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Abstract: Centaurium erythraea (centaury) is a medicinal plant with exceptional developmental
plasticity in vitro and vigorous, often spontaneous, regeneration via shoot organogenesis and somatic
embryogenesis, during which arabinogalactan proteins (AGPs) play an important role. AGPs are
highly glycosylated proteins belonging to the super family of O-glycosylated plant cell surface
hydroxyproline-rich glycoproteins (HRGPs). HRGPs/AGPs are intrinsically disordered and not well
conserved, making their homology-based mining ineffective. We have applied a recently developed
pipeline for HRGP/AGP mining, ragp, which is based on machine learning prediction of proline
hydroxylation, to identify HRGP sequences in centaury transcriptome and to classify them into
motif and amino acid bias (MAAB) classes. AGP sequences with low AG glycomotif representation
were also identified. Six members of each of the three AGP subclasses, fasciclin-like AGPs, receptor
kinase-like AGPs and AG peptides, were selected for phylogenetic and expression analyses. The
expression of these 18 genes was recorded over 48 h following leaf mechanical wounding, as well as
in 16 tissue samples representing plants from nature, plants cultivated in vitro, and developmental
stages during shoot organogenesis and somatic embryogenesis. None of the selected genes were
upregulated during both wounding recovery and regeneration. Possible functions of AGPs with the
most interesting expression profiles are discussed.

Keywords: arabinogalactan proteins; FLAs; gene expression; hydroxyproline-rich glycoproteins;
MAAB classes; mechanical wounding; organogenesis; protein kinases; ragp; somatic embryogenesis

1. Introduction

Hydroxyproline-rich glycoproteins (HRGPs) are a super family of plant cell surface
O-linked glycoproteins. They are embedded into the cellulose/hemicellulose and pectic
polysaccharide networks of the cell wall and are involved in the cell dynamics through
diverse functions in growth and development, environmental sensing, signaling and de-
fense [1–3]. Based on the patterns of proline hydroxylation and subsequent glycosylation,
HRGPs are traditionally classified into three families: the highly glycosylated arabino-
galactan proteins (AGPs), the moderately glycosylated extensins (EXTs) and the lightly
glycosylated proline-rich proteins (PRPs). The distinction among these groups is often
blurred, since many sequences have shared characteristics. To acknowledge this, the motif
and amino acid bias (MAAB) classification system was developed which classifies HRGPs
into 23 descriptive subclasses with an additional 24th class containing sequences with high
amino acid bias but low motif coverage [4]. Among the three classical HRGP families,
AGPs have attracted considerable attention due to their structural diversity and roles in
many physiological processes [5].

The prototypical AGP molecule consists of a protein backbone rich in amino acids
P, A, S and T, arranged in dipeptide motifs PA, PS, PT, AP, SP and TP (likely also VP,
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PV, GP and PG) so-called AG motifs or AG glycomodules. Prolines in AG motifs can be
posttranslationally modified by prolyl-hydroxylases into hydroxyprolines (O) which serve
as attachment sites for branched type II arabinogalactan (AG) polysaccharides [5]. The
attached oligosaccharides can account for more than 90% of the total AGP mass. In addition,
many AGPs are attached to the cell membrane via a glycosylphosphatidylinositol (GPI)
anchor [5]. Since proline disrupts secondary structures, AGPs lack a stable hydrophobic
core and are intrinsically disordered proteins (IDPs); as a consequence, the evolutionary
constraints imposed on AGP sequences are lessened, which in turn limits the success
of homology-based identification. Traditionally, AGPs have been identified via high
frequencies of PAST amino acids, machine learning prediction of N-terminal secretory
signal sequences (N-sp) and C-terminal GPI attachment signals [6]. Some AGP sequences
contain basic amino acid (H and/or K) spans [7,8]. Short AGP sequences, arabinogalactan
peptides (AGp), with a length shorter than 90 amino acids (including N-sp and GPI signal
sequences), have also been identified [6]. A subset of these contains a conserved region
(PF06376, formerly domain of unknown function—DUF1070) encompassing the short PAST-
rich span and a conserved GPI signal [9,10]. Additionally, certain protein families with
domains such as fasciclin (protein family database (Pfam) accession: PF02469), nonspecific
lipid transfer protein (PF00234, PF14368), plastocyanin-like (PF02298), pollen protein
Ole e 1-like (PF01190, also referred to as proline-rich arabinogalactan protein and conserved
cysteines—PAC) and leucine-rich repeats (LRR, Pfam: CL0022) are often associated with
AGP features. Thus, a magnitude of so-called chimeric AGPs, representing a combination of
a conserved domain and AGP spans, have been described [6,11]. More recent bioinformatics
sequence analysis, enabling identification of short AGP-like sequence spans, has revealed
characteristic AGP features in even more protein families, such as the protein tyrosine and
serine/threonine kinase (PF07714), X8 (PF07983), glycoside hydrolase family 17 (PF00332),
salt stress response/antifungal (PF01657) and others [12,13].

Given their structural heterogeneity, it is not surprising that AGPs perform diverse
physiological functions [14]. AGPs are implicated in cell proliferation, embryogenesis,
plant growth, reproduction, secondary wall deposition, xylem differentiation, programmed
cell death, hormone responses and abscission [5,14–17]. AGPs have roles in response to
different types of stress: osmoregulation [18], chilling tolerance [19], wounding [20–22] and
plant-microbe interactions [23]. In addition, a large number of sequences having AG motifs
on the extracellular side and an intracellular receptor kinase domain (PF07714—protein
tyrosine and serine/threonine kinase) have been identified using a bioinformatics approach
in the 62 studied plant proteomes [13], suggesting that AGP regions in these sequences
might be implicated in signaling in a very direct manner.

Centaurium erythraea Rafn (Gentianaceae), European, common or small centaury, a
medicinal plant rich in secoiridoid glucosides and xanthones, is traditionally used in
treating gastrointestinal disorders, anemia and other conditions. C. erythraea extracts also
possess hepatoprotective, diuretic, anti-inflammatory, antioxidative, antibacterial and an-
tifungal properties [24]. C. erythraea is characterized with extraordinary developmental
plasticity and manageability in vitro and vigorous, often spontaneous, regeneration via dif-
ferent morphogenic paths [25,26]. Studies based on interaction of AGPs with β-D-glucosyl
Yariv reagent (βGlcY), which selectively binds AGPs causing precipitation [10,27,28], or
with antibodies against AGPs’ glycan moieties [29], have identified AGPs as one of the key
players involved in somatic embryogenesis (SE) and shoot organogenesis (SO) in centaury.
One of the inevitable consequences of plant tissue in vitro manipulations is mechanical
wounding. Wound signaling initiates both defense responses and healing responses re-
generative cell reprogramming, which includes dedifferentiation, cell cycle reactivation
and vascular regeneration [30]. Thus, under in vitro conditions, wounding may stimulate
induction of SE [31,32] and SO [33]. However, the possible role of AGPs in wounding
responses has not been investigated in centaury so far.

We have recognized the value of C. erythraea as a potential novel model organism for
developmental biology studies [25], but the lack of genetic sequence information has until



Plants 2021, 10, 1870 3 of 25

recently restrained research at the molecular level [34]. The transcriptomic resources [34],
combined with the development of the ragp bioinformatics pipeline [13] have enabled an
in depth look at the C. erythraea AGP family presented here. One of the goals of the current
study was to identify centaury AGPs involved in SE and SO, as well as AGPs involved in
wounding response, since wounding may stimulate SE and SO, as mentioned above. To
achieve this, we have first identified AGPs present in the transcriptome and then focused
on 18 AGP gene representatives—six from each of the three subclasses: fasciclin-like AGPs
(FLA), receptor kinase-like AGPs (as a novel AGP type these are termed here as kinase-
like AGPs or KLAs) and AG peptides (AGp). Certain FLAs were previously indicated in
centaury SE [10] and are also known to be involved in zygotic embryogenesis in A. thaliana
and other species [17] and for this reason were selected for further investigation. An AGp
with the recently described PF06376 domain was also found to be implicated in centaury
morphogenesis in vitro [10]; therefore, we have analyzed AGps with and without this
conserved domain. Finally, recently described KLAs are interesting as an underexplored
group of possible signaling molecules. Temporal expression patterns were monitored
for the selected 18 genes after mechanical wounding of leaf explants, along with their
expression in tissue samples representing the stages of SE and SO, with a number of other
samples (from in vitro culture and from plants from nature, see [34]) which were analyzed
for comparison. Structure, phylogenetic relations and possible functions of the selected
AGPs are discussed.

2. Results
2.1. Motif and Amino Acid Bias (MAAB) Classification of Centaury HRGP Sequences

As a starting point for the identification of C. erythraea HRGP sequences, the de
novo Trinity-assembled transcriptome was used [34]. Trinity assembled 160839 transcript
sequences and grouped the closely related transcripts (ideally alternatively spliced iso-
forms, but often transcripts belonging to paralogues genes and chimeric transcripts) into
105726 genes. The referent transcriptome was analyzed using ragp—a recently developed
bioinformatics pipeline that combines machine learning-based prediction of hydroxypro-
line sites with other HRGP mining tools [13]. The first instance for the filtration of HRGPs,
as cell wall proteins, is the presence of N-sp. The ragp pipeline incorporates N-sp pre-
diction based on majority vote among Phobius 1.01, SignalP 4.1 and TargetP 1.1. Protein
products from 24783 Trinity transcripts were selected this way (Figure 1). Prediction of
proline hydroxylation probability in these protein sequences identified 1785 protein prod-
ucts from 1671 Trinity transcripts (1063 Trinity genes) as likely to contain at least three
hydroxyprolines. The modified MAAB classification pipeline [4] incorporated in ragp
identified 221 protein sequences (from 213 Trinity transcripts, Supplementary Table S1)
as belonging to one of the 1–24 MAAB classes (Figures 1 and 2A). The majority of these
sequences (87 Trinity transcripts) belong to MAAB class 24—sequences with HRGP bias
and low representation of known HRGP motifs (less than 15% of the sequence is covered
with known HRGP motifs). From the remaining 126 Trinity transcripts belonging to MAAB
classes 1–23, the majority of sequences were classified as classical AGPs (99 Trinity tran-
scripts) with predicted GPI signal peptide (class 1, 43 Trinity transcripts) and classical
AGPs without predicted GPI signal (class 4, 56 Trinity transcripts), while the rest of the
MAAB classes were either absent or represented with few sequences. The most frequent
domains identified in these sequences were probable lipid transfer (Pfam: PF14368.7),
protease inhibitor/seed storage/LTP family (PF00234.23) and X8 (PF07983.14), which was
particularly frequent in MAAB class 24 (Figure 2B). The majority of the mentioned domains
were identified in classical AGPs with predicted GPI signal peptide (class 1, Figure 2A). It
should be noted that domain pollen protein Ole e 1-like (PF01190.18) was identified only in
sequences classified as MAAB class 24 (Figure 2B).
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Figure 1. The number of C. erythraea Trinity transcripts and predicted protein sequences passing
through different filters of the ragp pipeline.

Figure 2. Distribution of identified HRGP sequences in C. erythraea transcriptome. (A) Distribution of
HRGP MAAB classes. (B) Distribution of Pfam domains in sequences identified as one of the MAAB
classes. (C) Distribution of Pfam domains (top 15 by frequency) in sequences containing clusters of
AG motifs, using a relaxed scan (three AG motifs no more than 10 amino acids apart) and a strict
scan (four AG motifs no more than four amino acids apart). Unique domains per sequence were
counted. Only AG motifs with prolines likely to be hydroxylated were considered. AG motifs linked
to three or more continuous prolines/hydroxyprolines were omitted from the scan (example AOOO).
Domains were predicted with hmmscan 3.3.2 and using Pfam-A33 database using a cutoff of 0.01 for
independent e-value.
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2.2. Identification of AGP Sequences with Low AG Glycomotif Representation

To explore the diversity of the sequences containing AG motifs, regardless of the com-
positional bias, two types of ragp AG motif sequence scans were performed: a relaxed scan,
where sequences with at least three AG motifs no more than ten amino acids apart were
identified, and a more stringent scan, where sequences with at least four AG motifs no more
than four amino acids apart were identified (Figure 2C, Supplementary Table S2). It should
be noted that only AG motifs with prolines likely to be hydroxylated, as predicted by ragp,
were considered, and that motifs with three or more continuous prolines/hydroxyprolines
(motifs such as AOOO or OOOOS) were not considered as AG motifs. Approximately 40%
of the sequences (310 of 771 Trinity transcripts or 330 of 822 Protein sequences) identified
with the relaxed scan were also present after the stricter AG motif scan (Figure 1). The
most frequently identified domains in both groups of sequences (relaxed and strict scan)
were the kinase domains (PF07714.18 and PF00069.26), followed by LRR (PF08263.13 and
PF13855.7). Interestingly, none of the sequences identified with the relaxed scan that have
the phosphate-induced protein 1 conserved region (PF04674.13), and very few with the
formin homology 2 domain (PF02181.24) passed the strict scan, indicating that these se-
quences probably are not chimeric AGPs, or that they contain short AG motif spans made
from three dipeptides.

2.3. Structural Features of AGP Sequences Selected for Expression Analysis

From the identified sequences with AG motifs, we have chosen 18 transcripts with well-
defined AG motif clusters, for which specific primers could be constructed to quantify just
the corresponding Trinity transcript, which were examined in more depth (Supplementary
Table S3). Six representatives from each of the KLA, FLA and AGp classes of C. eryhtraea
sequences were chosen, of which three featured the recently described arabinogalactan
peptide domain—PF06376 [9]. The phylogenetic relationship of these sequences to similar
sequences from eighteen plant species was studied (Figures 3–5). In order to provide
context to the generated phylogenetic trees, a protein structure diagram was generated
for sequences from each tree. The FLA tree consists of three major clusters, A1, A2 and C
(Figure 3). Sequences from A1 and A2 belong to the FLA group A, while sequences from
C belong to FLA group C based on similarity to corresponding Arabidopsis FLA [35] of
both full-length sequences and isolated FAS domains. The cluster A1, with C. eryhtraea
CeFLA4, CeFLA1 and CeFLA6 sequences, is comprised of sequences with one fasciclin
(FAS) domain and two AGP regions, one before and one after the FAS domain (Figure 3).
The cluster A2 consists of sequences structurally similar to sequences in A1, while cluster
C consists of longer FLA sequences comprised of either one FAS domain closer to the
C-terminus, or two FAS domains (Figure 3). Sequences from C with two FAS domains
(like CeFLA7) contain two AG motif spans: one shorter between the two FAS domains and
one longer C-proximal AG motif span, while C group sequences with one FAS domain
(like CeFLA3) contain a shorter AG motif span before the FAS domain and a longer span
after it. Four of the analyzed C. eryhtraea FLAs (CeFLA4, CeFLA1, CeFLA3 and CeFLA6)
are phylogenetically closest to Coffea canephora FLAs, which is not surprising since out
of the 18 considered plant species, C. canephora is taxonomically closest to C. eryhtraea,
both belonging to the order Gentianales. All considered FLAs, except CeFLA3, contain a
predicted omega site (GPI attachment site), which is likely because CeFLA3 is a partial
sequence without a complete C-terminus.
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Figure 3. Phylogenetic relationship of six C. erythraea FLA protein sequences with homologues from other plant species.
The phylogenetic tree represents an unrooted maximum likelihood tree constructed using the WAG amino acid model.
Cluster stability was evaluated using 100 replicates of nonparametric bootstrap. Clusters with ≥80/100 bootstrap support
are indicated with a red number. Clusters with ≤50/100 bootstrap support were collapsed into multichotomies. Protein
schematic diagrams were constructed using ragp R package: N-sp as predicted by Signalp4.1 are represented with red
segments on the N-terminus; GPI addition sites (omega sites) as predicted using NetGPI1.1 are represented with blue
diamonds; domains as predicted with hmmscan 3.3.2 and using Pfam-A33 database are represented according to the color
legend; transmembrane domains (TM) as predicted using Phobius1.01 are represented using yellow rectangles. Proteins
with predicted TM extracellular regions are indicated with dashed lines above the sequence diagrams; hydroxyprolines,
as predicted with ragp 0.32 are indicated with bar-code-like vertical black lines, while AG motif spans (at least three AG
motifs, no more than 10 amino acids apart) are indicated with light grey rectangles. Clades are labeled according to [35].
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Figure 4. Phylogenetic relationship of six C. erythraea KLA protein sequences with homologues from other plant species.
The phylogenetic tree represents an unrooted maximum likelihood tree constructed using the JTT amino acid model. Cluster
stability was evaluated using 100 replicates of nonparametric bootstrap. Clusters with ≥80/100 bootstrap support are
indicated with a red number. Clusters with ≤50/100 bootstrap support were collapsed into multichotomies. Intermediate
(50–80) bootstrap support is indicated on major clusters. Protein schematic diagrams were constructed using ragp R
package: N-sp as predicted by Signalp4.1 are represented with red segments on the N-terminus; domains as predicted
with hmmscan 3.3.2 and using Pfam-A33 database are represented according to the color legend; transmembrane domains
(TM) as predicted using Phobius1.01 are represented using yellow rectangles. Proteins with predicted TM extracellular
regions are indicated with dashed lines above the protein diagram, while the intracellular regions are indicated with dashed
lines below the protein diagrams; hydroxyprolines as predicted with ragp 0.32 are indicated with bar-code-like vertical
black lines, while AG motif spans (at least three AG motifs, no more than 10 amino acids apart) are indicated with light
grey rectangles.
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Figure 5. Phylogenetic relationship of six C. erythraea AGp protein sequences with homologues from other plant species.
The phylogenetic tree represents an unrooted neighbor joining tree constructed based on an alignment-free distance matrix
(3-mer count as implemented in kmer R package). Cluster stability was evaluated using 100 replicates of nonparametric
bootstrap. Clusters with ≥80/100 bootstrap support are indicated with a red number. Clusters with ≤50/100 bootstrap
support were collapsed into multichotomies. Protein schematic diagram was constructed using ragp R package: N-sp as
predicted by Signalp4.1 are represented with red segments on the N-terminus; GPI addition sites (omega sites) as predicted
using NetGPI1.1 are represented with blue diamonds; domains as predicted with hmmscan 3.3.2 and using Pfam-A33
database are represented according to the color legend; trans-membrane domains (TM) as predicted using Phobius1.01
are represented using yellow rectangles; proteins with predicted TM extracellular regions are indicated with dashed lines
above the sequence diagrams, while intracellular regions are indicated with dashed lines below the sequence diagrams;
hydroxyprolines as predicted with ragp 0.32 are indicated with bar-code-like vertical black lines, while AG motif spans (at
least three AG motifs, no more than 10 amino acids apart) are indicated with light grey rectangles.

The KLA phylogenetic tree (Figure 4) is comprised of five clusters A–E. The majority
of KLA sequences feature a TM region approximately in the middle of the sequence,
followed by a C-terminal intracellular kinase region. The cluster A with intermediate
bootstrap support (62/100) consists of two stable clusters, A1 and A2. A1 is comprised
of sequences containing two salt stress response/antifungal domains on the extracellular
N-terminal side, after which there is a short hydroxyproline span just prior the TM. In three
sequences, CeKLA3-C. erythraea, CDP09635-C. canepohora and OTG11974-H. annuus, the
predicted hydroxyprolines are in the AG motif context. A2 subcluster contains sequences
lacking domains other than kinase, with relatively odd architecture: two sequences lack TM
(CeKLA5 and CDP10466−C. canephora), while four sequences have a predicted TM, but the
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predicted AG motif spans and hydroxyprolines are in the intracellular regions; this finding
should either be discarded or considered with great caution, since the ragp prediction model
was trained only on extracellular sequence regions. Cluster B is comprised of proline-rich
receptor kinase sequences with a long HRGP-like extracellular region containing mixed AG
and extensin motifs, as represented by CeKLA2. Clusters C, D and E consists of KLA with
LRR in the extracellular region (like C. eryhtraea CeKLA1, CeKLA6 and CeKLA7). Cluster C
(with CeKLA1) is comprised of sequences with one N-terminal LRR region and a long AG
motif span preceding the TM region. Cluster D (with CeKLA7) is comprised of long KLA
sequences, with several LRR regions and vague AGP characteristics (some sequences have
short AG spans, while others such as KVI08578—C. cardunculus and KMT18076—B. vulgaris
lack AG motifs altogether). Cluster E (with CeKLA6) is comprised of sequences with one or
two LRR regions and short pre-TM AG motif spans, while one sequence (Oeu006759.1−O.
esylvestris) has only an extensin region. Similarly to the FLA phylogenetic tree (Figure 3),
four of the six studied C. erythraea KLA protein sequences, CeKLA6, CeKLA1, CeKLA3
and CeKLA2, cluster tightly with KLA sequences from C. canephora, as a consequence of
the taxonomical proximity of these two species.

The phylogenetic tree for shorter AGP sequence or AG peptides (AGp) (Figure 5) was
constructed using an alignment-free approach, based on 3-mer amino acid occurrence, due
to the high divergence of the sequences. This divergence is also illustrated by the fact that
only one cluster, A, (Figure 5) comprised of sequences with the arabinogalactan peptide
(PF06376.13) domain was stable (high bootstrap support), while the remaining sequences
were collapsed into a multichotomy (less than 50/100 bootstrap support). Cluster A is
comprised of sequences with a predicted GPI attachment site and a short AG motif span
just between the N-sp and omega site. The remaining sequences consist of either AGp
with short AG motif spans and a predicted GPI attachment site (like CeAGP6) and AGp
with longer AG motif spans which are in some cases combined with extensin motifs
(like CeAGP10 and CeAGP8), for which the presence of the GPI attachment site was not
predicted. However, both CeAGP8 and CeAGP10 are partial lacking a C-terminus, so it is
possible they are not AG peptides, but rather longer AGPs.

2.4. Wounding Response of AGP Genes

In order to explore if any of the analyzed genes are involved in C. erythraea wounding
response, gene expression was recorded over a period of 48 h after cutting the leaf explants
(Figure 6). Six of the studied C. erythraea genes, CeAGP6, CeAGP7, CeFLA1, CeFLA6, CeFLA7
and CeKLA1 had statistically significant expression changes as compared to the tissue
samples frozen immediately upon cutting (0 min, control sample, Figure 6). However, most
of the studied genes had only mild changes in expression, and only CeAGP6 and CeAGP7
stood out as highly and immediately induced genes. CeAGP6 was upregulated almost
100-fold (6.5 log2 fold change 6 h after wounding), while CeAGP7 was upregulated almost
10-fold (3.3 log2 fold change also 6 h after wounding). Both genes shared similar expression
profiles, with modest changes in expression 30 min after wounding, a sharp increase
3 h after wounding and both peaking 6 h after wounding, after which the expression
declined steadily. From the rest of the studied genes, the downregulation of CeKLA3
was notable, although its changes in expression were not statistically significant due to
high variance in expression of biological replicates and the correction for the number of
statistical comparisons. Based on the trends of expression, perhaps notable are also CeFLA1
and CeKLA1, which showed a stable, yet modest change in expression after wounding,
with opposite trends, both peaking near the end of the studied period. CeFLA1 steadily
increased in expression, reaching a peak 48 h after wounding at 2 log2 fold change, while
CeKLA1 steadily declined in expression, reaching a peak of –1.5 log2 fold change, 48 h
after wounding.
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Figure 6. Temporal gene expression profiles for the 18 studied AGp, FLA and KLA genes obtained
after cutting of leaf explants. Mean and standard deviation is shown for three biological replicates.
Immediately frozen tissue after wounding (0 min) was used as control sample. Asterisks indicate
significant difference obtained via Student’s t-test between a specific time point and the appropriate
control sample. Multiple comparison correction was performed jointly for all performed comparisons
using the Benjamini and Holcberg method.
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2.5. Expression of AGP Genes in Centaury Organs and in Different Developmental Stages during
Organogenesis and Somatic Embryogenesis In Vitro

We have also quantified the expression of the 18 AGP genes in sixteen samples
(Table 1) encompassing organs from in vitro grown plants (whole seedlings, leaves and
roots from plants at the rosette stage), in vitro grown root cultures, organs from flowering
plants collected from nature (leaves, roots, stems, immature and mature flowers), as
well as tissue samples representing the processes of organogenesis (organogenic calli
and adventitious buds of different origin) and SE (embryogenic calli and globular and
cotyledonary somatic embryos). Both morphogenic paths occur in the presence of 0.2 mgl−1

2,4-dichlorophenoxyacetic acid (2,4-D) and 0.5 mgl−1 N-(2-chloro-4pyridyl)-N′-phenylurea
(CPPU) in light, but organogenesis may also occur spontaneously on hormone-free medium,
while SE, unlike organogenesis, may also proceed in the darkness [25,34].

Table 1. C. erythraea tissue samples used for AGP expression analysis. 2,4-D-2,4-dichlorophenoxyacetic acid; CPPU-N-(2-
chloro-4pyridyl)-N′-phenylurea.

Sample Treatment Light Conditions Abbreviation
rosette leaves

Solid hormone-free
medium

16 h light
8 h darkness

rl
rosette roots rr

seedlings sd
Plants and roots
grown in vitro

root cultures rc
leaves

none natural

ln
roots rn
stems st

mature flowers mf

Flowering plants
from nature

immature flowers imf
organogenic callus 0.2 mgl−1 2,4-D

0.5 mgl−1 CPPU 16 h light
8 h darkness

oc
adventitious buds

formed on leaf explants ablh

adventitious buds
formed on leaf explants hormone-free medium

ablOrganogenesis

adventitious buds
formed on root explants abr

embryogenic callus
0.2 mgl−1 2,4-D
0.5 mgl−1 CPPU darkness

ec
globular embryos gse

Somatic
embryogenesis

cotyledonary embryos cse

The expression of all studied genes was significantly different in at least some samples
compared to the rosette leaf (rl) used as the control sample (Figure 7). For some com-
parisons, the obtained statistically significant differences were impacted more by the low
variance of expression in the samples, especially the control sample for certain genes, rather
than the overall differences in average expression (most of the CeKLAs, CeFLA6, CeFLA7
and CeAGP3, Figure 7); therefore, we restrict our analysis to the statistically significant
differences which are at least 2 log2 fold different compared to the control (Figure 7). From
the 18 analyzed genes, 13 had more than 2 log2 fold changed expression in any of the
analyzed samples as compared to the rosette leaf (Figure 7). These 13 genes included all
of the analyzed AGp genes, all FLA genes except CeFLA7 and two KLA genes, CeKLA2
and CeKLA3. Interestingly, both of the genes that were induced upon wounding—CeAGP6
and CeAGP7 were downregulated in the majority of embryogenic and organogenic sam-
ples. This was more pronounced for CeAGP7, where five of the seven embryogenic and
organogenic samples had significantly downregulated expression: organogenic calli (oc),
leaf-derived adventitious buds developed on 2,4-D/CPPU medium (ablh, embryogenic
calli (ec), globular and cotyledonary somatic embryos (gse and cse) developed on the same
medium (see Table 1). CeAGP7 had significantly upregulated expression in leaves collected
from plants grown in nature (ln). CeAGP6 was significantly downregulated in organogenic
calli (oc) and roots from flowering plants from nature (rn), while it was upregulated in
rosette roots (rr) and immature flowers from plants grown in nature (imf). CeAGP9 ex-
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pression was significantly decreased in oc and upregulated in leaves from plants grown
in nature (ln). CeAGP10 was highly expressed in rr. Apart from these AGp genes, the
biggest changes in expression as compared to controls were observed for CeFLA3, which
was generally poorly expressed in vegetative organs from plants from nature—leaves (ln),
roots (rn) and stems (st). In contrast to CeFLA3, the genes CeFLA1, CeFLA4 and to lesser
extent CeFLA5 were generally more expressed in plants grown in nature than in culture
in vitro. CeKLA3 had the lowest expression in adventitious buds regardless of their origin,
as well as in mature and immature flowers (mf and imf) from plants grown in nature.
Finally, several genes such are CeFLA7, CeKLA1, CeKLA6 and CeKLA7 showed pretty much
constitutive expression (less than 2 log2 fold change compared to rl in all samples) across
the tested samples (Figure 7).

Pearson correlation was used to estimate the linear relations among the genes based
on their expression in 16 plant tissue samples (Figure 8). An almost linear dependence was
found for CeFLA1 and CeFLA4 (0.93 corPear), while a negative correlation was found for
CeKLA5 and CeFLA3 (−0.8 corPear). High positive correlations were found among genes
CeAGP9, CeAGP7, CeAGP6, CeKLA7 and CeFLA6 (Figure 8), all of which are to some extent
downregulated in samples representing SE and SO and upregulated in seedlings (Figure 7).
To further explore the relationship among genes based on their expression profiles, we
quantified how much information the expression pattern of each gene holds about all
others in a pairwise manner, using bias corrected mutual information (BCMI). In the top 5%
percent of gene pairs, in regards to BCMI, the majority were the pairs with high absolute
Pearson correlation: CeAGP7 and CeAGP9, CeAGP7 and CeFLA6, CeAGP3 and CeFLA5,
CeFLA3 and CeKLA5 and CeFLA3 and CeAGP3. In addition, the pairs CeFLA3 with CeFLA1
and CeFLA4 had high BCMI (top 5%) and low Pearson correlation, indicating a non-linear
relationship exists between these gene expression patterns.
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Figure 7. Expression profiles for the 18 studied AGp, FLA and KLA genes in 16 different developmental stages, tissues and
plant organs. Sample abbreviations are provided in Table 1. Mean and standard deviation is shown for three biological
replicates. The samples correspond to the experimental system explained in more depth in [34]. The horizontal dashed
lines represent a log2 fold change of 2 and −2 compared to the rosette leaves (rl) grown in vitro. Statistical comparison of
the means was performed between each sample and the rosette leaves (rl) grown in vitro (control sample) using Welch’s
t-test. Multiple comparison correction was performed jointly for all performed comparisons using the Benjamini and
Holcberg method. One asterisk (*) indicates that the mean expression in the sample is significantly different compared to the
mean control expression (adjusted p-value < 0.05), while two (**) correspond to highly significant difference in expression
(p-values < 0.01). Red asterisks indicate that the comparison of the means is significant and that the difference in the means
is higher than 2 log2 fold.
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Figure 8. Pearson correlation heatmap of relative gene expression. Pairwise correlation coefficients are given in the lower
diagonal triangle, while statistical significance of the pairwise association is shown in the upper triangle: * for p-value < 0.05,
** for p-value < 0.01 and *** for p-value < 0.001. Rows and columns of the heatmap are arranged according to hierarchical
cluster analyses performed on a matrix of correlation distances (1–corPear). Cluster agglomeration was performed using
complete linkage and the dendrograms are shown on top and left of the heatmap. Emphasized cells (enclosed with
rectangles) correspond to the top 5% pairs based on Jackknife bias corrected mutual information.

3. Discussion
3.1. Size and Diversity of C. erythraea HRGP Superfamily

Several approaches to bioinformatics identification of potential HRGP, and specifically
AGP sequences, have been developed in recent years in an attempt to overcome limitations
of classical approaches to HRGP/AGP mining. The MAAB classification system was
developed to acknowledge the existence of a continuum of HRGP sequences with shared
characteristics of extensins, AGPs and proline-rich proteins [4]. On the other hand, the
ragp pipeline was created to detect AGP sequences with underrepresentation of AG motifs,
by combining machine learning-based hydroxyproline prediction with hydroxyproline-
aware AG motif scans [13]. Therefore, both approaches were employed to investigate
the diversity of centaury HRGPs and especially AGP sequences. By using the modified
MAAB pipeline, as incorporated in ragp, on predicted protein sequences from the de novo
assembled C. erythraea transcriptome [34] (https://zenodo.org/record/3591805, accessed
on 12 August 2021), 126 Trinity transcripts (134 protein sequences) were classified into
MAAB HRGP classes 1–23, while the remaining 87 transcripts (corresponding to the same
number of proteins) were classified as MAAB class 24 (Figures 1 and 2A and Supplemen-

https://zenodo.org/record/3591805
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tary Table S1). Among the 62 Phytozome V12 proteomes analyzed using an equivalent
approach [13], only five plant or algae species (Chlamydomonas reinhardtii, Hordeum vulgare,
Physcomitrella patens, Triticum aestivum and Zea mays) were shown to contain more than
100 protein sequences classified as MAAB 1-23. A combination of biological and technical
causes can conceivably explain the high number of MAAB 1-23 classified sequences as
compared to Phytozome proteomes. Namely, BUSCO assessment [36] of the C. erythraea
transcriptome indicated a very high (95%) completeness, but also a high percentage of dupli-
cated complete BUSCOs (54%), likely because the sequenced centaury was a tetraploid [34].
The heterozygous alleles that failed to collapse during de novo assembly, probably causing
the observed duplications, might as well be responsible for the high number of MAAB
1-23 classified sequences. Separating out alleles and paralogs is a challenge during de novo
assembly, especially for polyploid organisms, and Trinity, like other short-read de novo
assemblers, can generate chimeras between them [37,38], leading to additional inflation
of the redundancy. Even though there are methods for redundancy reduction [37,39,40],
we have not applied them, to avoid losing real biological entities (sequences). Finally, the
comparison of Phytozome V12 proteomes, which are generated based on reference haploid
genomes, with a proteome created from a de novo assembled transcriptome can produce
only rough estimates.

The majority of C. erythraea sequences within MAAB classes are classical AGPs
(classes 1 and 4), while other classes, apart from class 24, are either underrepresented
or absent (Figure 2A and Supplementary Table S1). This is in concordance with the finding
that in eudicot transcriptomes class 24 has the highest average number of sequences, fol-
lowed by classes 4 and 1, while other MAAB classes are underrepresented [41]. However,
the number of MAAB classified sequences in each group is much higher in our work
compared to [41], probably because we did not exclude sequences with predicted domains
or short (<90 aa) protein sequences. Another potential reason is sequence redundancy,
as pointed above. The fact that the majority of MAAB 1–23 classified sequences belong
to classical AGPs (MAAB classes 1 and 4) may not necessarily imply that centaury lacks
diversity of other HRGP classes. Johnson et al. [41] have shown that when analyzing de
novo transcriptomic data for MAAB classification, it is critical to employ a multiple k-mer
assembly. When using a 25-mer approach, which is the default for many De Bruijn graph
transcriptome assemblers, including Trinity, which we have used [34], they observed an
underrepresentation of the highly repetitive HRGP sequences such as CL-EXTs and PRPs.
Since we were interested in recovering AGP sequences, particularly those with few AG
motifs, k-mer size used for de novo assembly should not have a high impact on the recov-
ered sequences, as evidenced by the high number of identified sequences. Additionally, the
distribution of the MAAB classes is partly obscured because a portion of protein sequences
lacks a complete C-terminus; thus, the GPI prediction, which is required for resolving
MAAB classes, can be misleading.

Considering that MAAB classification is based on the presence of glycosylation motifs
in HRGPs and on the high percentage of amino acids that constitute these motifs (amino
acid bias), such as a threshold of over 45% of P, A, S and T in the case of AGPs [4], it is
not surprising that MAAB-recognized sequences have few, usually shorter Pfam domains
or none at all (Figure 2A). This is simply because the presence of larger domains, such
as fasciclin (PF02469), which is commonly associated with AGPs [19,42], would diminish
the amino acid bias of these sequences. Thus, only a few MAAB classes, most notably
classical GPI-AGPs (class 1), were found to have any Pfam domains (Figure 2A). Among
these, some are prominent and well-known AGP associates, such are nonspecific/probable
lipid transfer protein (PF00234 and PF14368) and plastocyanin-like domain (PF02298),
while others, like X8 domain, have only recently been associated with AGPs [12,13,43]
(Figure 2B).

Apart from finding HRGP representatives via MAAB classification, we were particu-
larly interested in identifying sequences which potentially contain short AGP-like sequence
spans, a task that ragp R package was created for. A number of sequences were identified
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with both the relaxed and strict scans (822 and 330 protein sequences, respectively, Figure 1),
many of them associated with different Pfam domains (Figure 2C, Supplementary Table S2).
In addition to the relaxed AG motif scan [13], in this work we have adopted an additional
stricter AG motif scan, in order to identify potentially false positive sequences. Approxi-
mately 40% of all protein sequences filtered with the relaxed scan were also found with
the strict scan. Since no sequences containing PF04674.13 (phosphate-induced protein 1
conserved region) passed the stricter scan, they are probably falsely identified as AGPs.
Apart from the PF04674 domain, which seems like an outlier in our analysis, other domains
associated with AG motif spans in centaury sequences (Figure 2C) were previously shown
to associate with AGPs based on bioinformatics [6,12,13] or experimental evidence [42,44].

3.2. Phylogenetic Relations and Structural Features of the Selected FLA, KLA and AG Peptide
Sequences

From the identified AGP sequences, we chose 18 transcripts, six from each of the three
groups, FLA, KLA and AGp, to analyze their phylogenetic relations and to investigate their
response to mechanical wounding, as well as expression in different organs and during mor-
phogenesis in vitro. Even though FLAs are an extensively studied family of putative cell
adhesion proteins [19,35,42,45,46], they were of interest for further investigation because
their representatives were previously implicated in morphogenesis in vitro in centaury [10].
Most centaury FLAs, just like homologs from other species, are characterized with only one
or two fasciclin domains (PF02469) surrounded with AG spans, and most are GPI-anchored
proteins (Figure 3). The C-terminal TM region in FLAs is a characteristic of pre-proteins,
because the GPI signal sequences contain a stretch of hydrophobic amino acids with prop-
erties of a typical transmembrane α-helix, which transiently anchor the pre-proteins to the
luminal side of the ER membrane until transamidation with GPI occurs [47,48].

The KLA genes were studied because AG motifs have been only recently linked to
a broad range of plant receptor kinases [12,13,43,49], compelling the search for possible
roles of this group of proteins. The centaury’s KLAs, as well as related sequences from
other plant species, are generally composed of extracellular AG motifs, a transmembrane
domain (absent only in CeKLA5) and an intracellular protein kinase domain (Figure 4),
as described in detail in Section 2.3. Previously, we have shown that protein kinase
(PF00069.25) and protein tyrosine kinase (PF007714.17) are the most frequent Pfam do-
mains found in protein sequences with AG motif spans using the relaxed ragp scan from
the 62 analyzed plant proteomes [13]. Since then, an update to the Pfam database has
been released, which changed the annotation of PF007714 from “protein tyrosine kinase”
(PF007714.17) to “protein tyrosine and serine/threonine kinase” (version PF007714.18).
This is in concordance with our own investigation, which indicates that the majority of
centaury kinases having AG motif spans with predicted hydroxyprolines are homologous
with serine/threonine kinases from other plants (Figure 4). Centaury sequences CeKLA1,
CeKLA6 and CeKLA7, along with other members of the clusters C, D and E (Figure 4),
are leucine-rich repeats receptor-like kinase (LRR-RLK) chimeric AGPs—molecules im-
plicated in protein-protein interactions and signal transduction [12]. LRR is a domain
frequently found in AGPs and HRGPs (Figure 2B,C) which may facilitate dimerization
of the molecules that contain it [12]. CeKLA3 and its homologs from the A1 subcluster
(Figure 4) belong to the cysteine-rich receptor-like kinase (CRK) family [50,51], charac-
terized by N-terminal salt stress response/antifungal PF01657 domains with conserved
cysteines involved in disulfide bridges.

AG peptides, as a subgroup of short classical AGPs, usually do not share sequence
homology; nevertheless, one AG peptide, CeAGP3, was identified in an earlier version of
C. erythraea transcriptome [52] based on a homology search, because it had a conserved
domain of unknown function, DUF1070 [10]. We have shown that DUF1070 represents a
typical GPI signal sequence associated with few AG motifs [9]; thus, the domains annotation
was changed to arabinogalactan peptide PF06376. To the best of our knowledge, PF06376 is
the only conserved domain exclusively found in AGPs and HRGPs, in general. Along with
CeAGP3, CeAGP7 and CeAGP9, which contain the PF06376 domain, one GPI-anchored
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peptide without the PF06376 domain (CeAGP6) as well as two partial sequences (CeAGP8
and CeAGP10) were also selected for further study (Figure 5).

The majority of the studied centaury FLA and KLA sequences clustered together with
homologues from the taxonomically closest C. canephora, emphasizing the interconnection
among sequence phylogeny within these protein families and taxonomic relations. This is
not surprising since both of these groups contain long and relatively conserved domains
with structurally and functionally constrained evolution rates. On the other hand, the AGp
phylogenetic tree does not show such trends, with only one reliable cluster (A, Figure 5)
from sequences containing the conserved PF06376 domain.

3.3. Mechanical Wounding Induces AG Peptides CeAGP6 and CeAGP7 and Downregulates Some
FLAs and KLAs

The impact of mechanical wounding was not studied because C. erythraea is partic-
ularly sensitive to damage caused by natural factors such as strong wind, but because
wounding is a common part of plant tissue manipulations in vitro that certainly affects
the morphogenic processes [31–33]. In this context it was of interest to see whether some
AGPs are implicated both in early wounding response and later in somatic embryogenesis
and/or organogenesis.

Several lines of evidence suggest that specific AGPs are involved in response to
wounding in different plant species. For example, both mRNA and protein levels of two
tomato AGPs, a Lys-rich LeAGP1 and a classical SlAGP4, were rapidly up-regulated in
response to mechanical wounding in tomato fruits [22]. In centaury, two AG peptides
were highly induced by mechanical wounding—CeAGP6 and CeAGP7 (Figure 6). CeAGP6
encodes a 64 amino acid long pro-peptide, which is, after removal of N-sp and GPI
signal sequences, reduced to 16 amino acids, with four predicted hydroxyprolines in
AG-motif context (27-AOfeafAOAOAOTaes-42). CeAGP7 is a 74 amino acid, PF06376
domain containing, GPI-anchored peptide (Figure 5); the mature protein after processing
is only 12 amino acids long with 3 predicted hydroxyprolines in AG-motif context (33-
qAOAOAOAatsd-44). CeAGP6 shows similarity to the Arabidopsis At1g55330 (AGP21,
Figure 5), while CeAGP7 is similar to Arabidopsis At5g24105 (AGP41, Figure 5). The
biological functions of individual arabinogalactan peptides are generally not defined,
so translating knowledge in order to provide some context to the observed wounding-
induced expression is problematic. One of the sparse reports indicates AtAGP21 is involved
in normal root hair formation in Arabidopsis, and that the lack of AtAGP21 at the cell
surface stimulates ectopic root hair development similar to that observed in brassinosteroid
(BR) mutants [53]. AtAGP21 might act by modifying the responsiveness of the BRI1-
BAK1 co-receptor kinase pair to BR or by crosstalk with the BR transduction pathway via
thus far unidentified cell surface proteins [53]. Nevertheless, it is apparent that specific
membrane-anchored AG peptides are able to transduce signals to the cell and interact
with phytohormone signaling pathways. Since the wound-induced signaling involves
complex crosstalk among jasmonic acid, ethylene, salicylic acid and abscisic acid [54], as
well as BRs [55] signaling pathways, additional investigation needs to be conducted in
order to propose a potential physiological significance of CeAGP6 and CeAGP7 induction
by wounding.

Finally, there appears to be a causally ambiguous connection between wounding
responses and downregulation or inactivation of (certain) AGPs. Namely, in our sys-
tem, more AGPs are downregulated than upregulated by wounding, including CeKLA1,
CeKLA2, CeKLA3, CeFLA3 and CeFLA6, even though this is not statistically significant in
all cases (Figure 6). On the other hand, a treatment of Arabidopsis cell suspension culture
with βGlcY caused wound-like responses in this system [56]. The responses to βGlcY
included the induction of cell wall apposition and callose synthesis, along with changes in
gene expression, recorded using a whole-genome microarray, similar to changes caused
by wounding [56].
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3.4. Expression Profiles of AGPs in Different Plant Organs and during Somatic Embryogenesis
and Organogenesis In Vitro

The involvement of AGPs in SE and SO from centaury root and leaf explants has been
well documented using an array of techniques based on βGlcY applications [10,26–28],
monoclonal antibodies [29] and expressional analysis [10]. The latter research, however,
was based on an in-house transcriptome version of questionable coverage [52] and limited
homology-based AGP mining, so only four AGP sequences have been analyzed. Therefore,
having a high-quality transcriptome [34] and a powerful tool for AGP mining [13], we had
to limit the study to 18 AGPs and to 16 representative centaury organs or developmental
stages (Table 1). The set of 16 tissue samples previously used for selection of stable
housekeeping genes in centaury [34] turned out to be quite suitable for AGP profiling
as well. Namely, having both plants grown in nature and in vitro, samples representing
the processes of SE and SO, explants regenerating on hormone-free medium and in the
presence of growth regulators, samples cultivated under different light conditions etc.,
(Table 1) allows for at least coarse discrimination of the effects of in vitro culture, growth
regulators or developmental stages on AGPs expression (Figure 7).

A general overview of AGP expression profiles suggests that, in comparison to leaves
of plants at a rosette stage grown in vitro (rl) used as a referent sample, other samples from
in vitro culture, particularly roots of rosette plants (rr) and whole seedlings (sd), had higher
expression of all AG peptides, particularly CeAGP10, but comparable levels of FLA and
KLA transcripts (Figure 7).

Several AGPs, including CeAGP8, CeAGP10, CeFLA3 and CeKLA3 are more expressed
under in vitro conditions (samples rl, rr, sd and rc) than in plants from nature (samples
ln, rn, st, mf and imf, Table 1 and Figure 7). On the contrary, FLA transcripts CeFLA1 and
CeFLA4 were the most abundant in samples from nature, particularly in stems (st). Knowing
that stems of centaury in nature are very wiry, it can be speculated that these FLAs, as cell
adhesion molecules, may contribute to the stem sturdiness. Indeed, two Arabidopsis FLAs,
AtFLA11 and AtFLA12, with quite similar architecture to CeFLA1 and CeFLA4, having
a single FAS domain surrounded by AG motif spans (Figure 2), are important for stem
biomechanical properties [57]. It is proposed that FLAs with such architecture contribute
to the stem strength by affecting cellulose deposition and to the stem elasticity by affecting
the integrity of the cell-wall matrix [57].

It should be noted that CeFLA1 and CeFLA4 share not only similar expression profiles
in different tissue samples (Figure 7) and in response to wounding (Figure 6), but are also
structurally/phylogenetically close (Figure 3). It is not surprising that these two genes had
the highest correlation of expression of all gene pairs (Figure 8). CeFLA1 and CeFLA4 are
also among the few genes with relatively high expression in embryogenic calli, suggesting
their potential role in the initiation of SE. CeFLA1 (previously named CeAGP1, GenBank:
KC733882, [10]) was highly expressed in centaury leaf explants after 10 days of culture
on medium containing 2,4-D and CPPU, when indirect SE occurs [10]. Since CeFLA1 was
expressed at a similar level in leaf explants regenerating both on light and in darkness, it
was concluded that it was specifically involved in embryogenesis, and not in organogenesis,
because organogenesis does not occur in darkness in this system [10]. The fact that CeFLA1
does not have higher expression in samples representing organogenesis as compared to rl
sample (Figure 7) only confirms this conclusion. The only other gene upregulated during
induction of SE is CeAGP10, which is also highly expressed in globular and cotyledonary
somatic embryos (gse and cse), but also in other organs from plants cultivated in vitro
(Figure 7). The importance of AGPs during somatic embryogenesis in centaury has been
well documented [10,29] and recently reviewed [26], and the fact that there is a dynamic
change of AGP epitopes during the development of somatic embryos [29] suggests that
there are probably more AGPs (or their glycoforms) involved in this process than we have
detected so far.

Regarding the process of SO in vitro, none of the selected 18 genes are upregulated in
organogenic calli (oc) or in adventitious buds of any origin (ablh, abl and abr), as compared
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to the rl sample (Figure 7). However, CeAGP7, CeAGP9 and, to a lesser extent, CeAGP6 and
CeKLA3 are downregulated in several SO-related samples. CeAGP3 was previously found
to be induced during direct root development (in darkness) and direct shoot development
(on light) from centaury leaf explants on hormone-free medium, as well as in explants cul-
tivated on 2,4-D and CPPU-containing medium on light, where indirect organogenesis and
somatic embryogenesis occur simultaneously [10]. However, the two experimental systems
are somewhat different, particularly because in the previous work [10] whole leaf explants
with developing adventitious buds and/or somatic embryos were used, whereas here,
organogenic calli and adventitious buds were separated from the explants for the RNA
extraction; thus, it would be unreliable to compare the obtained results. The importance
of AGPs during organogenesis in centaury has been confirmed in different experimental
systems via incorporation of βGlcY in the culture medium [10,27,28] and visualization of
dynamic changes of AGPs using a set of fluorescent anti-AGP antibodies [29]. The involve-
ment of AGPs in the process of organogenesis has also been confirmed in other species, for
example, in wheat [58], sugar beet [59] and grapefruit [60]. Hence, it is very likely that the
selected set of 18 AGPs simply did not include those AGPs that are upregulated during
regeneration via organogenesis in vitro.

CeAGP6 and CeAGP7, which were involved in immediate response to wounding, with
a peak of expression 6 h upon wounding (Figure 6), are downregulated during regeneration
via organogenesis and somatic embryogenesis and so can hardly be considered as a link
connecting these processes. On the contrary, CeFLA1, which is slightly induced upon
wounding, but with a clear increasing trend (Figure 6), could be involved in post-wounding
events such as healing. The same is true for CeFLA4, even though its increase of expression
was not statistically significant. Since CeFLA1 and CeFLA4 are induced in embryogenic
calli (Figure 7), they might be a part of the network connecting wounding and somatic
embryogenesis. While CeFLA1 and CeFLA4 are putatively involved in wounding or healing
responses, induction of somatic embryogenesis and stem reinforcement, several AGPs did
not significantly change their expression regardless of the treatment or sample type. These
include CeKLA6 and CeKLA7—genes that are constitutively expressed in all samples (less
than 2 log2 fold changed in any sample compared to rl control) and should be considered
for evaluation as potentially good housekeeping genes.

4. Materials and Methods
4.1. Plant Material

Stock shoot culture of C. erythraea was initiated from seeds purchased from Jelitto
Staudensamen GmbH, Schwarmstedt, Germany, as previously described by [25]. Three-
week-old seedlings were transferred to fresh 1/2MS [61] medium for further growth. Sam-
ples for the wounding experiment were obtained by cutting young rosette leaves from
three-month-old plants at the rosette stage 5 mm from the top. Explants were transferred
to fresh 1/2MS medium and sampled after 30 min, 3 h, 6 h, 12 h, 24 h and 48 h. As control,
immediately frozen cut leaf tissue was used (0 min).

C. erythraea tissue samples from 16 different developmental stages and organs as
described by [34] were used (Table 1) to investigate AGP expression.

4.2. HRGP Sequence Identification

Filtering C. erythraea HRGP sequences was performed using ragp 0.3.2 R package [13].
In silico translated protein sequences from the de novo assembled centaury transcrip-
tome [34] were used as the starting point for HRGP filtering. The protein sequences were
first evaluated for the presence of secretory signals, where a majority vote between the
predictions from TargetP1.1 [62], SignalP4.1 [63] and Phobius1.01 [64] web servers was
used to determine if the sequences contained an N-sp. Sequences predicted to be secreted
were used for the prediction of hydroxyproline positions, and sequences containing three
or more probable hydroxyprolines were further analyzed. In order to identify and describe
prototypical HRGP sequences, the motif and amino acid bias (MAAB) classification [4] as
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implemented in ragp was used. To resolve ambiguities in MAAB classes which require
information about GPI presence, NetGPI1.1 [65] was utilized. For identification of potential
arabinogalactan sequences, we performed a relaxed sequence search for clusters of at least
three AG glycomodules, no more than 10 amino acids apart as described in [13], and a
more stringent search for clusters of least four AG glycomodules, no more than four amino
acids apart. Only AG glycomodules with probable hydroxyprolines were considered.
GPI prediction in analyzed sequences was performed using NetGPI 1.1 [65], and disorder
prediction was performed via ESpritz [66] using the model trained with “X-Ray”train
set and default parameters. Domain prediction was performed with hmmscan 3.3.2 [67]
using Pfam-A33 database (http://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam33.0,
accessed on 12 August 2021). All of the mentioned web servers were queried via the ragp
package interface. After filtering, 18 sequences identified as AGP were chosen for expres-
sion evaluation based on their primary structure and the ability to construct discriminatory
primers: 6 containing fasciclin domains (fasciclin-like AGPs (FLA)), 6 containing protein
kinase domains (kinase like AGPs (KLA)) and 6 short AG peptide-like sequences.

4.3. RNA Isolation and qPCR

Total RNA from wounded tissue was isolated using CTAB reagent [68]. RNA from all
other samples was isolated using TRIzol reagent (Invitrogen—Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. The isolations for
gene expression studies were performed from three independent biological replicates.
RNA was quantified spectrophotometrically using Nano Photometer N60 (Implen) and
assessed via agarose gel electrophoresis. Total RNA was treated with DNAse I (Thermo
Scientific, Waltham, MA, USA) and reverse transcribed with poly(dT)18 primers, using
a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA).
Specific primers were designed for the 18 chosen sequences using Primer Blast (www.ncbi.
nlm.nih.gov/tools/primer-blast, accessed on 12 August 2021, Supplementary Table S3)
and checked for specificity using the de novo assembled centaury transcriptome [34].
The specificity of the primers was confirmed via PCR followed by gel electrophoresis.
The obtained amplicons were used for preparation of standards for evaluation of qPCR
efficiency. The amplicons were extracted from the gel using a GeneJET Gel Extraction Kit
(Thermo Fisher Scientific, Waltham, MA, USA), quantified spectrophotometrically and
serially diluted in a 109–102 copies µL−1 range. The qPCR reactions were set with Maxima
SYBR Green/ROX qPCR Master Mix (2X) (Thermo Fisher Scientific, Waltham, MA, USA),
with 0.3 µM specific primers and cDNA corresponding to 12.5 ng RNA in 10 µL total
volume. Each reaction was performed in 3 biological replicates. The cycling was performed
in the QuantStudio 3 RealTime PCR System (Thermo Fisher Scientific, Waltham, MA, USA).
The cycling program included initial denaturation (95 ◦C/10 min), followed by 40 cycles of
denaturation (95 ◦C/15 s), annealing (at gene-specific Ta/30 s, Supplementary Table S3)
and extension (72 ◦C/30 s). AGP expression data was analyzed using the ∆∆Ct method [69].
For normalization of qPCR data, the arithmetic average of Ct values for Ribosomal protein
L2 (RPL2) and TATA binding protein 1 (TBP1) genes, previously shown to be the most
stable housekeeping genes in all sample sets by [34], were used.

4.4. Phylogenetic Analysis

Phylogeny of the analyzed C. erythraea AGP sequences was assessed via comparison
with homologs from 18 plant species: Arabidopsis thaliana, Beta vulgaris, Capsicum annuum,
Coffea canephora, Cynara cardunculus, Daucus carota, Glycine max, Helianthus annuus, Hordeum
vulgare, Ipomoea triloba, Nicotiana attenuata, Olea europaea var. sylvestris, Oryza sativa Japonica,
Populus trichocarpa, Prunus avium, Solanum lycopersicum, Triticum aestivum and Zea mays.
The plant species subset contained a mix of well-studied model plants, commercially
valuable plants, as well as plants taxonomically related to C. erythraea. Proteomes from
these species were obtained from Ensembl release 49 (https://plants.ensembl.org/, http://
ftp.ensemblgenomes.org/vol1/pub/plants/release-49/fasta, accessed on 12 August 2021).

http://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam33.0
www.ncbi.nlm.nih.gov/tools/primer-blast
www.ncbi.nlm.nih.gov/tools/primer-blast
https://plants.ensembl.org/
http://ftp.ensemblgenomes.org/vol1/pub/plants/release-49/fasta
http://ftp.ensemblgenomes.org/vol1/pub/plants/release-49/fasta
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For fasciclin and kinase phylogenies the sequences with Pfam domains PF02469 or PF07714
were queried from the mentioned proteomes using biomartr [70], and protein blast was
performed versus chosen C. erythraea sequences. Raw bit-score top hits per C. erythraea
sequence per plant were filtered and the top five homologs per C. erythraea sequence were
used for phylogeny construction. Sequence alignment was performed using the DECIPHER
2.18.1 R package [71] using default arguments with 10 iterations and 10 refinements.
Several models of amino acid replacement—JTT [72], WAG [73], LG [74], Dayhoff [75] and
Blosum62 [76]—were tested, and the Bayesian information criterion was used to select the
best-fit model. The resulting alignment and best-fit model were used to estimate a sequence
distance matrix, which was used to create a neighbor joining (NJ) tree via phangorn R
package 2.5.5 [77]. This NJ tree was used as the basis for fitting a maximum likelihood
tree with optimization of the gamma rate parameter and proportion of invariable sites
using stochastic rearrangement. To assess cluster stability, non-parametric bootstrap was
performed for 100 iterations. Phylogeny of AG peptides was assessed using an alignment-
free approach. The ragp pipeline was performed on protein sequences with a length of
30–100 amino acids from the 18 plant species. The identified AG peptides were used, along
with C. erythraea sequences, to estimate a sequence distance matrix using the kmer [78]
R package with kmer length 3 and other default parameters. The closest five sequences
per C. erythraea AG peptide sequence per plant were filtered and the top five homologues
per C. erythraea AG peptide sequence were used for phylogeny construction, which was
performed using neighbor joining on a distance matrix created using the kmer R package
with kmer length 3. As with the alignment-based method non-parametric bootstrap was
performed for 100 iterations to assess cluster stability. Phylogenetic three clusters with less
than 50/100 bootstrap support were collapsed into multichotomies.

4.5. Statistical Analyses

Statistical analysis was performed using R programming language for statistical
computing [79]. Gene relative expression values from the wounding experiment were
analyzed using Student’s t-test, where each time slice was compared with the control
(0 min). p-values obtained from these pairwise comparisons were adjusted using the
Benjamini–Hochberg method [80] using all performed comparisons (for all genes). Relative
expression values from various centaury tissue and organ samples were analyzed using
Welch’s t-test, where each sample was compared with the control (rosette leaf-rl). p-values
obtained from these pairwise comparisons were adjusted using the Benjamini–Hochberg
method [80] using all performed comparisons (for all genes). The extent of the linear
relationship among the gene expression patterns was estimated using Pearson correlation
(corPear), and the correlation matrix is presented as a heatmap using gplots [81] R package.
The rows and columns of the heatmap are arranged according to hierarchical cluster
analysis performed on a matrix of correlation distances (1-corPear, so that maximal positive
correlation of 1 becomes 0 distance and maximal negative correlation of −1 becomes
distance 2). Cluster agglomeration was performed using the complete linkage method as
implemented in R package stats [79]. Mutual dependence of genes based on expression
patterns was estimated using the Jackknife bias corrected mutual information pairwise
matrix obtained via the R package mpmi [82] with all default parameters.

5. Conclusions

The identified centaury HRGP sequences and MAAB class distribution should be
considered as preliminary, but for the eventual refinement of the centaury HRGP/AGP
family description, the whole genome sequencing, de novo assembly and annotation is
required. Having a complete genome would certainly help in completing currently C-
truncated sequences such are CeAGP8 and CeAGP10 and their proper classification and
identification of novel sequences not present in the available transcriptome, as well as
identifying regulatory elements of AGPs with interesting expression profiles. Our results
confirm that wounding causes changes in AGPs’ expression profiles, but a more systematic
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approach is required to clarify the role of AGPs such as CeAGP6 and CeAGP7 in wound
and healing responses. Understanding what players are involved in this process, as well as
their roles, can have significant impact not only for fundamental understanding of plant
defense, healing and regeneration, but might also be exploited for the improvement of
crop tolerance to wind, flooding and insect or herbivore-caused mechanical wounding.
While we have identified AGPs with apparently multiple roles, such are CeFLA1 and
CeFLA4, other AGPs are likely to be of even greater importance since they are constitutively
expressed and thus are candidates for housekeeping genes, such as CeKLA6 and CeKLA7.
However, a different selection of genes for testing is required for identification of AGPs
specifically involved in embryogenesis and organogenesis in vitro.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091870/s1, Table S1: MAAB classification of centaury HRGPs, Table S2: ragp identified
centaury AGPs and Table S3: 18 selected AGPs info.
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of some arabinogalactan protein epitopes during indirect somatic embryogenesis and shoot organogenesis in leaf culture of
centaury (Centaurium erythraea Rafn). In Vitro Cell. Dev. Biol. Plant 2021, 57, 470–480. [CrossRef]

30. Lup, S.D.; Tian, X.; Xu, J.; Pérez-Pérez, J.M. Wound signaling of regenerative cell reprogramming. Plant Sci. 2016, 250, 178–187.
[CrossRef] [PubMed]

31. Méndez-Hernández, H.A.; Ledezma-Rodríguez, M.; Avilez-Montalvo, R.N.; Juárez-Gómez, Y.L.; Skeete, A.; Avilez-Montalvo, J.;
De-la-Peña, C.; Loyola-Vargas, V.M. Signaling Overview of Plant Somatic Embryogenesis. Front. Plant Sci. 2019, 10, 77. [CrossRef]

32. Santarem, E.R.; Pelissier, B.; Finer, J.J. Effect of explant orientation, pH, solidifying agent and wounding on initiation of soybean
somatic embryos. In Vitro Cell. Dev. Biol. Plant 1997, 33, 13–19. [CrossRef]

33. Bhatia, P.; Ashwath, N.; Midmore, D.J. Effects of genotype, explant orientation, and wounding on shoot regeneration in tomato.
In Vitro Cell. Dev. Biol. Plant 2005, 41, 457–464. [CrossRef]
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