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Intrinsically disordered proteins (IDPs) are functional proteins that lack a well-defined three-dimensional structure. The study of
IDPs is a rapidly growing area as the crucial biological functions of more of these proteins are uncovered. In plants, IDPs are
implicated in plant stress responses, signaling, and regulatory processes. A superfamily of cell wall proteins, the hydroxyproline-
rich glycoproteins (HRGPs), have characteristic features of IDPs. Their protein backbones are rich in the disordering amino acid
proline, they contain repeated sequence motifs and extensive posttranslational modifications (glycosylation), and they have been
implicated in many biological functions. HRGPs are evolutionarily ancient, having been isolated from the protein-rich walls of
chlorophyte algae to the cellulose-rich walls of embryophytes. Examination of HRGPs in a range of plant species should provide
valuable insights into how they have evolved. Commonly divided into the arabinogalactan proteins, extensins, and proline-rich
proteins, in reality, a continuum of structures exists within this diverse and heterogenous superfamily. An inability to accurately
classify HRGPs leads to inconsistent gene ontologies limiting the identification of HRGP classes in existing and emerging
omics data sets. We present a novel and robust motif and amino acid bias (MAAB) bioinformatics pipeline to classify HRGPs
into 23 descriptive subclasses. Validation of MAAB was achieved using available genomic resources and then applied to the
1000 Plants transcriptome project (www.onekp.com) data set. Significant improvement in the detection of HRGPs using multiple-k-
mer transcriptome assembly methodology was observed. The MAAB pipeline is readily adaptable and can be modified to optimize
the recovery of IDPs from other organisms.

Intrinsically disordered proteins (IDPs) challenge the
traditional view that proteins fold into a fixed three-

dimensional structure that determines their function
(Babu, 2016). IDPs do not conform to the structure-
function paradigm, as they are highly mobile, lack a
persistent structure, and yet are stable (Schlessinger
et al., 2011; Szalkowski and Anisimova, 2011; Forman-
Kay and Mittag, 2013; Light et al., 2013). Fully se-
quenced eukaryotic proteomes suggest that IDPs are
common, with 10% to 20% of proteins being completely
disordered and 25% to 40% being partially disordered
(Ward et al., 2004; Oates et al., 2013; Peng et al., 2014;
Kurotani and Sakurai, 2015). The amino acid compo-
sition of IDPs is biased toward disorder-promoting
residues, the majority of which are polar or charged,
and Pro, which, despite being nonpolar, is the most
disorder-promoting residue due to its rigid conforma-
tion. The resulting structure of IDPs lacks stable hy-
drophobic cores and is likely to expose most of their
amino acids to solvent. IDPs also commonly contain
sequence repeats and sequence motifs for recognition
by enzymes that carry out posttranslational modifica-
tions (PTMs; Forman-Kay and Mittag, 2013). The
accessibility of the protein backbones to these PTM
enzymes and the effect of PTMs on the structural, steric,
and electrostatic properties can result in IDPs having
multiple binding partners. These properties make IDPs
ideally suited for functions associated with transient
molecular recognition; indeed, their important roles
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in cellular signaling and regulation are becoming in-
creasingly apparent.
Evolutionary studies suggest that IDPs have played

an important role for progressing from simple to com-
plex multicellular organisms (Dunker et al., 2015). As
IDPs lack the sequence constraints required for main-
taining a folded structure, they can display rapid evo-
lution, providing a mechanism to increase regulatory
complexity. However, IDPs often display high conser-
vation of overall composition and specific motifs yet
low sequence conservation due to high mutation rates,
increased insertion/deletion events, and domain
swapping (Buljan et al., 2010; Nido et al., 2012; Khan
et al., 2015). These features make tracking IDPs over
evolutionary time scales immensely challenging. Al-
though a number of databases with either experi-
mental data or predictive methods of protein disorder
are available (for review, see Piovesan et al., 2017), the
tools available to assess large-scale proteomics data for
IDP evolution are lacking (Varadi et al., 2015). The
methods available still rely on significant conservation
of sequence order, as they utilize (PSI)-BLAST to retrieve
sequences, a user-generated multiple sequence align-
ment, or knowledge of function (Varadi et al., 2015; Khan
and Kihara, 2016). Since IDPs have strong amino acid
biases but relatively low sequence similarity, approaches
such as standard BLAST searches are not effective for
identification over long evolutionary distances. In order
to capitalize on current and emerging genomics and
transcriptomic resources, the development of novel bio-
informatics approaches to identify IDPs from any orga-
nism would represent a significant advance.
In plants, IDPs are implicated in stress responses,

signaling, and molecular recognition pathways
(Pietrosemoli et al., 2013; Sun et al., 2013). As plants are
sessile, IDPs related to environmental stress responses
are proposed to be particularly critical to enable ad-
aptation to challenging environments (Gomord et al.,
2010; Pietrosemoli et al., 2013; Kurotani and Sakurai,
2015). An important class of extracellular IDPs that
are believed to be involved in these responses are
the hydroxyproline-rich glycoproteins (HRGPs), an
evolutionarily ancient and diverse family of cell wall
proteins. The protein backbones of HRGPs consist of
different Pro-rich motifs that govern Pro hydroxyla-
tion and direct subsequent HRGP glycosylation. It is
these features of HRGPs that define them as IDPs.
HRGPs have been detected and isolated in both the

protein-rich walls of green algae and the cellulose-rich
walls of land plants (Supplemental Table S1). Proteins,
including glycoproteins, can be significant components
of some algal walls (e.g. Chlamydomonas reinhardtii, 30%
[w/w]; Roberts, 1974; Voigt et al., 2009), yet they are
generally a minor component of land plant (embryo-
phyte) walls (approximately 10% [w/w] in primary
walls but less in secondary walls). Despite their low
abundance in land plants, selected HRGPs have been
shown to play important functional roles in, but not
limited to, cell expansion, root growth and develop-
ment, xylem differentiation, somatic embryogenesis,

initiation of female gametogenesis, self-incompatibility,
signaling, salt tolerance, and pathogen responses, (for re-
view, see Fincher et al., 1983; Kieliszewski and Lamport,
1994;Majewska-Sawka andNothnagel, 2000; Seifert and
Roberts, 2007; Ellis et al., 2010; Lamport et al., 2011;
Draeger et al., 2015; Velasquez et al., 2015; Showalter
and Basu, 2016a, 2016b). Not surprisingly, HRGPs
have both fascinated and challenged researchers for
decades.

The wide range of potential functions of these mol-
ecules lies in the diversity of protein backbones and the
vast potential for PTMs. HRGPs are commonly divided
into three major multigene families, the arabinogalactan
proteins (AGPs), extensins (EXTs), and Pro-rich proteins
(PRPs), but in reality, a continuum of HRGPs exists, in-
cluding hybrids with features from multiple HRGP
families, chimeric HRGPs that contain additional non-
HRGP protein domains, and very small proteins, such
as the arabinogalactan (AG)-peptides (Fig. 1; Johnson
et al., 2003b). The common thread that defines this
diverse family is the hydroxylation of Pro to Hyp (O)
and the subsequent attachment ofO-linked glycans on
Hyp residues. Glycosylation of Hyp is a widespread
phenomenon in plants but is absent in animals. Plant
HRGPs have been considered functionally equivalent to
mammalian proteoglycans such as mucins that are rich
in Pro, Thr, and Ser, heavily glycosylated, and found in
the extracellular matrix (Chaturvedi et al., 2008). Im-
portantly, however, O-linked glycosylation of mucins
occurs through Ser and Thr residues rather than Hyp
residues, which are rarely, if ever, glycosylated in
animals.

The HRGPs range from highly glycosylated mole-
cules, such as the AGPs, to the moderately glycosylated
EXTs and minimally glycosylated PRPs. Analysis of
the Hyp-containing motifs that direct this glycosyla-
tion led to the Hyp-contiguity hypothesis. This predicts
that small glycan structures such as arabinooligo-
saccharides (arabinosides; degree of polymerization,
1–4) are attached to contiguous Hyp residues such as
the SO3-5 repeats that occur in EXTs (Fig. 1). In the
highly glycosylated AGPs, large type II arabino-3,6-
galactan polysaccharides (degree of polymerization,
30–120) are added to clustered, non-contiguous Hyp
residues such as the SO, AO, TO, and VO repeats (Fig. 1;
Kieliszewski and Lamport, 1994; Lamport et al., 2011).
The extent of glycosylation of PRPs remains unclear, as it
has not been studied extensively. For example, purified
soybean (Glycine max) PRPswere shown to beminimally
glycosylated, constituting less than 3% carbohydrate,
with Ara residues presumably linked to Hyp (Datta
et al., 1989; Fig. 1).

HRGPs represent a challenging group of IDPs, given
that they consist of large multigene families with di-
verse protein backbones (Schultz et al., 2002; Showalter
et al., 2010). Examination of these glycoproteins in a
wide range of plant species should provide valuable
insights into how such proteins have evolved. In this
article, we use the HRGPs as a test case to develop a
versatile tool to identify and classify specific subsets of
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defined IDPs. Relatively little is known about the origin
and evolution of HRGPs, as evolutionary studies have
largely focused on the proteins involved in the syn-
thesis and remodeling of the major polysaccharides,
cellulose, the noncellulosic polysaccharides (hemicellu-
loses), and pectins. As most of the HRGPs from chloro-
phyte algae have domain structures distinct from
embryophyte HRGPs (Fig. 1; Godl et al., 1997; Ferris
et al., 2005), a tool that is able to identify HRGPs with
diverse features across long evolutionary time scales
was required.

Bioinformatics approaches to identifyingHRGP family
members have been developed and proven useful to
characterize this complex family. The protein backbone
of AGPs is rich in the amino acids Pro/Hyp, Ala, Ser, and
Thr of PAST (Schultz et al., 2002; Ma and Zhao, 2010;
Showalter et al., 2010). A biased amino acid approach

(50% or greater PAST) was developed to detect Arabi-
dopsis (Arabidopsis thaliana) AGPs (Schultz et al., 2002),
which also identified some EXTs and PRPs (Johnson
et al., 2003b). Showalter et al. (2010) modified this ap-
proach, developing BIO OHIO to include a mix of dif-
ferent strategies: a biased amino acid approach was
used for AGPs (50% or greater PAST), a motif-based
search for EXTs (two or more SP4 [or SP3]) motifs, and
a combination of both methods for PRPs. Many EXTs
also include Y-based CL motifs, and searching for SP3-5
motifs identifies both EXTs with Y motifs (CL-EXTs) or
without (non-CL-EXTs). PRPs are the most difficult class
of HRGPs to define (Johnson et al., 2003b; Showalter
et al., 2010). Arabidopsis has two distinct sub-classes of
PRPs, one rich in PTYK (e.g. AtPRP1 and AtPRP3) and a
second rich in PVKC (e.g. AtPRP2 and AtPRP4; Fowler
et al., 1999). Members of both subclasses are chimeric

Figure 1. Schematic of the predicted structures of selectedHRGPs. Themajor angiospermHRGPmultigene families are the AGPs
(A–C), cross-linking (CL)-EXTs (D and E), and PRPs (G and H). Hybrid HRGPs (F) contain motifs characteristic of more than one
HRGP family and are commonly found in green algae (I–K). The protein motifs that direct the hydroxylation of Pro to Hyp and
undergo subsequent O-glycosylation are as follows: (1) SP, AP, TP, VP, and GP (light blue bars), to which large type II arabino-
galactan chains (type II AG; orange) are added; (2) SP3-5 glycomotif repeats (red bars) that direct the addition of short arabinose
(Ara) side chains (dark red) on Hyp residues and Gal (green) on Ser residues. In CL-EXTs, these SP3-5 motifs alternate with Y cross-
linkingmotifs (dark blue bars representing YXY, VYK, and YY) in the protein backbone. Ymotifs can form both intramolecular and
intermolecular cross-links. Intermolecular cross-links (gray) occur through the formation of diisodityrosine. Algal HRGPs have
single Tyr residues outside the Pro-rich regions (dark blue, dashed; I–K); (3) PRP motifs (brown bars) direct minimal glycosylation
of short Ara residues (G and H). Chimeric HRGPs have a recognized PFAM domain (black vertical lined box; B, E, and H) in
addition to a HRGP region.
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(Johnson et al., 2003b), containing a PFAM domain like
those identified in Populus trichocarpa using the revised
BIO OHIO 2.0 program (Showalter et al., 2016). Thus,
Showalter et al. (2010, 2016) used a combination of both
bias and motifs to search for PRPs [45% or greater
PVKCYT or 2 or more KKPCPP motifs or 2 or more
PPVX(K/T) motifs] in Arabidopsis and P. trichocarpa.
With these approaches (Showalter et al., 2010, 2016; Liu
et al., 2016), many HRGP sequences were placed into
more than one HRGP family. Therefore, manual cura-
tion of BIO OHIO output is required for final classifica-
tion (Showalter et al., 2010, 2016), a task that is not
practicable with large data sets and that also has the
potential to introduce subjective bias.
Another, less biased approach based on a clustering

method was used by Newman and Cooper (2011) to
search for tandem repeats to identify Pro-rich proteins
in plants. While EXTs were able to be identified, this
method was poor in detecting AGPs because their
diagnostic AP, SP, and TP glycomotifs that direct arabino-
3,6-galactan-type glycosylation (Tan et al., 2003) are
scattered throughout the protein backbone, rather than
being found in tandem (Schultz et al., 2002; Showalter
et al., 2010). Themethod identified three AGP-associated
motifs, TPPPA,MTPPS, andMTPPPMP,which are found
in only a few AGPs.
This study builds on these previous bioinformatics

approaches to identify and classify HRGPs in 15 plant
genomic data sets available through Phytozome and
within the extensive 1000 Plant (1KP) transcriptome
data set (Johnson et al., 2017). The 1KP project (www.
onekp.com) was established to allow researchers to
more effectively address evolutionary and other ques-
tions by providing deeper sampling of key plant taxa
beyond those with sequenced genomes (Johnson et al.,
2012; Matasci et al., 2014; Wickett et al., 2014; Xie et al.,
2014).
Here, we present a novel, highly robust, and auto-

mated motif and amino acid bias (MAAB) pipeline to
classify sequences into one of 24 predefined descriptive
sub-classes (23 HRGP classes and one MAAB class).
This approach combines a biased amino acid approach
with a relativemotif-counting step.We optimizedMAAB
to identify GPI-AGPs, non-GPI-AGPs, and CL-EXTs.
PRPs and hybrid-type HRGPs that reflect variants
of each of the major classes also were captured. The
pipeline is publicly available (http://services.plantcell.
unimelb.edu.au/hrgp/index.html) and readily adapt-
able for the identification of other IDPs from plants
and other organisms. Because chimeric HRGPs, such as
fasciclin-like AGPs (Johnson et al., 2003a), lipid-transfer
proteins (Motose et al., 2004), and AG-peptides (Schultz
et al., 2004), also can be identified by other approaches,
they will be reported elsewhere. Here, we provide a
detailed analysis of HRGPs from 15 plant genomes, in-
cluding two volvocine algae, a moss, a lycophyte, four
commelinid monocots, a basal eudicot, and six core
eudicots. We demonstrate the importance of using a
multiple-k assembly approach to recover HRGPs from
the 1KP transcriptome data and provide preliminary

analysis of 1KP data to validate this approach. The
biological and evolutionary analysis of the 1KP data
are provided in the companion article (Johnson et al.,
2017).

RESULTS AND DISCUSSION

Arabidopsis GPI-AGPs and CL-EXTs Are Distinct Types
of IDPs

There are two major challenges in undertaking a
bioinformatics search of genomic and transcriptomic
data sets forHRGPs: (1) initial robust identification, and
(2) establishment of unambiguous criteria for subse-
quent classification. These issues are substantive and
challenging given the enormous diversity of HRGP
members even within any one subfamily of any par-
ticular plant species. For example, of the 85 AGPs
identifiedwith BIOOHIO/manual curation (Showalter
et al., 2010) in Arabidopsis, six different sub-classes
were defined including classical, Lys-rich classical,
AG-peptide, and three subclasses of chimeric AGPs
(fasciclin-like AGPs, plastocyanin AGPs, and others).
The intrinsically disorderedmature protein core ofAGPs
and EXTs can clearly be seen when HRGP sequences
are assessed using three different disorder predictors
(PONDR-VL-XT, VL3, and VSL2; Romero et al., 1997).
AtAGP6 andAtEXT3 show high disorder scores (greater
than 0.5) along the entire length of the mature protein
sequence compared with the order seen in a typical
globular protein such as prolyl-4-hydroxylase (Fig. 2A).
Some features can be observed in IDPs; for example, the
default VL-XT predictor shows the repetitive nature of
AtEXT3 (Fig. 2A).

The diversity of GPI-AGPs, evenwithin a single plant
species, is highlighted by an alignment of the 16 Ara-
bidopsis GPI-AGPs (Fig. 2B). These GPI-AGPs were
identified primarily by amino acid bias (Schultz et al.,
2002; Showalter et al., 2010), and shading of motifs is
used to highlight the differences and similarities be-
tween members (Fig. 2B). Hereafter, we refer to HRGP
glycosylation motifs as glycomotifs and use SP, not SO
(except where protein sequencing has been performed),
since we are working with proteins predicted from
genomes/transcriptomes. Thus, the hydroxylation (and,
therefore, glycosylation) status of Pro is unknown and
context dependent (Tan et al., 2003; Shimizu et al., 2005;
Kurotani and Sakurai, 2015). The relatively low sequence
similarity of members is clearly evident when viewing a
percentage identitymatrix, where GPI-AGPs range from
9.6% to 61.6% and CL-EXTs range from 6.3% to 84.2%
amino acid identity (Supplemental Fig. S1, A and B, re-
spectively). The diversity of GPI-AGPs and CL-EXTs is
further highlighted by phylogenetic analyses (Fig. 2,
C and D). For the 16 Arabidopsis GPI-AGPs, there are
some robust groupings (greater than 70% bootstrap
values), but only between pairs of sequences. For ex-
ample, the pollen-specific AtAGP6 and AtAGP11
(Pereira et al., 2006; Coimbra et al., 2009, 2010) and the
Lys-rich AtAGP17 and AtAGP18 (Gaspar et al., 2004;
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Figure 2. Disorder prediction, sequence alignment, and phylogenetic trees of the Arabidopsis classical GPI-AGPs and CL-EXTs.
A, Protein disorder (PONDR) plots (see “Materials and Methods”) for AtAGP6 (At5g14380; left), AtEXT3 (At1g21310; middle),
and prolyl-4-hydroxylase (AtP4H1; At2g43080; right) using VL-XT (red), VL3 (green), and VSL2 (blue). PONDR prediction scores
above the threshold line (0.5) predict disorder; below the line, they predict order. B, Sequence alignment (MUSCLE) of 16 Ara-
bidopsis GPI-AGPs with the non-GPI-AGPAtAGP51 included for comparison. Endoplasmic reticulum (ER; N-terminal) and GPI-
anchor (C-terminal) signal sequences are colored in green and orange, respectively. Glycomotifs and selected residues are
highlighted as follows: AP1-3 (yellow); SP1-2 (blue); SPPP (also found in EXTs; blue underlined); TP1-3 (pink/purple); [G/V]P1-3
(gray); K (bright green); andM (olive green). This shows the diversity and lack of sequence conservation between family members.
C, Maximum likelihood tree (MEGA) of Arabidopsis GPI-AGPs and AtAGP51. D, Maximum likelihood tree (MEGA) of Arabi-
dopsis CL-EXTand AtLRX1 (chimeric CL-EXT). In C and D, numbers on the nodes represent support with 100 bootstrap replicates
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Yang et al., 2007, 2011) share 51% and 44.3% amino
acid identity, respectively (Supplemental Fig. S1A). In
total, 10 GPI-AGP subclades (AGP-a to AGP-j) can be
identified; however, low bootstrap support is gener-
ally observed between them (Fig. 2C).
EXTs in Arabidopsis are similarly diverse, with

Showalter et al. (2010) describing nine subclasses de-
pending on the type of repeat (SP3, SP4, SP5, or a combi-
nation), short, and chimeric (LRXs, PERKs, and others).
Of the 59 EXTs reported by Showalter et al. (2010), we
redefined SP3, SP4, and SP5 EXTs and one short EXT
(EXT35) as CL-EXTs, as they satisfied the criteria of
containing a signal peptide, at least two YXY motifs,
and no GPI-anchor signal (see “Materials andMethods”).
Based on these requirements, we compared 16 CL-EXT
sequences using a percentage identity matrix. Although
pairwise similarity is generally higher than for the GPI-
AGPs (compare Supplemental Fig. S1, A and B), the
multiple sequence alignments highlight the range of
sequence lengths, diversity, and spacing of SP3-5 motifs
and Y-based cross-linking motifs that separate them
and the presence of other glycomotifs such as the AGP-
like SPSP motifs (Supplemental Fig. S2; Saha et al.,
2013). Nine of the Arabidopsis CL-EXTs form a well-
supported clade (93% bootstrap support) comprising
four subclades (EXT-a to EXT-d), with an additional
eight CL-EXTs placed in three other subclades (EXT-e
to EXT-g; Fig. 2D). AtEXT17/22/20/21 form a robust
subclade (EXT-f); however, poor bootstrap support is
observed between other CL-EXT family members (Fig.
2D), similar to our analysis of GPI-AGPs.
The low sequence similarity and diversity of classical

GPI-AGPs and CL-EXTs makes them extremely diffi-
cult to detect using BLASTp, as, even within the rosids,
it was not possible to identify all of the putative Ara-
bidopsis orthologs (Table I; Showalter et al., 2010);
hence, the need for a new, more robust search tool.

MAAB Pipeline Construction and Validation for the
Identification and Classification of HRGPs Using
15 Predicted Proteomes

The MAAB pipeline (summarized in Fig. 3; see
“Materials and Methods”) was created to identify and
classify HRGPs in any given proteome without an
excessively high level of false positives. As previous
bioinformatics studies of HRGPs have largely been
undertaken inArabidopsis (Schultz et al., 2002; Showalter
et al., 2010), the MAAB pipeline was initially parameter-
ized in an iterative manner on this proteome to optimize
the recovery and appropriate classification of the HRGPs
identified in this study. Additional features were then

incorporated into MAAB based on studies of HRGPs in
algal species (Godl et al., 1997; Ferris et al., 2005). MAAB
can robustly identify HRGPs, as it incorporates both
amino acid biases and protein motif analysis, in two
stages: (1) finding all HRGPs and removing AG-peptides
and all chimeric HRGPs; and (2) classification, including
primary classification based on amino acid bias, motif
analysis, and final classification (Fig. 3; see “Materials and
Methods”). Key steps in stage 1 of the pipeline are re-
moval of likely duplicates (1a), a requirement for 45% or
greater PAST, PSKY, or PVKY (1b), a length threshold to
reduce the number of partial sequences (1c), a 10% or
greater Pro filter (1d), removal of chimeric HRGPs with
PFAM domains (1e), and a requirement for an ER signal
sequence (1f). Subsequent steps in stage 2 in the MAAB
pipeline, including prediction of GPI-anchor addition to
the C terminus, allowed us to identify and distinguish
between the major categories of interest, GPI-AGPs,
CL-EXTs, and PRPs, and capture potentially different
HRGPs in algal and non-vascular plant lineages. All
non-chimeric (classical and hybrid) HRGP sequences
were categorized into one of 23 unique HRGP classes,
and a final class, MAAB class 24, contains predomi-
nantly non-HRGPs (or unknown HRGPs) based on
having less than 15% known HRGP motifs (Fig. 3; see
“Materials and Methods”).

The output of the MAAB pipeline, using the pre-
dicted proteome data sets from 15 completed land plant
and algal genomes (see “Materials and Methods”) avail-
able at Phytozome (Goodstein et al., 2012), is summarized
in Table I. The full data matrix, including sequences,
percentage amino acid bias, andmotif counts, is provided
in Data File 1. HRGPs were identified in all proteomes
with the exception of the picoplankton Ostreococcus
lucimarinus. In most eudicots, the majority of HRGP
sequences (classes 1–23), accounting for between 52%
(Solanum lycopersicum) and 87% (Eucalyptus grandis) of
the total hits, fall into three HRGP classes: GPI-AGPs
(class 1), CL-EXTs (class 2), and non-GPI-AGPs (class 4).
The other major class is MAAB class 24 (less than 15%
known HRGP motifs; Table I). The MAAB pipeline
identified as many or more GPI-AGPs and CL-EXTs
than the number detectable by BLASTp, particularly
outside eudicots (Table I). This indicates that MAAB
is successful at capturing and classifying GPI- and non-
GPI-AGPs and CL-EXTs (classes 1, 4, and 2, respectively),
hybrid and potentially unknownHRGPs (classes 5–23),
as well as other biased amino acid proteins, most of
which are not HRGPs (MAAB class 24; discussed in
detail below).

Motif shading of the sequences identified by MAAB
further supports the correct classification of HRGPs in
classes 1 to 23 and the low number of known HRGP

Figure 2. (Continued.)
(70 or greater, green; 60–69, orange, 40–59, black) with subclades AGP-a to AGP-j (C) and EXT-a to EXT-g (D; denoted by hor-
izontal lines). Scale bars for branch lengthmeasure the number of substitutions per site. The CL-EXTalignment with shadedmotifs
is shown in Supplemental Figure S2.
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motifs in MAAB class 24 (Supplemental Fig. S3).
Selected sequences and parameters used for MAAB
classification are illustrated in Figure 4. The classical
GPI-AGPs (class 1) and non-GPI-AGPs (class 4) have

AG-glycomotifs scattered through the entire mature
protein backbone (after cleavage of ER and GPI signal
sequences) and are distinct from the other sequences in
the AGP bias classes 5 to 8 (Fig. 4A) that have different

Figure 3. Overview of the MAAB pipeline for the identification and classification of non-chimeric HRGPs. The pipeline consists of
two major stages: stage 1 (1a–1f), identification; and stage 2, classification. Stage 1 largely consists of removing unwanted sequences,
including chimeric HRGPs and AG peptides, and retaining sequences with the desired amino acid bias (45% or greater) and ER signal
sequence. Stage 2 filters sequences into four categories based on the percentage amino acid composition that is dominant by 2% or
greater: AGPs (boxed in orange) if PAST, EXTs (boxed in red) if PSKY, and PRPs (boxed in pink) if PVKY. If no clear bias exists (D amino
acid bias, 2%) the sequence is placed in the shared bias HRGPs (boxed in yellow). The next step is HRGPmotif analysis, which uses
motif type and number (no.). The motifs used for AGPs are [ASVTG]P, [ASVTG]PP, [AVTG]PPP; those used for EXTare SP3, SP4, SP5,
[FY]XY, KHY,VY[HKDE], VxY, andYY; and those used for PRPs are PPV[QK], PPVx[KT], andKKPCPP. A relativeHRGPmotif count (for
AGP and PRP bias) ensures that sequences have the motifs expected for the amino acid bias class they are categorized into (see
“Materials and Methods”). The number of accepted AGP motifs is calculated from the number of AGP motifs divided by 2 (since two
typical AGPmotifs [e.g. SPAP] have a similar length to a typical EXTmotif [e.g. SPPP] and a typical PRPmotif [e.g. PPVxK]). Accepted
CL-EXTmotifs have aminimum requirement of two SP3-5 motifs and two Ymotifs that must be present in a similar ratio (SPn:Y between
0.25 and 4). An additional MAAB class (class 24) arises for proteins with less than 15% known HRGP motifs (boxed in blue). After
HRGP motif classification, the sequences that do not meet the above criteria (red arrow) are analyzed separately from the classical
classes and placed into classes representing hybrid HRGPs. Before the final classification, all sequences are analyzed for the presence
of aC-terminalGPI-anchor signal sequence. Sequences are thus categorized into one of 24 classes (Table I; see Fig. 4)with 23 classes of
HRGPs: classes 1 to 4 representing the classical HRGPs classes; classes 5 to 23 representing minor HRGP classes consisting of, for
example, hybrid HRGPs; and a final class, MAAB class 24, likely representing either non-HRGPs or unknown HRGPs.
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combinations of HRGP motifs. For example, in class
5 (AGP bias, high EXT [SPn and Y]), EXT30 (At1G02405)
has few AG-glycomotifs and more EXT motifs with at
least two SPn and two Y motifs (Fig. 4A). The EXT bias
classes (Fig. 4B) include the classical CL-EXTs (class 2)
that have a similar number of SPn to Y motifs (ratio be-
tween 0.25 and 4), reflecting the predominantly alter-
nating nature of these motifs in CL-EXTs. In contrast,
the minor EXT bias classes 9 to 13 include the rare
GPI-anchored EXTs (class 9) and EXTs with an over-
representation of AGP motifs (class 10), SPn motifs
(class 11, SPn:Tyr. 4), Ymotifs (class 12, SPn:Tyr, 0.25),
or PRP motifs (class 13). Sequences such as EXT39
(At5G19800) with EXT bias but only one SPn and/or one
Y motif cannot be typical CL-EXTs with predominantly
alternating SPn and Y motifs and, therefore, were in-
cluded in class 20 (shared bias, high EXT [SPn and Y]) to
flag that they are unusual (Fig. 4D). Also within class
20, EXT3 (At1G21310) has features of a classical class
2 CL-EXT yet is classified in class 20 due to a shared bias
(less than 2% difference [D]) between percentage PSKY
(74.2%) and percentage PVYK (73.1%). This highlights
the ability ofMAAB to identify outliers from the classical

CL-EXTs and is an effective method to distinguish EXTs
with different SPn/Y motifs. In order to classify AtEXT3
as a class 2 CL-EXT, the shared bias parameter value
could be changed from 2% to 1%. We did not adjust
MAAB, as we wanted to more readily observe HRGP
variation; whether our classification reflects functional
differences is as yet untested. Given the role of Y motifs
in intermolecular and intramolecular cross-linking (Held
et al., 2004; Lamport et al., 2011), both the arrangement
and composition of SPn/Y motifs are likely to impact
function. Therefore, the identification and characteriza-
tion of the diversity of EXTmotifs could guide important
functional studies.

The PRPs are classified in a similar way (Fig. 4C),
with classical (non-chimeric) PRPs in class 3 and other
sequences with PRP bias in classes 14 to 18 (Fig. 3),
where class 14 (GPI-anchored PRP) is allowed for even
though they have never been described. Very few PRP
sequences were identified, and this is likely to be be-
cause almost all PRPs characterized to date are chimeric
and, therefore, excluded in stage 1. Another possibility
is that more PRPmotifs need to be incorporated into the
MAAB pipeline. It is likely that such motifs have been

Figure 4. Illustration of the parameters used for MAAB classification of HRGPs. Where possible, for the Arabidopsis sequences,
we have included both the gene names and the nomenclature designated by Showalter et al. (2010; in blue text). The total number
of Arabidopsis sequences identified for a given class is shown in parentheses, and up to four examples are shown. If no Arabi-
dopsis sequence was present in a given class, then sequences from other species, either from Phytozome or 1KP, were used. For
class 18, an Arabidopsis sequence (At4G15160.1) does not have the expected features of this class due to the partially order-
dependent assignment of the minor classes (see “Materials and Methods”). The columns reporting amino acid bias, as used to
classify sequences into AGP bias (orange), EXT bias (red), PRP bias (purple), or shared bias (yellow), are shaded as for Figure 3.
Shading of motifs is used to highlight the number of hybrid sequences that satisfy 10% or greater motifs for any given HRGP class.
SPn:Y is reported as the number of SPnmotifs:number of Ymotifs (ratio of SPn:Y reported as a fraction).White text for the SPn:Y ratio
indicates that the sequence does not satisfy at least one of the criteria for CL-EXT: at least two SPn and two Y motifs (indicated by
asterisks) or a ratio of SPn:Y between 0.25 and 4 (reported here as 0 if either value is 0). The order of motif searching is CL-EXT
motifs first, followed by PRP motifs, and, finally, AGP motifs. Sequences are shown with HRGP motifs (as used for classification)
highlighted as follows: light blue for AGPmotifs, red for EXT SP3-5 motifs, dark blue for Y-based EXTmotifs, and olive green for PRP
motifs. In cases where motifs overlap, as occurs frequently in the shared bias classes (18–23), shading shows only the accepted,
first identified, motif.
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identified in class 24 (see discussion below), and with
validation of glycosylation on novel Pro-rich motifs,
MAAB could be adapted to improve the recovery of
PRPs. Sequenceswith no clear amino acid bias (D amino
acid bias , 2) are put into the shared bias category,
and within most of these classes (classes 19–23), there is
a diversity of HRGP motifs because many of these se-
quences are hybridHRGPs. For example, PEX1 (At3G19020)
in class 21 has exactly the same percentage amino acid
bias for both AGP and EXT. Motif shading within the
sequence clearly shows that it contains both AGP and
EXTmotifs and is a chimeric HRGP (Fig. 4D), because of
its relatively poormatch to PFAMdomain PF08263 (data
not shown). In the shared bias category, there is not a
strict correlation between the class and motif type be-
cause the classes are assigned in a predetermined
(fixed) order (see “Materials and Methods”). The final
class, MAAB class 24, contains sequences with less than
15% knownHRGPmotifs (Fig. 4E) andwill be discussed
in more detail below.

Evaluation of the MAAB Pipeline Using
Phytozome Proteomes

Additional analyses performed on the Arabidopsis
data set downloaded from Phytozome provided con-
fidence that the MAAB pipeline is robust and effective
at classifying GPI-AGPs, CL-EXTs, and hybrid HRGPs
into consistent classes based on their unique features
(Supplemental Table S2). In Arabidopsis, 17 GPI-AGPs
were identified by MAAB, including a new GPI-AGP
(At3G27416.1; hereafter AtAGP59), as compared with
the 16 classical AGPs identified by BIO OHIO/manual
curation (Showalter et al., 2010; Table I; Supplemental
Table S2; Supplemental Fig. S3). Of the 59 EXTs iden-
tified by BIO OHIO/manual curation (Showalter et al.,
2010), many do not meet our stringent criteria, as they
are either chimeric (e.g. PERK, HAE, and LRX) and/or
have lower amino acid bias (less than 45%PSKY), no ER
signal, no cross-linking motifs, or they have a shared
bias with PRPs (classes 20 and 21; Fig. 4; Supplemental
Table S2). This resulted in MAAB finding 16 CL-EXTs
in Arabidopsis (Table I), one of which is a chimeric
Leu-rich repeat/EXT (LRX1; At1G12040) and was not
excluded by theMAABpipeline because of its relatively
poor match to PFAMdomain PF01816 (data not shown).
No new CL-EXTs were identified, and no obvious false
positives were found among either MAAB class 1 or
2 sequences.

Of the 27 classical and Lys-rich AGPs identified
in P. trichocarpa by BIO OHIO 2.0/manual curation
(Showalter et al., 2016), MAAB classified 10 as class 1,
four as class 4, and eliminated eight due to greater than
95% identity with another sequence (stage 1a), low
percentage PAST (stage 1b), or containing a lipid-transfer
protein/hydrophobin PFAMdomain (stage 1e; Supplemental
Table S3). Similarly, many of the EXTs identified by BIO
OHIO 2.0/manual curation (Showalter et al., 2016)
were either reclassified into other HRGP classes or

eliminated byMAAB (Table I; Supplemental Table S3).
Five of the 22 P. trichocarpa short EXTs were classified
as non-GPI-AGPs because none satisfied the require-
ment for at least two SPn and two Y motifs, and two
also had more AGP motifs than EXT motifs. Six other
short EXTs were classified in other MAAB classes (5,
20, 21, or 24), and 11 others were eliminated at stage
1 of the MAAB classifier (either stage 1b, 45% or greater
bias [10], or stage 1c, 90 or greater amino acids [1]; Table
I; Supplemental Table S3).

A noteworthy outcome of the MAAB pipeline was
the low number of PRP sequences, including their
apparent absence from Arabidopsis (Table I). All the
Arabidopsis and P. trichocarpa PRPs identified by BIO
OHIO/manual curation (Showalter et al., 2010, 2016)
were excluded byMAAB,mostly due to being chimeric,
but others were excluded due to the absence of an ER
signal peptide or low amino acid bias (Supplemental
Tables S2 and S3, respectively). Only a single PRP was
identified in soybean (Table I; Fig. 4), one of the few
species in which non-chimeric PRP gene sequences have
been reported (Datta et al., 1989). The previously cloned
SbPRP1 (Glyma09g12198.1), SbPRP2 (Glyma09g12252.1;
Fig. 4), and SbPRP3 (Glyma11g21616.1; Hong et al.,
1987, 1990) are found in HRGP class 18 (PRP bias, high
Y) because they have a higher number of EXT motifs
than PRP motifs. A sequence (Glyma10g33050.2) similar
to a fourth soybean PRP (ENOD2; Franssen et al., 1987)
has only 9.8% HRGP motifs and, therefore, is found in
MAAB class 24. These findings highlight the need to
increase the range of PRP motifs used by MAAB. Only
one Arabidopsis PRP identified by BIO OHIO/manual
curation (Showalter et al., 2010) was classified as an
HRGP by MAAB (At2G27380, PRP6, class 23), and two
(At5G09530.1, PRP10 and At5G59170.1, PRP12) are in
class 24 (less than 15% known motifs; Fig. 4, D and E;
Supplemental Table S2). The remaining nine of 12 Ara-
bidopsis PRPs identified byBIOOHIO/manual curation
(Showalter et al., 2010) were eliminated at stage 1: four
due to low bias (stage 1b), four due to the presence of
PFAM domains (stage 1e), and one had no ER signal
sequence (stage 1f). In contrast, none of the 16 P. tricho-
carpa PRPs identified by BIOOHIO 2.0/manual curation
(Showalter et al., 2016) were classified as HRGPs by
MAAB, with only two being retained by MAAB (class
24; less than 15% known motifs); two were eliminated
due to low bias (stage 1b), and the remaining 12 had a
PFAM domain as noted by the authors (Supplemental
Table S3). MAAB input parameters were not adjusted to
detect additional non-chimeric PRPs due to the pipe-
line’s ability to detect and classify class 1, 2, and 4HRGPs
with high reliability in the broad taxonomic test of
Phytozome proteomes.

MAAB identified GPI-AGPs (class 1) and non-GPI-
AGPs (class 4) in all 15 proteomes (Table I). In addition
to Arabidopsis, genes encoding AGPs have been found
previously in rice (Oryza sativa; Ma and Zhao, 2010) and
the moss Physcomitrella patens (Lee et al., 2005). The
MAAB pipeline identified 11 GPI-AGPs in rice com-
pared with eight in a previous study (Ma and Zhao,
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2010) from similar data sets (Rice Genome Annotation
Project, release 5). Differences are likely due to different
percentage PAST thresholds (45% compared with 50%;
data not shown). The report of AGPs from P. patenswas
not a detailed bioinformatics study but rather used a
Hyp-containing protein backbone sequence to identify
ESTs using tBLASTn (Lee et al., 2005). The twoGPI-AGPs
found in that study, PpAGP1 and PpAGP2, were both
identified by the MAAB pipeline (Pp1s143_12V6.1 and
Pp1s338_8V6.1, respectively; Supplemental Fig. S3).
An intriguing finding was the absence of CL-EXTs in

the two volvocine algal genomes (Table I). The five
volvocine algal HRGP class 5 and 6 sequences (e.g.
Cre16.g693200.t1.3) all have SPn glycomotifs in a domain
separate from one or more domains with scattered Y
residues, as observed previously for algal HRGPs (Fig. 1,
I–K). The ability of theMAABpipeline to capture diverse
HRGPs from a wide range of organisms with high ac-
curacy proved its utility and, hence, suitability to ana-
lyze the larger 1KP transcriptome data.

Using the MAAB Pipeline on 1KP Transcriptomic Data
Sets: Multiple k Assembly Improves HRGP Detection

The 1KP Initiative has generated large-scale tran-
script sequence data for a diverse range of species in the
green plant lineage (www.onekp.com). Investigation of
RNA sequencing samples from a wide range of multi-
cellular species poses many challenges, including the
diversity and type of tissues sampled and potentially
large numbers of partial sequences. Reconstruction of
transcripts from short-read sequences presents issues
for De Bruijn graph transcriptome assemblers, in par-
ticular the choice of k-mer size, which must be specified
a priori (Nagarajan and Pop, 2013; Yang and Smith,
2013; Rana et al., 2016). The k-mers are subsets of con-
tiguous, overlapping nucleotides of a defined length (k)
that are generated during the assembly of short-read
sequences. Our initial investigations of the protein
predictions provided by the 1KP Consortium, which
employed 25-mers (Xie et al., 2014), resulted in limited
recovery of HRGP sequences, particularly the repetitive
CL-EXTs and PRPs (Johnson et al., 2017).
To improve the assembly of HRGP genes, we reas-

sembled sequence reads for all samples using four
k-mer sizes (39, 49, 59, and 69) to ensure that k-mers
were large enough to span putative glycomotif repeats
(Data File 2). The full output of combined (multiple)
k-mer results (compared with k = 25) is reported in the
companion article (Johnson et al., 2017). The MAAB-
designated HRGPs captured by the four k-mer size as-
semblies greatly enhanced the recovery of the major
classes of HRGPs across all plant species. Each indi-
vidual k-mer yielded a significant number of discrete
HRGP sequences as well as many sequences detected
by more than one k-mer (Supplemental Fig. S4). A po-
tential problem with this approach is repeated detec-
tion of the same sequences. This has been alleviated
somewhat by the identification and removal of excess

copies of substantially identical (95% or greater)
sequences within MAAB (stage 1, step 1a; Fig. 3; see
“Materials and Methods”).

Comparison of the four k-mer assemblies showed
that no single assembly parameter was best for any
given HRGP class (1–4; Supplemental Fig. S4). For ex-
ample, of the 5,754 total GPI-AGPs identified in the 1KP
transcriptomes, 1,630 GPI-AGPs were identified only
with k = 39, another 623 with k = 49, 284 with k = 59, and
159 with k = 69. The remaining 3,058 GPI-AGPs were
identified with two, three, or four different k-mers
(Supplemental Fig. S4A). The k-mer(s) that produced
each sequence is reported in the MAAB output (Data
Files 3 and 4).

Comparison of 1KP HRGPs Identified by the MAAB
Pipeline to Experimentally Confirm Hyp-
Containing Peptides

HRGPs have been isolated from a diverse range of
plant species and subjected to protein/peptide se-
quencing (Supplemental Table S1). To further validate
the effectiveness of the MAAB pipeline, experimentally
confirmed Hyp-containing peptides identified in the
literature (Supplemental Table S1) were used in BLAST
searches against the HRGP proteins identified in the
1KPmultiple assemblies. Peptides associatedwith PRPs,
CL-EXTs, and AGPs were largely found in the expected
MAAB classes (Supplemental Table S1). For example,
four peptides from a Douglas fir (Pseudotsuga menziesii)
EXT (Fong et al., 1992; Kieliszewski et al., 1992) matched
a CL-EXT sequence (AREG_Locus_407) in the conifer
Nothotsuga longibracteata data set (Supplemental Table
S1). These data support our conclusion that authentic
HRGPs are identified by the MAAB pipeline. Only a
few Hyp-containing peptides have been experimen-
tally confirmed in volvocine algae and bryophyte species,
and these are associated with AGPmotifs (Supplemental
Table S1). Although a match for the Hyp-containing
peptide from Volvox carteri was not found in the 1KP
output, our findings show that AGPs are common in
chlorophyte and streptophye algae (Johnson et al., 2017).

MAAB Class 24: A Resource to Mine for New IDPs and
PRP Motifs

Class 24, the class with less than 15% known HRGP
motifs, was the most abundant class overall and ac-
counts for 46.8% (39,933 of 85,237) of sequences re-
tained by the MAAB pipeline (Johnson et al., 2017). In
general, the largest proportion of class 24 sequences
was found in the algal clades compared with land
plants (embryophytes). The low proportion of common
HRGPmotifs XP1, XP3, and XP4 (where X =A, T, S, Y, K,
V, or G) in class 24 sequences is demonstrated graphi-
cally in Supplemental Figure S5. No other XP motifs
were noticeably prominent (for X = F, H, and L; for all
other X [data not shown]; Supplemental Fig. S5).
Preliminary analysis suggests that there is a large
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diversity of sequences in MAAB class 24 (see Data
Files 3 and 4). This class was checked for Pro-rich
motifs from mammals and other organisms, and no
motifs were found to be well represented. Some
plant sequences similar to rice OsRePRP1 (Tseng
et al., 2013) and AtPRP10 (Rashid and Deyholos,
2011) were found, with a total of 7.3% of class
24 proteins containing either an OsRePRP1 (0.5%)
or an AtPRP10/AtPELPK1 (6.8%) Pro-rich motif
(Table II).

The amino acid bias of AtPRP10/AtPELPK1 is dis-
tinct from that of other HRGPs and contains the re-
peated motif PE[L/I/V]PK (Fig. 4E). AtPELPK1 is
localized to the cell wall (Rashid, 2014) and is an IDP,
yet it remains uncertain if it and OsRePRP1 (Tseng
et al., 2013) are bona fide Hyp-containing glycopro-
teins. Determining if and where Pro-to-Hyp modifi-
cation (and subsequent glycosylation) occurs in the
novel motifs identified within class 24 will require
experimental approaches such as in planta expression.
Recombinant proteins, for example, can be used to test
the Hyp-contiguity hypothesis in the diversity of new
sequence contexts revealed by 1KP (Shpak et al., 2001;
Tan et al., 2003; Estévez et al., 2006). Further analysis of
class 24 sequences also may uncover other novel
HRGP motifs and/or new IDP proteins that are not
HRGPs.

Versatility of the MAAB Pipeline for HRGPs

To optimize the recovery of specific classes of
HRGPs, theMAAB pipeline can be readily adapted. For
example, the bias threshold could be decreased to 1% or
0.5% to increase the number of sequences in the major
classes (1–4). The pipeline can be modified to classify
chimeric HRGPs by masking PFAM domains and ap-
plying the classifier to the unmasked portion of se-
quences. Another feature that is able to be modified is
the order of motif counting, as it becomes important
where there is partial overlap of motifs between two
HRGP classes, such as the VYKmotif in CL-EXT and the
PPVYKmotif of PRPs (see “Materials andMethods”). In
this implementation of the MAAB pipeline, EXT motifs
were counted first, then PRP motifs. This contributed to
some candidate PRPs having a reduced PRPmotif count
and, therefore, not being identified as PRPs. For exam-
ple, the 1KP sequence TJMB_Locus_208 fromGlycine soja
is placed into class 18 (PRP bias, highY) due to having an
equal count of EXT and PRP motifs (six EXT motifs, all
VYK, as part of the longer PRPmotif PPVYKand six PRP
motifs, PPVEK; Data File 3). If the PRP motifs were
counted first, the result would be 12 PRP motifs and no
EXT motifs.

Newmotifs also can be added to the MAAB pipeline,
such as repeats identified using tandem repeat annotation

Table II. Occurrence of known Pro-rich motifs in class 24 proteins (less than 15% HRGP motifs)

Motifs Polymer

Vascular

Plantsa
Non-vascular

Plantsb References

Motifs identified
PEPK OsRePRP1 165 22 Tseng et al. (2013)
PEPKPKPEPK OsRePRP1 17 0 Tseng et al. (2013)
PELPK AtPRP10/AtPELPK1 17 4 Rashid and Deyholos (2011
PEXPK AtPRP10/AtPELPK1 1,563 776 Rashid and Deyholos (2011)
(PEXPK)2 AtPRP10/AtPELPK1 346 4 Rashid and Deyholos (2011)
KPPP 120-kD Douglas fir extensinc 855 309 Fong et al. (1992);

Schultz et al. (1997)
PGQGQQ Gluten, wheat 0 1 Roberts et al. (2015)
PPPVHL g-Zein 1 1 Matsushima et al. (2008)
(PPG)2 Collagen 1 8 Matsushima et al. (2008)
(VPGXG)1 Elastin, human 266 639 Roberts et al. (2015)
(VPGXG)2 Elastin, human 2 2 Roberts et al. (2015)
PGMG Biomaterialization

molecule, sea urchin
8 16 Matsushima et al. (2008)

Motifs not identified
GYPPQQ Synexin, Dictyostelium 0 0 Matsushima et al. (2008)
PFPQQPQQ v-Gliadin 0 0 Matsushima et al. (2008)
AKPSYPPTYK Mussel adhesive protein 0 0 Matsushima et al. (2008)
VTSAPDTRPAPGSTAPPAHG MUC1 0 0 Matsushima et al. (2009)
APDTRPA MUC1 epitope 0 0 Pepbankd

GYYPTSPQQ Gluten, wheat 0 0 Roberts et al. (2015)
PQGPPQQGGW Acidic PRP, human saliva 0 0 Bennick (1987)
PQGPPPQGG Basic PRP, human saliva 0 0 Bennick (1987)
KPEGPPPQGGNQSQGPPPPPG Human PRB4 salivary gland PRP 0 0 Matsushima et al. (2009)
PPPPGGPQPRPPQG Human PRB4 salivary gland PRP 0 0 Matsushima et al. (2009)

aData File 3, eudicots to monilophytes. bData File 4, lycophytes to algae. cIn both plant examples, two of three Pro residues in KPPP are
hydroxylated to KPOO (Supplemental Table S1). dhttp://pepbank.mgh.harvard.edu/interactions/details/16312.
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libraries (Johnson et al., 2017), and, with an iterative ap-
proach, would allow refinement to suit specific data sets/
sequences of interest. We also have identified additional
features, such as a bias and positioning of specific amino
acids like Lys, Met, Gln, and Asp/Glu, in particular GPI-
AGPs (Johnson et al., 2017). These features also could be
incorporated into the MAAB classification process.
The MAAB pipeline was built on existing knowledge

of HRGP motifs but allows scope to find new motifs by
providing categories that reflect different amino acid
biases and functional motifs. A major technical chal-
lenge is the difficulty of predicting the PTMs of HRGPs,
including the sites of Pro hydroxylation and types
of glycosylation. This will require detailed structural
analysis of many members of each multigene family,
from key transitions throughout the plant lineage. Even
within a single species, glycosylation is tissue dependent
and directed by the context of amino acids surround-
ing the glycomotif (Tan et al., 2003; Shimizu et al., 2005;
Kurotani and Sakurai, 2015). As we gain further know-
ledge of the PTMs on HRGPs, these can be incorporated
into the MAAB pipeline. For example, further features
can be added to particular orders or families, such as
differences in glycosylation that occur in algal HRGPs
compared with bryophytes (Johnson et al., 2017).

CONCLUSION

The MAAB Pipeline: A New Bioinformatics Resource to
Study Intrinsically Disordered Proteins

We have developed and demonstrated the versatility
and utility of an open-access pipeline for identifying
and classifying the HRGP superfamily of IDPs by
MAAB that is stringent, consistent, and flexible. The
utility ofMAAB reaches far beyondHRGPs. Features of
other IDPs can be incorporated into MAAB and used to
identify IDPs in available genomes/transcriptomes.
This would allow the identification of, for example,
the repetitive domains of elastins (Roberts et al.,
2015), salivary PRPs (Manconi et al., 2016), insect silks
(Starrett et al., 2012), AGL proteins from arbuscular
mycorrhizal fungi (Schultz and Harrison, 2008), and
LATE EMBRYOGENESIS ABUNDANT proteins in
plants (Sun et al., 2013), with low rates of false neg-
atives and false positives.
With increasing identification and knowledge of

IDPs, the importance of these molecules in different
biological contexts is becoming apparent. Since IDPs
typically contain motifs that mediate multiple molecu-
lar interactions, they are commonly associated with
signaling pathways and have recently been linked to
a number of human diseases (Babu, 2016). This is em-
phasized by a bioinformatics study of transcription
factors that showed that extended regions of disorder
are common in the regulatory domains (Liu et al.,
2006). Study of individual IDPs over evolutionary time
scales presents an exciting opportunity to investigate
their functional significance in different biological
contexts.

Tracking IDPs in Large Data Sets and over Evolutionary
Time Scales

Implementation of the MAAB pipeline for the HRGP
superfamily of IDPs has highlighted both the enormous
strengths and also the limitations of working with large
transcriptomic data sets and provides strategies to op-
timize the recovery of IDP sequences, a necessary first
step to the identification of putative orthologs. Our
study highlights the importance of a multiple-k-mer
assembly approach for the recovery of HRGPs and is a
strategy that should be employed when searching for
IDPs. This is particularly relevant for transcriptomes
based on short-read sequencing data. In the future, this
issue will be reduced with the development of more
reliable long-read sequencing technologies.

Tools such as MAAB provide the basis for further ap-
proaches to track individual IDPs throughout evolution.
This is not without difficulty, as the functional motifs in
IDPs are small and clustered and canbe rapidlygained and
lost during evolution (Forman-Kay andMittag, 2013). This
can result in sequences with variable numbers of repeat
motifs and diverse sequence lengths that cannot be aligned
in a meaningful way with the tools developed for folded
proteins. In our companion article (Johnson et al., 2017),we
provide strategies to track specific plant IDPs throughout
evolution using the MAAB output from the 1KP data and
provide a platform for further investigation of HRGPs.

MATERIALS AND METHODS

Analysis of Plant Genome Data

Protein data from the completed genomes of the 15 species listed in Table I as
well as Ostreococcus lucimarinus were downloaded from Phytozome version
9 (https://phytozome.jgi.doe.gov/pz/portal.html).

Sequence Analysis of Arabidopsis AGPs and EXTs

Arabidopsis (Arabidopsis thaliana) AGPs and EXTs (untrimmed sequences)
are as reported by Showalter et al. (2010) with sequences downloaded from
TAIR version 10 (https://www.arabidopsis.org; Supplemental Fig. S6). Mul-
tiple sequence alignments were performed using MUSCLE (Edgar, 2004) in
MEGA 6.06 (Tamura et al., 2013) and the default settings, as recommended
(Hall, 2013). Pairwise identity matrices were generated from Arabidopsis
alignments by importing sequence alignments into Geneious 8.1.3 (Biomatters;
Supplemental Fig. S1). Shading of HRGP motifs in the aligned sequences was
done manually. IDP analysis was performed at http://www.pondr.com using
three different predictors: VL-XT (red; Romero et al., 1997, 2001; Li et al., 1999),
VSL2 (green; Obradovic et al., 2005), and VL3 (blue; Radivojac et al., 2003).

Phylogenetic Analysis

Phylogenetic analyses were performed on a desktop computer usingMEGA
6.06 (Tamura et al., 2013). Sequences were first aligned using MUSCLE (Edgar,
2004) using the default settings, and no trimming of sequences was performed.

Data Sets

A summary of data sets and methods is also available at http://services.
plantcell.unimelb.edu.au/hrgp/index.html.

Data analysis was based on 1,282 samples downloaded from the official 1KP
mirror (onekp.westgrid.ca; as ofMarch 2014). No compensationwas performed
for partial sequences (e.g. using targeted assembly methods or scaffolding
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using genomic resources). Preliminary analyses (Johnson et al., 2017) used the
1KP Consortium’s k-mer = 25 assembly (Xie et al., 2014), whereas all subsequent
analyses used the multiple k-mer data generated as summarized here. Sample
read sets were assembled with Oases (Schulz et al., 2012) using four different
k-mers (39, 49, 59, and 69) and open reading frames identified using getorf from
the EMBOSS toolkit (http://emboss.sourceforge.net/). The predicted proteins
were subsequently screened with an in-house BioPerl script to identify com-
positionally biased likely HRGP family members (Fig. 3). This preliminary
screen identified 3,590,006 sequences (across all four assembly k-mers) for input
to the MAAB pipeline (Data File 2). The screening script is available at http://
services.plantcell.unimelb.edu.au/hrgp/index.html.

Removal of Contaminated Data Sets and Additional
Data Sets

The integrity of all 1KPdata setswas checked by rRNAsequencingand a list of
contaminated data sets provided by the 1KP Consortium (https://pods.
iplantcollaborative.org/wiki/display/iptol/Sample+source+and+purity). Con-
taminated data sets were removed after MAAB analysis and are not included in
the output files unless noted otherwise (Data File 5; Johnson et al., 2017).

MAAB Pipeline

The MAAB pipeline (Fig. 3) was executed within a KNIME workflow
(Berthold et al., 2008). Metrics from most stages (for retained sequences) are
included in MAAB output files (Data File 1 [Phytozome] and Data Files 3 and
4 [1KP]). The MAAB pipeline consists of two stages: stage 1, identification of
HRGPs and removal of chimeric HRGPs; and stage 2, primary classification
based on amino acid bias, motif analysis, and final classification (Fig. 3). Stage
1 consists of six steps, 1a to 1f. Stage 1a is a clustering step and removes se-
quenceswith 95% or greater identity; 1b calculates the percentage of each amino
acid and the totaled amino acid biases, percentage PAST, percentage PSKY, and
percentage PVKY (retained if one or more are 45% or greater); 1c removes all
sequences of fewer than 90 amino acid residues (redundant step for 1KP data;
see below); 1d retains all sequences of 10% or greater Pro; 1e identifies Con-
served Domain Database (CDD) domains using NCBI RPSBLAST+, using the
CDD database as of April 2013, E value cutoff of 1e-5, NCBI BLAST+ version
2.2.29, and retains those without a CDD domain. The CDD database (http://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) includes some but not all
models from PFAM (http://pfam.xfam.org/) and does not include EXT
models, thereby ensuring their retention for further analysis. Stage 1f uses
SignalP version 4.0 with default settings, with the exception of selecting the
No-TMoption and retaining only those sequenceswith anN-terminal ER signal
sequence. For large data sets (1KP), a prefiltering step was added for increased
efficiency to select sequences by amino acid bias, percentage Pro, and length
(90 or more amino acids).

Stage 2 startswith primary classification based on amino acid bias andplaces
sequences into one of four categories: AGP, if percentage PAST $ percentage
PSKY+2 and percentage PVKY+2; EXT, if percentage PSKY$ percentage PAST
+2 and percentage PVKY+2; PRP, if percentage PVKY $ percentage PAST+2
and percentage PSKY+2; and sequences with no clear amino acid bias (D amino
acid bias , 2) are put into the shared bias category. Validation and final clas-
sification uses motif counting. The motifs used for AGPs are [ASVTG]P,
[ASVTG]PP, and [AVTG]PPP; those used for EXT are SP3, SP4, SP5, [FY]XY,
KHY, VY[HKDE], VxY, and YY; and those used for PRPs are PPV[QK],
PPVx[KT], and KKPCPP. Motif percentages also are calculated to facilitate ease
of comparison (Fig. 4) but are not used for classification. The motifs were de-
veloped by identifying motifs from a broad class of published AGPs, EXTs, and
PRPs, including those from sequenced protein backbones (Supplemental Table
S1). A search for CL-EXT motifs (SPn and then Y-based motifs) is done first,
followed by PRPmotifs (PPVx[KT], PPV[QK], and KKPCPP), and, finally, AGP
motifs. Motifs are only accepted if there is no overlap with a motif accepted
earlier during the motif search. Next, a total motif count is done, and all se-
quences with 15% or greater knownmotifs are taken through to a relative motif
count. The relative HRGP motif count ensures that sequences have the motifs
expected for the amino acid bias class they are categorized into. Validation of
the primary classification is designated YES if the number of accepted motifs is
greater than or equal to the accepted motifs for the other two classes (for AGPs
and PRPs only). The number of accepted AGP motifs is calculated from the
number of AGP motifs divided by 2, to account for the shortness of the AGP
motif ([ASVTG]P). Accepted CL-EXT motifs have a minimum requirement of
two SP3-5 motifs and two Y motifs. An additional requirement for CL-EXT

classification is that SPn and Y motifs must be present in a similar ratio
(SPn:Y between 0.25 and 4). These criteria ensure that CL-EXTs, with SPn
glycomotifs and interspersed Y-based cross-linking motifs, can be distin-
guished from volvocine algal HRGPs, which tend to have large domains
containing only SPn motifs. Some inconsistencies occur in the minor MAAB
classes (6–8, 10–13, and 15–18) due in part to the order-dependent nature of
the assignment of classes and implementation of the SPn:Y ratio, especially
when SPn and/or Y counts are 0 and/or 1. The shared bias class and the
sequences that do not meet these criteria (NO) are analyzed separately in
the last step of stage 2. Before this last stage, all sequences are analyzed for
the presence of a C-terminal GPI-anchor using the big-PI plant predictor
(Eisenhaber et al., 2003).

At the completion of stage 2, all sequences are categorized into one of
24 classes (see “Results and Discussion”; Table I). Classes 1, 2, and 3 represent
the major known classes of HRGPs based on Arabidopsis. Thirteen proteins
(0.015%) are classified as errors, due to a tie between criteria for motif bias (to
five decimal places), and theywere ignored. This could be resolved in the future
by an examination of motif count and coverage (percentage) of protein se-
quence by motifs from each family. The identification of Pro-rich regions of
interest (or coverage) was performed as described at http://services.plantcell.
unimelb.edu.au/hrgp/roi.java and is included in the MAAB outputs (Data
Files 1, 3, and 4). AGP, CL-EXT, and PRP motifs were identified (Stage 2: Motif
analysis) using a Java program, which searches for motifs in a family-directed
manner (in the order CL-EXT, PRP, and AGP motifs, then longest first); over-
lapping motifs are not permitted during counting (http://services.plantcell.
unimelb.edu.au/hrgp/maab_stage2.java). Names reported for each MAAB
class in outputs and summary files (e.g. Data Files 1, 3, 4, 5, and 6) are old names
and differ from the correct final descriptive names used in Figures 3 and 4, Table
I, and throughout this article. The changes are summarized here as correct name
(names used in Data Files): class 2, CL-EXT (2 Classical EXT); classes 19 to
23, shared bias (HRGP bias); class 24, less than 15% known HRGP motifs
(24 HRGP).

Venn Diagrams

Venndiagramswereproduced, one for eachHRGPclass 1 to 4 (Supplemental
Fig. S4), using combined data from 1KPMAAB output (Data Files 3 and 4) and
generated using R/Bioconductor (Gentleman et al., 2004).

Simple Search Method for Finding Motifs in MAAB
Class 24 Sequences

Class 24 sequences were obtained fromMAAB output files (Data Files 3 and
4) by sorting HRGP class data inMicrosoft Excel and copying to a new tab. Each
motif was searched using the find all option and the result was divided by 2,
because each sequence is reported twice per row in theMAAB output files (Data
Files 3 and 4). Wildcard * is used rather than X. Results are reported in Table II.

Motif Heat Maps

Sequences from class 1 (GPI-AGP), class 2 (CL-EXT), and class 24 (less than
15% known motifs) were analyzed for glycomotifs XP1, XP2, XP3, XP4, and XP5
(separately for each motif within each HRGP class, where X = all 20 amino
acids), and the percentage of each glycomotif per sequence was determined
as described at http://services.plantcell.unimelb.edu.au/hrgp/xp_motif.java.
The data for XP1, XP3, XP4, and X = A, T, S, Y, K, V, G, F, H, and L are sum-
marized as heat maps in Supplemental Figure S5 and were generated using
R/Bioconductor (Gentleman et al., 2004).

Data Access and Data Sets

All data files for this article (Data Files 1–5) and the companion article (Data
Files 6–9; Johnson et al., 2017) are listed here and numbered consecutively to
avoid confusion.

Data File 1

MAAB output from analysis of 15 Phytozome genomes. Data for each of the
24 HRGP classes are in a separate sheet (tab) in the .xls file. Metrics from most
MAAB stages (for retained sequences) are included. For most sequences, the
species identifier is in the sequence name as follows: Aquca (Aquilegia coerulea),
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AT (Arabidopsis), Bradi (Brachypodium distachyon), Eucgr (Eucalyptus grandis),
Medtr (Medicago truncatula), Pp1 (Physcomitrella patens), Potri (Populus tricho-
carpa), LOC_Os (rice [Oryza sativa]), Si (Setaria italica), Sb (Sorghum bicolor),
Glyma (Glycine max), Solyc (Solanum lycopersicum), and Vocar (Volvox carteri).
Selaginella moellendorffii sequences have only a number format (e.g. 440674|
PACid:15406499), and Chlamydomonas reinhardtii sequences are in two for-
mats, either Cre01gxxxxx or gxxxxx.t1|PAC. Filename: phytozome_hrgp_
20150514.xls.

Data File 2

MAAB input 1KP proteins identified from oases k= 39/49/59/69 assembled
transcriptomes that are at least 90 amino acids in length, compositionally biased
(percentage PAST/percentage PSKY/percentage PVYK$ 45), and at least 10%
Pro. Filename: RD001_oases_k39thru69_proteins_20150612.csv.gz.

Data File 3

MAAB output of 1KP data for 1KP data sets from eudicots to monilophytes,
inclusive. Metrics from most stages (for retained sequences) are included.
Filename: SA001_MAAB-hits-May2014-higher-clades.xls.

Data File 4

MAAB output of 1KP data for 1KP data sets from lycophytes to algae, in-
clusive. Metrics from most MAAB stages (for retained sequences) are included.
Filename: SA002_MAAB-hits-May2014-lower-clades.xls.

Data File 5

A list of all sequences eliminated from MAAB because they were from data
sets that contain some contamination. Filename: CR002_hits-excluded.xls.

Data File 6

Mean number of HRGPs in eachHRGP class (columns) for each 1KP data set
(rows), calculated from MAAB output files (Data Files 3 and 4). Filename:
SA003_MAAB-hits-summary-by-class-and-sample.xls.

Data File 7

DNA sequences for 1KP GPI-AGPs (class 1) detected by MAAB. Locus
identifiers (Data Files 3 and 4) of class 1 GPI-AGPs were used to extract the
DNA sequence from the appropriate multiple-k-mer assembly. Where more
than one locus identifier is reported for a single protein (e.g. with different
k-mers), only one DNA sequence is reported. Filename: 1kp_agp_incl_dnas_9-
12-2015.xls.

Data File 8

DNA sequences for 1KP CL-EXTs (class 2) detected by MAAB. Locus
identifiers (Data Files 3 and 4) of class 2 CL-EXTs were used to extract the DNA
sequence from the appropriate multiple-k-mer assembly. Where more than one
locus identifier is reported for a single protein (e.g. with different k-mers), only
one DNA sequence is reported. Filename: class2_incl_dnas_9-12-2015.xls.

Data File 9

Sequences identified by HMMERmodel 1 (putative AtAGP6/11 orthologs).
Filename: agp6_model1_hmm_hits_20150922.xls.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Identity of GPI-AGPs and CL-EXTs.

Supplemental Figure S2. Alignment of Arabidopsis CL-EXTs.

Supplemental Figure S3. Representation of sequences identified by MAAB
in Phytozome with features highlighted.

Supplemental Figure S4. Venn diagram of the number of HRGPs reported
in the four major HRGP classes using four k-mer sizes.

Supplemental Figure S5. Conservation of XP1, XP3, and XP4 glycomotifs in
MAAB output by 1KP group.

Supplemental Figure S6. Sequences used for phylogenetic analysis (in
fasta format).

Supplemental Table S1. Experimental evidence for hydroxylation and
glycosylation of native Hyp-rich glycoproteins.

Supplemental Table S2. Comparison of MAAB and BIO OHIO/manual
curation classification of Arabidopsis AGPs, EXTs, and PRPs.

Supplemental Table S3. Comparison of MAAB and BIO OHIO 2.0/
manual curation classification of P. trichocarpa AGPs, EXTs, and PRPs.
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