of individual reads (representing a
single, distinct small RNA) is important because plants
have a number of biogenesis pathways that are absent
from animals. For example, heterochromatic small in-
terfering RNAs (siRNAs) functioning in RNA-directed
DNAmethylation and phased, trans-acting siRNAs are
plant specific. This complex set of small RNAs is best
analyzed using information-rich visualization tools.
Here, we describe our process of database building/

loading and our web interfaces, focusing on the de-
velopments we havemade for analyses of various types
of sequencing-by-synthesis data from different orga-
nisms since our last web site-centric publication
(Nakano et al., 2006). Because we have developed a
pipeline to process genomic and expression data and a
common set of web scripts to display the processed
data, only minimum customization is nowmade to our
databases and interfaces when we launch a new web
site. This report also covers our new phasing analysis
viewer and tool for making rapid visual assessments
of small RNAs, because identification of phased
small RNAs is an important aspect of work in our lab.
All our public resources are accessible at https://mpss.
danforthcenter.org.

OVERVIEW OF OUR DATABASES

Each of our web sites is connected to one of each of
two types of databases, which we call the genomic
database and the expression database. For each type of
database, we developed a standardized schema and an
automated building process to perform all of the nec-
essary steps of data loading. The pipeline for each data-
loading function is a combination of Perl, Python, and

MySQL scripts that takes data files as input and uses
them to construct databases from which data are later
extracted to build web pages. We have continuously
revamped the method used to load raw sequences into
our expression databases, allowing large libraries to be
added quickly. We now use Bowtie, an extremely fast
program capable of mapping tens ofmillions of reads in
just a few minutes. We continue to use databases be-
cause their relational structure facilitates complex
queries, while developments to maintain their speed
and capacity over the last 15 years have kept up with
the growth in the size of our tables and data sets.

Genomic Databases

Our public web sites are all based on sequenced ge-
nomes for which we can acquire the assembled and
annotated sequences from public sources. Thus, as a
research group, we are a consumer of genomic data
rather than a generator. Genomes that we maintain for
our sites include Arabidopsis, rice (Oryza sativa and
Oryza glaberrima), maize (Zeamays),Medicago truncatula,
soybean (Glycine max), wheat (Triticum aestivum),
Aegilops tauschii, asparagus (Asparagus officinalis), com-
mon bean (Phaseolus vulgaris), litchi (Litchi chinensis),
strawberry (Fragaria ananassa), apple (Malus domestica),
cassava (Manihot esculenta), grape (Vitis vinifera), lettuce
(Lactuca sativa), orange (Citrus sinensis), papaya (Carica pa-
paya), peach (Prunus persica), potato (Solanum tuberosum),
tomato (Solanum lycopersicum), Amborella trichopoda,
Mimulus guttatus, petunia (Petunia axillaris and Petunia
inflata), poplar (Populus trichocarpa), Brachypodium dis-
tachyon, Spirodela polyrhiza,Ustilago maydis,Magnaporthe
grisea (the rice blast fungus), and chicken (Gallus gallus).
We have a separate genomic database for each orga-
nism, which contains data obtained from its genomic
sequence and annotation. Any analysis that requires
chromosomal, genic, or related information of that or-
ganism must consult the genomic database. No ex-
pression data (libraries and read sequences) are stored
in genomic databases, and thus the genome databases
are utilized across many sets of transcriptional or re-
lated data. Each genomic database contains pieces of
information such as chromosomes, genes and non-
coding RNAs, k-mer frequencies, and unannotated
repeats.

Expression Data Preprocessing

Our expression database-building pipeline can be
run to load large libraries into databases, but in efforts
to standardize the process, we require that a short pre-
processingprotocol is followedprior to running the actual
pipeline (Fig. 1). This phase is called data preprocessing,
and it consists of three steps: parsing/trimming,filtering/
chopping/alignment, and read mapping. The basic
function of this preprocessing protocol is to convert var-
ious raw file formats into a standard format, trim off any
ligated library or sequencing adapters, and store a copy of
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the expression data (as flat files) in a central reposi-
tory, which is then used as the standard input to the
database-building scripts. But with time, as the number
of available libraries increased, before loading them
into databases, a preliminarily analysis to assess the
quality of the libraries became a pivotal and integral
part of this phase too. The preliminary analysis yields
graphs of the size distribution of the sequenced mole-
cules (particularly useful to assess small RNA and
PARE data) and the percentage of reads with genome
matches (useful to assess data quality).

Expression Databases

Expression databases store quantitative RNA infor-
mation for various tissue samples. They connect to our
web sites to provide visualization tools for the expres-
sion data, and they also allow our researchers to run
complex MySQL queries directly via the web interface.
We build an expression database for each set of libraries
we want to analyze, and the main tables in the database

record pieces of information such as library abun-
dances, genomic locations, and library summaries.

WEB INTERFACES: DATA ACCESSIBILITY

After each expression database is built, its data, along
with those from its related genomic database, can be
accessed and viewed via a series of dynamic web pages.
A majority of our web scripts are written in PHP (an
open-source general-purpose programming language
widely used for web development) embedded into
HTML with JavaScript and Cascading Style Sheet, and
the graphical outputs included in query results are
generated on the fly by the GD library (an image-
drawing tool used by PHP) or HTML5 Canvas (an
HTML element that contains images drawn via Java-
Script). It is the latter version of those graphical outputs,
which we call Jiffy View, that we have added for faster
page loading (as it excludes slower-to-load mouse
events or links) and more flexible viewing options (e.g.
changing the bp per pixel, image scaling, etc., which

Figure 1. Expression data preprocess-
ing pipeline.
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require redrawing the image). We have kept the original
version of thewebpages,whichwe call InteractiveView,
as they allow the user to mouse over or click every ele-
ment to see more information or go to the related de-
tailed pages for analysis of individual elements like
single RNAs. Those two versions (Jiffy and Interactive)
are interchangeable and interlinked on our pages as
embedded genome viewers. Another improvement we
have made to offer customized viewing of the data and
images is aControl Panel (CP),which is a utility allowing
the user to select and adjust libraries and/or sequences
to display in order to facilitate analyses, and some of the
CP options are mentioned in the following sections that
briefly explain how to use our web sites.

Quick Start: Basic Queries and Chromosomal Navigation

The home page of each Next-Gen Sequence DB Web
site is a starting point for both experienced and inex-
perienced users, since most of our major analysis tools
and resources are accessible from this page (Fig. 2). For
those who are new to our web-based databases, various
example links on this page provide quick access. For
instance, the home page of our Arabidopsis Small RNA
Database lists example links to our image viewer out-
put pages for known microRNAs (miRNAs), inverted/
tandem repeats, pericentromeric regions, weakly pre-
dicted transposons, and trans-acting siRNAs (Fig. 2A).
For those who are ready to run analyses, the home

page offers input boxes for a number of Basic Queries
based on a protein-entry code for the Gene Analysis tool
(GA; for an analysis of a specific gene or intergenic re-
gion) or the LibraryAbundances tool (LA; for an analysis
of individual libraries and their abundance data in a
specific region)with single ormultiple gene identifiers, a
read sequence for the Signature Analysis tool (for an
analysis of a specific read) with single or multiple se-
quences, or a keyword used for predicted protein func-
tion or repeat classes for the Keyword Search tool to list a
group of genes or repeats in a certain category (Fig. 2B).
Each query’s input section also includes an example in-
put linked to its output page, so the user can simply click
on the link to preview the related tool.
The home page also offers two options for the Query

by Chromosome Position. The first option is by clicking
on the image map of the featured genome (Fig. 2C).
Each chromosome bar appearing on this map is divided
into a series of hidden rectangles, or hot spots, which
represent different chromosomal regions (the coordi-
nates pop up on a mouse over), and these regions are
linked to a new page containing the zoomed-in map of
the corresponding locus. We call this linked page the
level 2 (or intermediate) version of Chromosome
Viewer (CV), as it provides a second, general view of
the selected region. This page too consists of image el-
ements linked to the final version of CV, and thus it can
be used to pinpoint the selected region more precisely
and further zoom into that region. The other option,
if the user knows exactly which chromosomal region
to look up, is to select the chromosome from the

drop-down list and enter the start and/or end coordi-
nates in the input boxes just below the image map
(Fig. 2D). This will take the user directly to the final CV
page, bypassing the intermediate version.

Image Viewers: Visualizing Genomic Information
and Sequences

Wehave four different levels at which to visualize the
featured genome, starting from the image map for all
the chromosomes on the home page, moving to inter-
mediate and then final versions of CV to narrow the
view to a specific chromosomal region, and endingwith
the viewer on the GA or LA page to focus on each
specific gene or region (Fig. 3). The last two levels are
what we mainly refer to as viewers because of their
embedded genome browsers. The legend that helps the
user to understand each image is linked from those
pages displaying the viewers.
Although the CV (final version) and the GA/LA

viewers are based on different scales and sizes, both
viewers share common elements and display options,
some of which can be customized via the CP linked
from their host pages. They display genes represented
as a series of colored rectangles that include exons,
untranslated regions, and/or introns. The color of each
gene is usually determined by the strand to which it
belongs (i.e. red for top and blue for bottom), but the
tRNA/rRNA/small nuclear RNA/small nucleolar
RNA genes are colored differently. Another displayed
genomic element is the repeat data (retrotransposon/
transposon related, tandem, inverted, etc.), repetitive
sequences represented as boxes of different, mainly
pastel, colors and heights in the viewers. We have
identified those generally unannotated repeats by using
such programs as RepeatMasker, einverted, and etan-
dem/Tandem Repeats Finder; we use a low stringency
to identify low-homology repeats to ensure maximal
identification of repeats. The repeat data may be par-
ticularly useful for interpreting small RNA data, since
all types of these repeats are rich sources of small RNAs
in plant genomes. One other genomic element dis-
played in the viewers is the k-mer line plot represented
as a squared-off, purple line graph. This represents the
average degree of repetitiveness in the genome deter-
mined by a 20-nucleotide window of the moving av-
erage of 20-nucleotide fragments spanning the genome;
the k-mer line plot is shown by default, but it can be
hidden by changing the option in the CP.
Our viewers also display sequences of the featured

data types (small RNA, PARE, RNA sequencing, chro-
matin immunoprecipitation, etc.) that are associatedwith
the region and have been sequenced in any of the li-
braries. Sequences can be displayed with their individ-
ual abundances represented as small dots or with the
sum of abundances represented as bars. This dis-
play option can be interchanged via the CP, or a third
view showing the sum of hits-normalized abundances,
represented by bars. Each dot for individual abundances
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Figure 2. The home page of one of our Arabidopsis small RNAweb sites. A, Example links provide quick access to various outputs
of our image viewer. B, The Basic Query section allows the user to start most of our major analyses. C, The user can click on the
image map linked to the intermediate version of the CV. D, The user can also enter a specific genomic location to access the final
version of the CV.
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in the Interactive View of the final CV and the GA/LA
viewer is linked to the Signature Analysis page for that
particular sequence (the dot is filled for a unique se-
quence and hollow for a duplicated one). For small RNA
sequences, the user also has options to display individ-
ual abundances in different colors according to their
sizes and to display only some of the sizes (Fig. 3D).

JavaScript Object Notation Web Services

JavaScriptObjectNotation (JSON) is a data-interchange
format representing data in an easy-to-access way, and it

has become a preferred choice for data interchange stan-
dard today. As a text-based system using name-value
pairs, JSON is lightweight and compatible with most
modern programming languages. It is easy not only for
humans to read andwrite but also for computers to parse
and generate. We have been offering the user to down-
load query results from our analysis pages as JSON in
addition to a comma-separated values file, and we re-
cently set up a new JSON web services page where the
user can choose from a wide range of data (expression,
genomic, or metadata), send a query, and then receive the
requested data. This facilitates data accessibility. The
resulting data can be viewed as a web page, and it also

Figure 3. Four different levels of viewing the featured genome. A, The image map for all the Arabidopsis chromosomes on the home
page. The red box indicates a clickable link to the intermediate versionof theCV for the selected region. B, The intermediate version of
theCV. The red box indicates a clickable link to the final version of the CV for the selected region. C, The final version of the CV,which
displays genes on each strand as a series of red or blue narrow rectangles, repeat data (shadow boxes of different colors and heights),
the k-mer line plot as a purple line graph, and the sum of sequence abundances as bars. The red box indicates a clickable link to the
GA tool for the selected gene. D, The viewer on the GA or LA page for each specific gene or region. In this viewer, individual small
RNA sequences are displayed as small dots in different colors according to their sizes (unique sequences as filled dots and duplicated
sequences as hollow dots). snoRNAs, Small nucleolar RNAs; snRNAs, small nuclear RNAs; UTRs, untranslated regions.
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can be saved as a file that the user can later edit, convert,
decode, or parse for their own analyses. A variety of JSON
editors/converters are available, and so are JSON de-
coders/parsers for different programming languages.

SMALL RNA PHASING ANALYSIS

Heterochromatic siRNAs, miRNAs, and small RNA
decay products are generated in a stochastic manner
from their precursors. However, there are quite a few
locations where the small RNAs have a very precise
spacing (i.e. phasing) of 21 or 24 nucleotides, exempli-
fied by the 21-nucleotide Arabidopsis trans-acting
siRNAs (Vazquez et al., 2004). This pattern describes
secondary siRNAs generated by miRNA triggers in a
phased pattern (Fei et al., 2013). In many angiosperms,
particularly including the grasses, there are numerous
loci at which the small RNAs are spaced by exactly 24
nucleotides (Zhai et al., 2015; Xia et al., 2019). In the
phasing analysis, the web site analyzes all the small
RNA sequences existing in a given region by making
each sequence as the start of a window of 10 cycles of
the selected phasing length to see if sequences in that
window are spaced by that length. We call those se-
quences spaced precisely in-phase and others out-of-
phase. Based on the numbers of these sequences, the
phasing score of each window is calculated, somewhat
similar to a previously described algorithm (De Paoli
et al., 2009). We havemade this analysis available at our
public web sites. The following sections describe how
we obtain and display phasing analysis data on our
web pages.

List of Qualified Small RNAs

First, we obtain a list of small RNA sequences, which
can belong to all the possible phasing windows existing
between the start and end coordinates specified by the
user, from an expression database we have built for a
specific set of libraries (the user may select a subset of
the libraries via the CP). We previously performed this
analysis only on the top strand (sequences on the bot-
tom strand were converted to the top strand with their
positions offset by two nucleotides with the overhang at
the 39 end), but now the user may view the result on
both strands (each window on its own strand: default),
top or bottom strand (windows on the opposite strand
converted to each strand), or top and bottom strands
together. Thus, we keep two sets of coordinates for each
sequence by converting the original coordinates to the
opposite strand, and then one set of those strand-
specific coordinates (original and/or converted) is
used for the analysis on each strand. The formulas we
use are: [original coordinate] 2 ([phasing length] 2 3)
for the bottom-to-top conversion and [original coordi-
nate] 1 ([phasing length] 2 3) for the top-to-bottom
conversion.

The small RNA list must consist of not only those
sequences for which each can be the start of a window

on either of the strands in the region but also those se-
quences that can belong to any of the cycles in a win-
dow, especially when the window starts around the
start or end coordinate. Thus, we adjust the start and
end coordinates for the query by using the end of the
possible last window on the bottom strand ([original
start coordinate] 2 [phase length] 3 10 1 1) as the
smallest coordinate and the end of the possible last
window on the top strand ([original end coordinate]
1 [phase length] 3 10 – 1) as the biggest coordinate.
Among those sequences that the query result includes
for the adjusted coordinates, as empirically defined
filters for Pol II-derived phased siRNAs (phasiRNAs),
we exclude those small RNAs that hit to the featured
genome more than 20 times, whose types are rRNAs,
small nuclear RNAs, small nucleolar RNAs, or tRNAs,
or whose sizes are not equal to the featured length. For
each qualified small RNA, we record its start position,
strand,W- andC-strand positions, sequence, number of
genomic hits, and normalized abundance sum, and the
final list is available as JSON data via our web services.

List of Phasing Windows

Next, from the set of prescreened small RNAs
obtained above, we generate a list of phasing windows
existing in the specified region for the featured strand
(top or bottom). Depending on the user’s selection of
the strand(s) for viewing the analysis result, this process
may be repeated for the opposite strand as well. By
using the strand-specific coordinates, which may or
may not have been converted from opposite-strand
coordinates, we make each sequence from the small
RNA list the start of a phasing window. Those se-
quences whose coordinates are outside the region are
excluded. According to the orientation of each strand,
we sort the small RNA list by the featured-strand co-
ordinates in ascending order for the top strand and in
descending order for the bottom strand. With each
version of the sorted list, we move from one window to
another, one cycle to another, in the same orientation.

For each window, all the small RNAs existing in the
window are examined to assess whether they are in-
phase. We consider a sequence in-phase if its position
is equal to the start coordinate of one of thewindow’s 10
cycles while allowing 21 and 11 mismatches. While
going through sequences for the window, we collect the
following values to calculate its phasing score: [A] the
total abundance sum of in-phase sequences; [B] the total
abundance sum of out-of-phase sequences; and [C] the
number of cycles occupied by distinct, occupied phase
positions. The formula we use to calculate the score is
log(pow((1 1 10 3 [A]/(1 1 [B])), ([C] 2 2))) (De Paoli
et al., 2009), but the score should be 0 if the number of
the occupied cycles is less than 3. During the score
calculation, we also track the highest phasing-score
position (HPSP) in the entire region so that we can
later flag those windows that are in-phase with the
HPSP (21/0/11 positional differences are allowed).
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In addition to the phasing score and its related values
mentioned above, each phasing window’s entry in the
final list consists of its start and end coordinates,
phasing length, the original strand and original posi-
tion of the sequence starting the window, whether the
window is the HPSP, andwhether it is exactly or almost
in-phase with the HPSP. Like the small RNA list, this
list can be obtained from our JSON web services, and a
specific region’s JSON data are directly linked from
those pages displaying phasing analysis data.

Visualization of Phasing Windows

We have developed a new viewer customized to vi-
sualize our phasing analysis result, and it can be dis-
played along with our regular viewer on two of our
most popular analysis pages: the GA and LA pages
(Fig. 4A). The Phasing Analysis (PA) viewer looks very
similar to the regular viewer at a glance, since they both
consist of the same set of genomic elements. However,
in the new viewer, each of the small dots (colored or
gray and filled or hollow) represents a window of 10
cycles of the phasing length and the score of small
RNAs positioned in-phase with this, instead of indi-
vidual abundances represented in the regular viewer.
By using this viewer, the user can see where miRNAs
have triggered secondary siRNA production at their
targets.
The PA viewer can be turned on for small RNA data

(it is disabled by default) in the CP, the utility allowing
the user to select and adjust libraries and/or sequences
to display in order to facilitate analyses. The CP offers a
few more display options for the user to customize this
viewer. The user can adjust the strand(s) to show
phasing windows. The default value is both strands
(each window on its original strand), but this can be
changed to either top or bottom strand only (the op-
posite strand window is converted to the featured
strand) or top and bottom strands together (all win-
dows on each strand). The user can also change each
phasing cycle’s length (between 19 and 25 nucleotides).
The default value is 21, which is the length generally
found in themodel plant Arabidopsis, but other lengths
may be more appropriate for other species. Finally, the
user can optionally define a certain score (between 0
and 100) to highlight all positions exceeding that score.
By using the phasing window list(s) discussed above,

the PA viewer draws, on each strand, windows whose
strand-specific coordinates exist in the specified region.
By default, W-strand windows appear on the top por-
tionwhile C-strandwindows appear on the bottom, but
the user can select another option via the CP. The red-
filled dot indicates the window that has the HPSP.
Color-filled dots (the color is determined by the phasing
length) indicate those windows that are in-phase with
the HPSP (exactly in-phase ones as filled dots and al-
most in-phase ones as hollow dots), while gray hollow
dots indicate those windows that are out of phase. If the
user has defined a certain score via the CP, all windows

exceeding that score will be colored, whether they are
in-phase or not (the exactly in-phase windows are still
drawn as filled dots).
The 203 image scale (magnification), which can be

selected in the New Search section on the GA/LA page,
provides the best view for phasing analysis, since each
window can be separated from the others. The Inter-
active View of this image scale marks the HPSP along
the red vertical line, and then it shows 10 in-phase po-
sitions to its left and right by lines of another color
(Fig. 4B). The interactive view also shows each win-
dow’s information (start and end coordinates, score,
sum of in-phase or out-of-phase abundances, and
number of occupied phase cycle positions) as a mouse-
over popup text, and the window’s image is linked to
the page that shows this phasing window’s in-depth
analysis.

In-Depth Analysis of a Phasing Window

The Phasing Analysis Information (PA Info) page
displays detailed information on each phasing window
for the start coordinate and the strand specified by the
user (or passed from the linking page; Fig. 5). Each
phasing window consists of 10 cycles, and each cycle’s
length depends on the featured length (the user can
change this via the CP). The orientation of the window
and its cycles depends on the specified strand: for theW
strand, the window moves from left to right with co-
ordinates increasing from the specified start, while for
the C strand, the window moves from right to left with
coordinates decreasing from the specified start. The
tabular data discussed below can be viewed and
downloaded from the JSON links on the page.
The first table found on this page lists the positions of

10 cycles on both strands (for simplicity, the same order
of cycle numbers is used for both strands; Fig. 5A). The
user-specified start of the window is highlighted for the
specified strand (it is on the far left for theW strand and
on the far right for the C strand), and those cycles oc-
cupied by any in-phase sequence are linked to the
corresponding rows in the sequence tables below.
The sequence table for each strand consists of small

RNAs and their information such as number of ge-
nomic hits, location, and library-specific normalized
abundance values (Fig. 5B). To filter qualified small
RNA sequences, this table mostly uses the same criteria
as the small RNA list described above, but sequences in
a range of lengths are included here. In the JSON data
linked from the top of the table, different-length se-
quences are included and flagged as in-phase as long as
their positions are within 21/0/11 differences. How-
ever, the sequence table highlights only those sequences
in the featured length as exact or almost in-phase, and
the PA viewer appearing at the bottom of this page
considers only exact-length sequences.
The PA Info page is equippedwith the regular viewer

and its special version of the PA viewer (both interac-
tive 203 image scale). In this PA viewer, which is
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independent from the user’s selection of the strand to
display windows via the CP, each qualified small RNA
shows up as a PA window itself always on its original
strand, and its score is based on those sequences whose

strand-specific coordinates (opposite-strand coordi-
nates get converted) belong to that window (with 21/
11 positional differences allowed; Fig. 5C). This viewer
covers the selected window with an additional cycle

Figure 4. The customized PA viewer as an add-on to the small RNA browser. A, The PA viewer (bottom) displayed along with the
regular viewer (top). In the bottom section, each dot represents a window of 10 cycles of small RNAs of the specified length in the
top section (21 nucleotides in this example). The phasing score (y axis) indicates the degree of phasing. The red dot is the window
with the best score in this region, and other colored dots are windows that are in-phase with it (perfectly phasedwindows as filled
dots and those with21/11 mismatches as hollow dots). Gray hollow dots are out-of-phase windows. B, The Interactive View of
the PA viewer from the bottom part of A in 203 image scale. UTRs, Untranslated regions.
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added to both 59 and 39 ends by showing 11 vertical
lines on each strand with a red arrow by the first line
on the W strand and a blue arrow by the last line on
the C strand, which both represent the start of each

strand-specific, first cycle window. The orientation for
W-strand windows is from left to right with increasing
coordinates, while that for C-strand windows is from
right to left with decreasing coordinates. By clicking on

Figure 5. The PA Info page, displaying detailed information on each phasing window with the start coordinate and the strand
chosen by the user. A, The list of the positions of 10 cycles on both strands. B, The sequence table for each strand highlights exactly
in-phase positions in a darker shade and almost in-phase positions in a lighter shade. C, The PA viewer (interactive 203 image
scale) displays the selected phasing window with an additional cycle added to both 59 and 39 ends.
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each window’s image, the user can directly go to the PA
Info page for that locus.

FUTURE DEVELOPMENTS

The analysis of phasiRNAs has been a key project in
our lab for the last decade (Zhai et al., 2011; Xia et al.,
2019). The identification of loci yielding phasiRNAs
(PHAS loci) is important because their biogenesis re-
quires multiple factors. Thus, a union set of the PHAS
loci we identify for multiple expression databases may
be considered permanent features of a genome and
could be added to its annotation data. This is perhaps
comparable to the annotation of miRNAs in miRBase
(Griffiths-Jones et al., 2008). Our PHAS loci identifica-
tion work is currently separate from our genome and
expression database-building pipelines, and thus it is
not easy to systematically obtain PHAS data for all of
our data sets, although we have developed a mecha-
nism of storing and displaying PHAS loci data at our
web sites. At the moment, we only have one public
Arabidopsis web site and some of the rice web sites
showing a genome-specific list of PHAS loci we have
identified and displaying images of loci in the genome
viewer.

In terms of future developments, as the first step, we
are planning to establish a new mechanism to run the
phasiRNA analysis on each expression database and
generate a genome-specific list of distinct PHAS loci
from the analysis outputs, and then integrate this
mechanism into our existing expression and genome
database-building pipelines. While adding PHAS data
to more web sites, we will develop a new web tool for
the user to search and compare PHAS loci from differ-
ent organisms by type, phase length, title, keyword,
and so on. In addition, we want to start a new registry/
repository for PHAS locus data consolidated from dif-
ferent organisms, hoping that we can contribute to ge-
nome annotation projects and provide a repository for
information on these important loci.
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