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A plethora of diverse programmed cell death (PCD) processes has been described in living organisms. In animals and plants,
different forms of PCD play crucial roles in development, immunity, and responses to the environment. While the molecular
control of some animal PCD forms such as apoptosis is known in great detail, we still know comparatively little about the
regulation of the diverse types of plant PCD. In part, this deficiency in molecular understanding is caused by the lack of
reliable reporters to detect PCD processes. Here, we addressed this issue by using a combination of bioinformatics approaches
to identify commonly regulated genes during diverse plant PCD processes in Arabidopsis (Arabidopsis thaliana). Our results indicate
that the transcriptional signatures of developmentally controlled cell death are largely distinct from the ones associated with
environmentally induced cell death. Moreover, different cases of developmental PCD share a set of cell death-associated genes.
Most of these genes are evolutionary conserved within the green plant lineage, arguing for an evolutionary conserved core
machinery of developmental PCD. Based on this information, we established an array of specific promoter-reporter lines for
developmental PCD in Arabidopsis. These PCD indicators represent a powerful resource that can be used in addition to
established morphological and biochemical methods to detect and analyze PCD processes in vivo and in planta.

Programmed cell death (PCD) is a fundamental
process of life. Already present in clonal colonies of
prokaryotes (Bayles, 2014), PCD has evolved to become
an essential mechanism in multicellular eukaryotes
(Wang and Bayles, 2013). Many different forms of PCD
have been recognized, but a unifying definition char-
acterizes PCD as genetically encoded, actively con-
trolled cellular suicide.

In animals and plants, PCD is involved in many as-
pects of development, sculpting structures or deleting un-
wanted tissues (Fuchs and Steller, 2011; Van Hautegem
et al., 2015). Over the last two decades, intensive in-
vestigations have revealed mechanisms controlling
different forms of animal PCD; the most prominent
among them is apoptotic PCD (Green, 2011). In com-
parison, there is still little knowledge of the molecular
networks controlling PCD in plants, despite its abun-
dance and its importance for plant life: plant PCD oc-
curs as an integral part of development (dPCD) as well
as of the plant’s reactions to biotic and abiotic environ-
mental challenges (ePCD; Lam, 2004). Concerning dPCD,
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a distinction can be made between (1) differentiation-
induced PCD that occurs as final differentiation step in
specific cell types, for instance, in xylem tracheary ele-
ments, the root cap, or the anther tapetum layer (Plackett
et al., 2011; Bollhöner et al., 2012; Fendrych et al., 2014),
and (2) age-induced PCD as the last step of organ se-
nescence that occurs in all tissues of an organ or even the
entire plant at the end of its life cycle (Thomas, 2013).
Regarding ePCD, one of themost studied PCDprocesses
occurs during the hypersensitive response (HR), a local-
ized plant response upon pathogen recognition (Coll
et al., 2011; Wu et al., 2014). Also abiotic stresses such as
heat, UV radiation, or salt stress can lead to cell death
displaying certain hallmarks of PCD (Chen et al., 2009;Qi
et al., 2011; Nawkar et al., 2013; Petrov et al., 2015).
It is still unclear whether different PCD types in plants

share common regulatory mechanisms or if they are
controlled by distinct pathways. Due to the scarcity of
molecular information, most comparative analyses have
been based on morphological and biochemical charac-
teristics. Vacuolar cell death, defined by accumulation of
autophagosomes, vacuolar collapse, and corpse degra-
dation, has been opposed to necrotic cell death, with
swelling of mitochondria, protoplast shrinkage and un-
processed cell corpses (vanDoorn et al., 2011). However,
some types of PCD, including HR cell death, pollen self-
incompatibility, or endosperm cell death, do not fall into
either of these proposed classes (van Doorn et al., 2011).
Here, we exploited publicly available genome-wide

transcriptome data that were associated with different
forms of cell death in the model plant Arabidopsis
(Arabidopsis thaliana), with the aim to comparatively
characterize plant PCD types. We identified distinct sets
of differentially regulated genes in several develop-
mental and environmental situations known to provoke
plant cell death, suggesting that dPCD and ePCD pro-
cesses are characterized by separate regulatory path-
ways. Focusing on dPCD,we identified a conserved core
of transcriptionally controlled dPCD-associated genes.
Based on this information, we created and analyzed an
array of promoter-reporter lines that are expressed in
cells preparing for different types of dPCD. The pre-
sented data will be a powerful tool to complement
morphological analysis when attempting PCD discov-
ery, recognition, and analysis of dPCD types in plants.

RESULTS

Meta-Analysis of Available ATH1 Data Sets Reveals
Distinct Gene Expression Patterns Characterizing dPCD
and ePCD

To get a viewon similarities anddifferences in the gene
expression profiles of different PCD types,we carried out
a meta-analysis of Arabidopsis Affymetrix GeneChip
Genome Array (ATH1) data sets. Based on their accom-
panying experimental descriptions, we selected a total of
59 ATH1 data sets associated with a range of generally
accepted or hypothetical PCD contexts. For simplicity,
we will refer to all of these contexts as PCD, though for

some of them, the actively controlled nature of the cell
death has not been unambiguously shown. From this
compendium, we extracted 82 conditions, contrasting
different cell death situations with their corresponding
non-PCD controls (Table I; Supplemental Tables S1 and
S2). We assigned these contrasts to nine categories
based on their experimental context. The dPCD category
differentiation-induced cell death contains experiments
describing specific cell types undergoing cell death as part
of their differentiation program, while the senescence-
induced cell death category comprises data sets pro-
duced fromentire organs during late stages of senescence.
In the ePCD categories, data sets produced from patho-
gen assays (biotic stress), from plants experiencing oxi-
dative stress, and from plants exposed to UV irradiation,
genotoxic compounds, high or low temperatures, and
osmotic and salt stresses were included. Finally, data sets
from hormone treatments leading to cell death complete
the list of putative PCD categories (Fig. 1).

To define the relatedness of the ATH1 data sets, in-
dependent of predefined PCD categories, we performed
a hierarchical clustering analysis (HCA) based on the
expression profiles of all genes that are differentially
expressed in at least one condition. Although the overall
similarity of the entire compendium is low, it was found
to contain several functionally coherent clusters (Fig. 1).
At a Pearson’s correlation distance threshold of 0.4, three
clusters of more than five conditions could be defined.
The biotic stress clustermainly contains pathogen-related
data sets but also contains some senescence, UV stress,
and oxidative stress conditions. The osmotic stress cluster
contains salt stress and osmotic stress conditions, and a
third cluster indicates the tight relationship of most ge-
notoxic stress conditions. At a more relaxed correlation
distance threshold, a fourth sizeable cluster emerges. This
cluster, although containing more diverse expression
patterns than the other three, is also functionally coher-
ent, encompassing all differentiation-induced dPCD
conditions alongwith two senescence-related conditions
(Fig. 1, developmental cluster).

We compared the gene expression profiles of the
conditions that fell in these four clusters and identified
commonly regulated genes within the clusters. In the
developmental cluster, we found SERINE CARBOXY-
PEPTIDASE-LIKE48 (SCPL48), the aspartic protease
PASPA3, BIFUNCTIONAL NUCLEASE1 (BFN1), RIBO-
NUCLEASE3 (RNS3), CALCIUM-DEPENDENT NU-
CLEASE1 (CAN1), and a DOMAIN OF UNKNOWN
FUNCTION679 MEMBRANE PROTEIN2 (DMP2) of
unknown function up-regulated in at least 10 out of 12
conditions (Supplemental Table S3, developmental clus-
ter). Additionally, 19 genes were found to be commonly
up-regulated in at least eight out of 12 conditions, in-
cluding genes of families previously implicated in dif-
ferent PCD processes, e.g., VACUOLAR PROCESSING
ENZYMES (Hara-Nishimura and Hatsugai, 2011). The
biotic cluster exhibits up-regulation of genes involved in
salicylic acid (SA) and Ca2+ signaling: the SA-induced
genes ENHANCED DISEASE SUSCEPTIBILITY5,
PHYTOALEXIN DEFICIENT3, andWRKY DNA-BINDING
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PROTEIN75; the calcium-binding protein-encoding gene
IQ-MOTIF PROTEIN1; and AUTOINHIBITED CA2+

ATPASE12 (Supplemental Table S3, biotic cluster). These
results reflect the importance of calcium andSA signaling
in the HR (Ma and Berkowitz, 2007;Mur et al., 2008). The
integration of biotic stress conditions as well as senes-
cence conditions in the biotic cluster suggests the acti-
vation of conserved processes during biotic stress and
senescence conditions. In the osmotic cluster, 12 genes
were up-regulated in all 14 conditions of mannitol, salt,
and cold stress treatments (Supplemental Table S3, os-
motic cluster), including SENESCENCE-ASSOCIATED
GENE113 and several LATE EMBRYOGENESIS ABUN-
DANT genes, which are known to be involved in cellular
protection and stress tolerance (Olvera-Carrillo et al.,
2010; Candat et al., 2014). The genotoxic cluster com-
prised DNA repair genes such as BREAST CANCER
SUSCEPTIBILITY1, RAD51 (At5g20850), and two of its
paralogs, RAD17 and RAD21 (Trapp et al., 2011). Fur-
thermore, nucleotide metabolism genes such as TSO
MEANING UGLY IN CHINESE2 (TSO2, AT3G27060)

and THYMIDINE KINASE1A (Roa et al., 2009) and sev-
eral plant-specific SIAMESE (SIM)/SIAMESE-RELATED
(SMR) CYCLIN-DEPENDENT KINASE (CDK) inhibi-
tors (Yi et al., 2014) were commonly up-regulated in this
cluster (Supplemental Table S3, genotoxic cluster).

In contrast to the observed correlation within each of
the four clusters, there was little similarity between the
gene expression profiles across the clusters. These re-
sults indicate that distinct gene expression patterns
characterize different forms of PCD, in particular
differentiation-induced dPCD and ePCD types. How-
ever, which of the differentially expressed genes are
effectively involved in PCD regulation and which ones
are elicited as part of processes other than PCD remains
to be investigated case by case.

Most dPCD-Regulated Genes Are Not Up-Regulated in
ePCD Situations

To test the hypothesis of distinct gene regulation
occurring in differentiation-induced dPCD and ePCD

Figure 1. PCD-associatedATH1 transcriptomedata sets group indistinct clusters.HCA showing theclustering of 82putativedPCDandePCD
conditions based on the log-fold expression values of differentially regulated genes and indicating their affiliation to different putative PCD
categories (arrow). Four clusters are highlighted indicating the relatedness of data sets falling in the developmental, the biotic stress, the osmotic
stress, and the genotoxic stress clusters. The color coding from blue to yellow indicates an increase in the Pearson’s correlation distance.
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conditions, we applied two-dimensional clustering to
the expression profiles of a curated gene set, which con-
tains the genes that are most commonly up-regulated in
the four clusters described above, as identified using
custom R scripts (see “Materials and Methods” and
Supplemental Table S3). The resulting gene clades mir-
ror the original four clusters, and it again appears there
is little common regulation of these genes across clusters
(Fig. 2).
The genotoxic cluster appears most distinct; only few

genotoxic marker genes were up-regulated in the other
conditions. One example is the CDK-inhibitor SMR5
(At1g07500) that is up-regulated in several salt and
osmotic stress conditions (Fig. 2). Gene expression
profiles in the osmotic stress and biotic stress clusters
have larger overlaps; many biotic marker genes are up-
regulated duringmannitol and salt treatments, and vice
versa some osmotic marker genes are up-regulated as a
consequence of inoculation with the necrotrophic
pathogen Botrytis cinerea (Fig. 2). The up-regulation of
developmental marker genes is largely confined to the
differentiation-induced dPCD data sets. Some genes,
however, are also up-regulated in osmotic and salt
stress conditions, suggesting a certain degree of com-
mon gene regulation (see the lower tier of develop-
mental marker genes in Fig. 2). Interestingly, conditions
of organ senescence lead to up-regulation of several
biotic, osmotic, and developmental marker genes (Fig.
2, arrow), suggesting that plant senescence activates a
combination of pathways. Most developmental marker
genes, however, are almost exclusively up-regulated in
differentiation-induced dPCD situations, suggesting
that the transcriptional regulation differs substantially
between these and ePCD contexts.

Supervised Classification of PCD Samples Based on Their
Gene Expression Profiles Is Possible for Some PCD Types
But Not for Others

Prompted by the results of the unsupervised clus-
tering approaches in distinguishing PCD types (Figs.
1 and 2), we attempted to classify the different putative
PCD categories (Fig. 1) using supervised classification
algorithms, based on their ATH1 expression profiles
and the putative PCD class labels assigned to them
from the experimental descriptions (see “Materials and
Methods”). The aim of building such classifiers is to
assess the feasibility of predicting the PCD type of an
unlabeled experimental sample based on its gene ex-
pression profile.
We first built Support Vector Machine (SVM; Cortes

and Vapnik, 1995) and Random Forest (RF; Breiman,
2001) classifiers distinguishing ePCD- from dPCD-
related conditions, based on the expression profiles of
all genes. A moderate classification performance was
obtained on the full data set of ePCD and dPCD condi-
tions (Supplemental Table S4). The performance in-
creased markedly when excluding minority subclasses,
i.e., senescence (for dPCD) and/or temperature stress,

UV stress, oxidative stress, and hormone treatments (for
ePCD). Using the curated set of putative PCD indicators
for the four major PCD clusters described above (Fig. 2;
Supplemental Table S3 instead of all genes as classifica-
tion features did not generally lead to improved classi-
fication performance (Supplemental Table S4). These
results indicate that a clear molecular distinction of
ePCD versus dPCD is hampered by expression similar-
ities between certain subtypes of ePCD and dPCD. In
particular, the expression profile similarities between
senescence-induced dPCD and various ePCD conditions
(see Fig. 2) appear to have a negative impact on the
dPCD/ePCD classification performance (Supplemental
Table S4). To investigate which PCD subtypes suffer the
most from expression similarities with other subtypes,
we attempted to classify particular PCD subtypes
against all other types (Supplemental Table S4).Whereas
the maximum classification performance is high for
differentiation-induced dPCD, genotoxic cell death, and
osmotic cell death, the performance values for other PCD
subtypes are moderate to low, reflecting a lack of ade-
quately distinctive expression signatures to separate
these poorly performing PCD subtypes from some of the
other PCD types grouped together as the alternative la-
bel set. Taken together, with the ATH1 data sets that are
publically available at this point, unconditionally dis-
tinctive sets of marker genes are hard to find for many
PCD subtypes, even when using supervised classifica-
tion strategies.

Identification of Unique dPCD Indicator Genes

The information that genes are predominantly up-
regulated in differentiation-induced dPCD types opened
the possibility of testing some of these genes for their
aptitude as dPCD reporter genes. We took three com-
plementary approaches to identify individual genes that
could potentially be used as dPCD markers.

First, we compiled a list of genes that are significantly
up-regulated at least 2-fold in at least 60% of the dPCD
data sets in the ATH1 compendium described above.
SCPL48 and PASPA3 show the highest frequency of up-
regulation in all dPCD data sets (89% and 84%, re-
spectively). TELOMERIC DNA-BINDING PROTEIN1
(At5g13820) is up-regulated in 79%of all dPCD contrasts,
and BFN1 is up-regulated in 74% of the contrasts. Ad-
ditional commonly up-regulated genes inmore than 60%
of all 19 dPCD contrasts include RNS3, CAN1, THIO-
REDOXIN H-TYPE5, and three genes of unknown
function (Supplemental Table S3, dPCD contrasts).

Second, we used the Genevestigator Condition Search
and Similarity Search tools (Hruz et al., 2008) to identify
genes that are commonly coregulated with BFN1,
PASPA3, METACASPASE9 (MC9), and CYSTEINE EN-
DOPEPTIDASE (CEP1), four genes that have been as-
sociated with or functionally implicated in dPCD in
several Arabidopsis cell types (Farage-Barhom et al.,
2008; Helm et al., 2008; Ohashi-Ito et al., 2010; Bollhöner
et al., 2013; Fendrych et al., 2014; Zhang et al., 2014).
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Figure 2. Commonly up-regulated geneswithin PCD clusters are largely distinct between clusters. Two-dimensional clustering of
the gene-conditionmatrix plotting the expression profiles of themost commonly regulated genes of the four clusters highlighted in
Figure 1 over all conditions. The separate blocks of dark blue fields indicate that the regulation of commonly expressed marker
genes is largely distinct for each cluster. The arrow indicates a cluster of senescence-related data sets that show up-regulation of
biotic, osmotic, and developmental marker genes.
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Seven genes were found to be commonly coregulated
with these four target genes (Table II; Supplemental Table
S5). Reiterating the analysis with these seven genes, we
obtained a list of 154 genes that are coregulated with at
least two out of the seven genes (Supplemental Table S5).
Of these genes, four are coregulated with all target genes:
BFN1 andMC9, as well as RNS3 and DMP4 (At4g18425,
a paralog of DMP2). An unknown gene that we dubbed
EXITUS1 (EXI1; At2g14095) and the transcription factor
ANAC083 (for NO APICAL MERISTEM; ARABIDOPSIS
TRANSCRIPTION ACTIVATION FACTOR; CUP-
SHAPED COTYLEDON [NAC]DOMAIN CONTAINING
PROTEIN83) are coregulated with at least six of the
seven target genes.
Third, we constructed a list of genes potentially in-

volved in dPCD by comparing the gene expression pro-
files of two root tissues that are known to execute dPCD
as afinal differentiation step, the root cap (Fendrych et al.,
2014), and the xylem tracheary elements (Bollhöner et al.,
2012) with expression profiles of other tissues. Using
the Visual Lateral Root Transcriptome Compendium
(VLRTC; Parizot et al., 2010) based on a gene expression
atlas of the Arabidopsis root (Brady et al., 2007), we
found 95 genes commonly up-regulatedmore than 2-fold
in xylem and lateral root cap (LRC) compared with root
tissues not undergoing PCD (Supplemental Table S6).
Eight of these genes are among the 154 genes identified
byGenevestigator as coexpressedwith at least two out of
seven genes in the target gene set, significantlymore than
expected by chance (P = 1.5267e-06, hypergeometric test).
Next to BFN1,MC9, PASPA3, SCPL48, and RNS3, a fatty
acid desaturase family gene (At1g06090), the tran-
scription factor ANAC046 (At3g04060), and SCPL20 are
commonly up-regulated, suggesting that these genes

might be involved in dPCD processes in the xylem and
the LRC.

Although the data sets used in the ATH1 meta-
analysis and VLRTC approaches overlap to some ex-
tentwith each other (the root cap data sets inVLRTCand
the meta-analysis are the same) and with the Geneves-
tigator data, the different screening methodologies used
led to the identification of candidate reporter gene sets
that are only partially overlapping. By virtue of being
commonly up-regulated in different differentiation-
induced dPCD contexts, these genes can be considered
potential dPCD reporters. To test the aptitude of these
genes in this respect, we picked a set of 10 genes for
in-depth characterization of their expression patterns:
CEP1, PASPA3, BFN1, MC9, ANAC046, CAN1, RNS3,
SCPL48, EXI1, and DMP4.

dPCD Reporters Are a Powerful Resource to Detect
Putative dPCD Processes in Planta

The putative 59-regulatory regions (promoters) of the
eight candidate dPCD reporter genes were cloned and
fused to a Gal4 DNA binding domain fused to the
transcriptional activator domain of the herpes simplex
virus VP16 protein (GAL4-VP16) transcriptional activa-
tor, combined with a GAL4-activated upstream activa-
tion sequence (UAS) driving a nuclear-localized histone
2A-GFP (..H2A-GFP) reporter gene. These lines can be
used in a versatile manner: as marker lines to detect and
analyze PCD processes in planta, as driver lines to con-
trol the transcription of transgenes in a PCD-specific
spatial and temporal pattern, and as tools to sort GFP-
tagged protoplasts or nuclei for tissue-specific -omics
analyses.

Table I. Overview of the number of conditions profiled per PCD subcategory in the ATH1 compendium

PCD Category PCD Subcategory Tissue, Organ, and Stress Type No. of Conditions

Tracheary elements 4
LRC 1

Differentiation-induced Endosperm 3
Seed coat 2

Developmental (dPCD) Leaves 4
Senescence-induced Petals 1

Sepals 1
Siliques 1
Mutant seedlings 2

Biotic stress-induced Fungal elicitor 12
Bacterial elicitor 3
Viral protein 1

Environmental (ePCD) Abiotic stress-induced Oxidative stress 11
UV stress 5
Genotoxic stress 8
Heat stress 2
Cold stress 3
Osmotic stress 6
Salt stress 7

Hormone treatment Ethylene 3
SA 2

Total 82
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In a first round, over a dozen independent lines per
promoter-reporter construct were investigated in T2,
and lines with a single transfer DNA insertion locus and
a representative GFP expression pattern were selected
for in-depth analysis in T3. As the pEXI1 ..H2A-GFP,
the pANAC046..H2A-GFP and the pCAN1..H2A-GFP
constructs conferred weak or inconsistent GFP signals,
these lines were not included for further analysis. From
CEP1, PASPA3, MC9, and BFN1, which have been pre-
viously reported as PCD-associated (Farage-Barhom
et al., 2008; Helm et al., 2008; Bollhöner et al., 2013;
Fendrych et al., 2014), we chose to display the ex-
pression patterns conferred by pCEP1 and pPASPA3 as
a reference for the expression pattern of the remaining
genes.

We focused our expression analysis on Arabidopsis
tissues or cell types known to undergo differentiation-
induced dPCD: the tapetum layer in the developing
anther, the protoxylem cells in the growing root, and the
cells of the LRC. Cells are also dying in the central en-
dosperm and in senescing petals, butmuch less is known
about the nature of the cell death in these tissues (for
review, see Van Hautegem et al., 2015). We exploited a
tonoplast integrity marker (ToIM; Fendrych et al., 2014)
to investigate vacuolar collapse, a hallmark of vacuolar
PCD (van Doorn et al., 2011). In all tissues or cell types,
the ToIM expression controlled by the pPASPA3 pro-
moter shows that vacuolar collapse precedes cell death
inPASPA3-expressing cells (Fig. 3). In petals and the root
cap, we additionally performed whole-mount terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assays, indicating that DNA fragmentation
occurs in these tissues in the stages investigated for the
expression pattern of the promoter-reporter constructs
(Fig. 3).

The promoters of RNS3, PASPA3, and DMP4 con-
ferred largely similar expression patterns in the degen-
erating endosperm from torpedo stage onwards, in the
anther tapetum layer before tapetum cell death, in dif-
ferentiating LRC cells and tracheary elements, and in
senescing petals (Fig. 4; Supplemental Figs. S1–S3). In
accordance with the ATH1-derived expression data, the
pRNS3 promoter conferred the strongest GFP expres-
sion, while pDMP4..H2A-GFP produced weaker GFP
signals. Note that very high expression levels led to a
failure to contain the H2A-GFP protein in the nucleus.
Similar to pPASPA3, pRNS3 is activated many hours
before PCD in the LRC, leading to a broader expression

pattern compared with the one conferred by pDMP4,
which only activated H2A-GFP expression shortly be-
fore PCD, leading to a narrower expression pattern in the
LRC (Fig. 4). In developing petals of pRNS3, pPASPA3,
and pDMP4 reporter lines, expressionwas first restricted
to the tracheary elements, while expression spread
throughout the entire organ during petal senescence
(Supplemental Fig. S1). During anther development,
pPASPA3 activation was confined to the differentiating
tapetum layer, while both pRNS3 and pDMP4 were ac-
tive in the outer layers of the anthers in later stages of
flower development (Supplemental Fig. S2). In devel-
oping seeds, both pDMP4 and pPASPA3 exclusively
conferred expression in differentiating endosperm from
the torpedo stage onwards, while pRNS3 ..H2A-GFP
signals were also detected in the differentiating seed coat
of later seed stages (Supplemental Fig. S3).

Compared with pRNS3, pPASPA3, and pDMP4, the
pSCPL48 promoter conferred a broader spatial and
temporal expression pattern; it was, for instance, al-
ready expressed in petals at anthesis (Supplemental Fig.
S1) and in the entire LRC, and not only confined to
tracheary elements, but also expressed in their neigh-
boring cells (Fig. 4). In developing anthers, pSCPL48
activity was not confined to the tapetum but spread to
the outer anther layers (Supplemental Fig. S3). During
seed development, pSCPL48 was not activated in the
endosperm but strongly up-regulated in the different
layers of the differentiating seed coat (Supplemental
Fig. S3).

Finally, the pCEP1 ..H2A-GFP expression pattern
was confined to the dying LRC cells close to the root tip
(Fig. 4), in accordance with earlier reports (Helm et al.,
2008). Additionally, pCEP1 ..H2A-GFP conveys a
strong expression in epidermal cells in the root hair
zone, though these are not known to undergo cell death
(data not shown). Interestingly, the close CEP1 homo-
log CEP2 is highly expressed in LRC cells in the root
transition zone (Hierl et al., 2014) and might take over
CEP1 functions here. In the developing seed, pCEP1 is
active in the embryonic suspensor during early embryo
development (data not shown) and is present in later
stages both in the seed coat and the differentiating en-
dosperm (Supplemental Fig. S3).

In summary, most promoter-reporter lines are spe-
cifically expressed in differentiating cells known to
undergo dPCD or are associated with cellular degra-
dation events that are thus far not well defined. Not all

Table II. Commonly coexpressed genes of BFN1, MC9, PASPA3, and CEP1

Coexpression scores as calculated by Genevestigator. AGI, Arabidopsis Genome Initiative gene code.

AGI Gene Name Coexpression Score BFN1 Coexpression Score MC9 Coexpression Score PASPA3 Coexpression Score CEP1

AT5G04200 MC9 0.7951 1 0.6195 0.6754
AT4G18550 DSEL 0.6771 0.649 0.7146 0.6622
AT4G18425 DMP4 0.8552 0.8989 0.7395 0.7205
AT4G04460 PASPA3 0.6586 0.668 1 0.6105
AT1G11190 BFN1 1 0.882 0.7808 0.7112
AT2G14095 EXI1 0.837 0.7802 0.7406 0.6818
AT1G26820 RNS3 0.7672 0.9078 0.6587 0.6031
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Figure 3. Cell death processes occur in different developmental contexts. AToIM combines expression of a freeGFPaccumulating in
the cytoplasm and the nucleus (green) and of a vacuolar-localized tagRFP (a monomeric derivative of a red fluorescent protein from
Entacmaea quadricolor ; red). Vacuolar rupture is indicated by the loss of compartmentalization and the merging of the two fluo-
rescent signals. Note that in some dPCD cases, cytoplasmic acidification dampens the GFP signal, making the tagRFP signal more
prominent. The ToIM is expressed under the control of the pPASPA3 promoter. A, Time lapse imaging of dPCD in a protoxylem
element. The arrowheads indicate the cytoplasm around the cell’s nucleus, which is invaded by tagRFP upon vacuolar rupture
(asterisk). B, Time lapse imaging of dPCD in a root cap cell. The arrowheads indicate the cell with intact vacuole, while the asterisk
marks the cell once vacuolar rupture has occurred. C, Time lapse imaging of dPCD in petal cells at the base of a petal. The ar-
rowheads indicate the cell with intact vacuole, while the asterisk marks the cell once vacuolar rupture has occurred. D to F,
Vibratome sections through developing anthers around the time point of tapetum dPCD. D shows a locule lined by pPASPA3::ToIM-
expressing, viable tapetum cells. E shows a locule in which dPCD is ongoing; the arrowheads point at partly degenerated cells.
F shows a locule after tapetum dPCD in which degraded remains of tapetum cells line the inside of the locule. G and H, Vibratome
sections through a seed in the walking stick state of embryo (em) development. H is a detail of G. Arrowheads point at ToIM-
expressing but intact endospermcells, while the asterisks indicate cells in the process of degeneration. I to K, TUNEL of whole-mount
petals and root tips. 49,6-diamidino-2-phenylindole (DAPI) staining is shown in red, and TUNEL signal is shown in green. I, Ar-
rowheads indicate dying or dead TUNEL-positive root cap cells. J, Arrowheads indicate two fields of TUNEL-positive petal cells. K,
TUNEL-positive control treated with DNase to induce tissue-wide DNA fragmentation, showing the overlap of TUNEL and DAPI
signals. In A to C, time is indicated in minutes. Bars = 50 mm (A–C, G, and I–K) and 20 mm (D–F and H).
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T promoter-reporter lines are present in every dPCD
process, and not all gene expression patterns are re-
stricted to cells preparing for dPCD, but the combina-
tion of these marker lines provides a powerful tool to
identify and analyze putative dPCD processes in a de-
velopmental context in vivo and in planta.

dPCD Indicators Are Not Up-Regulated by Biotic and
Abiotic Stresses Causing Cell Death

Our meta-analysis indicated that largely nonoverlap-
ping sets of genes are up-regulated in differentiation-
induced dPCD and various abiotic stress-induced ePCD
types (Fig. 2), indicating that distinct transcriptional
programs are activated in these plant cell death types. To
further test this hypothesis experimentally, we analyzed
dPCD marker expression in roots of Arabidopsis seed-
lings upon a variety of abiotic stresses. Propidium iodide
(PI), which only enters cells with compromised plasma
membrane integrity (Truernit and Haseloff, 2008), was
used to highlight dead and dying cells. We investi-
gated three marker constructs, pSCPL48, pRNS3, and
pPASPA3, which showed a specific expression pattern in
the LRC of the control root tips. Upon treatments with
hydroxyurea, bleomycin, UV-B irradiation, hydrogen
peroxide, and NaCl, increasing numbers of PI-positive
cells indicated the occurrence of cell death during the
different stress treatments (Fig. 5, arrowheads). While
genotoxic andUV stress led to localized cell death of root
meristem cells, oxidative and salt stress produced more
widespread cell death. In all cases, cell death was neither
preceded by ectopic dPCD marker expression at early
time points nor accompanied by dPCD marker expres-
sion at late time points. However, whether the observed
cell death is a result of PCD programs activated by the
stress treatments or is caused by direct cellular damage
is difficult to ascertain. We performed whole-mount
TUNEL and found that hydrogen peroxide treatment
leads to TUNEL-positive root cells (Supplemental Fig.
S4). All other stress treatments did not lead to clearly
TUNEL-positive cells, apart from the dying root cap cells
that are TUNEL positive due to stress-independent
dPCD (Supplemental Fig. S4). These results confirm
that the stresses used to produce the ATH1 data sets
meta-analyzed in our study were sufficient to cause cell
death, but they leave open whether this cell death is an
active PCD or a passive, unregulated form of cell death.
Although abiotic stresses have been shown to provoke
cell death displaying hallmarks of PCD (Chen et al.,
2009; Qi et al., 2011; Nawkar et al., 2013; Petrov et al.,
2015), detailed case-by-case investigations have to show
if genuine actively controlled, genetically encoded pro-
grams are responsible for these types of cell death.

Although there appears to be an overlap between the
genes up-regulated during abiotic stress-induced cell
death and pathogen-induced ePCD, our meta-analysis
suggested that pathogen-related ePCD and differentiation-
induced dPCD are regulated largely independently
(Fig. 2). To confirm these results experimentally, we

Figure 4. Selected promoter-reporter lines highlighting cells preparing
for dPCD. PASPA3, RNS3, SCPL48, CEP1, and DMP4 expression pat-
terns in developing seeds, developing anthers, the root cap, the xylem,
and senescing petals (columns from left to right). pPASPA3..H2A-GFP
is expressed in the embryo-surrounding region of the endosperm from
torpedo stage onwards in the tapetum layer of the anther, in the LRC
and the xylem, and in mature petals nearing floral organ senescence.
pRNS3 ..H2A-GFP shows a very similar pattern. The SCPL48 pro-
moter confers a broader spatial and temporal expression pattern and is
not only restricted to cells preparing for dPCD. pCEP1 ..H2A-GFP
shows GFP expression in the endosperm and seed coat of developing
seeds, the tapetum and its surrounding anther tissues, cells from the
lowest tier of the LRC, differentiating xylem vessels, and the aging
petals. pDMP4 ..H2A-GFP is again more similar in expression to
pPASPA3 and pRNS3. TE, Tracheary elements. Bar = 50 mm.
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performed a quantitative reverse transcription (qRT)-PCR
experiment of plants inoculated with an HR-inducing
Pseudomonas syringae strain. In contrast to HR marker
genes, none of the canonical dPCD marker gene tran-
scripts were significantly up-regulated during HR (Fig. 6;
Supplemental Fig. S5). To test if only individual cells

express dPCD reporter genes, whichmight not register on
a tissue-wide scale of RNA quantification, we also inves-
tigated promoter-reporter lines but did not find any GFP
signals in or around HR lesions (data not shown). These
results confirm that dPCD marker genes are not tran-
scriptionally regulated during HR-related ePCD.

Core dPCD Marker Genes Are Evolutionary Conserved in
Land Plants

The phenomenon of developmentally regulated PCD
is most likely evolutionary ancient and occurs also in
simple land plants, for instance the moss Physcomitrella
patens (Xu et al., 2014). To assess the degree to which the
molecular regulation of dPCD might be evolutionary
conserved, we investigated the conservation of the
dPCD indicator genes identified in Arabidopsis within
the plant kingdom as well as between plants and ver-
tebrates. According to the plant comparative genomics
platform PLAZA (Proost et al., 2015), RNS3, BFN1,
PASPA3, MC9, and SCPL48 are widely conserved in
the green plant lineage, while BFN1 appears to be re-
stricted to the land plant lineage (Table III). Using the
comparative online tool Phytozome (Goodstein et al.,
2012), we identified putative homologs of these dPCD
markers in different angiosperm lineages, as well as in
the basal angiosperm Amborella trichopoda and in the
lower land plants P. patens and Selaginella moellendorffii.
In the green alga Chlamydomonas reinhardtii, we identi-
fied protein sequences related to SCPL48, PASPA3, and
RNS3, sequences with limited blast length for MC9 but
no clear homolog for BFN1 (Supplemental Table S7).
Outside the plant kingdom, the HomoloGene algo-
rithm (Sayers et al., 2012) indicated conservation of
RNS3, SCPL48, and PASPA3 in all eukaryotes, while
BFN1 and MC9 appeared not to be conserved between
plants and vertebrates (Table III). Interestingly, a pu-
tative RNS3 homolog, the RNase T2, has recently been
implicated in the control of melanocyte apoptosis via
the tumor necrosis factor receptor-associated factor2
pathway in vitiligo patients (Wang et al., 2014). Fur-
thermore, the putative PASPA3 homolog Cathepsin D
functions as a proapoptotic gene targeting Bid after
release from the lysosome (Appelqvist et al., 2012;
Repnik et al., 2014).

These results suggest a high degree of conservation of
core dPCDmarker geneswithin the green plant lineage.
Whether the proapoptotic roles of PASPA3- and RNS3-
related enzymes in mammals is due to functional con-
servation or due to convergent evolution is difficult to
determine. Nevertheless, it is tempting to speculate that
similar mechanisms are functional in both animal and
plant PCD types.

DISCUSSION

To date, despite the undisputed importance of the
diverse forms of plant PCD for development and for
environmental interactions (Wu et al., 2014; Petrov

Figure 5. Abiotic stress treatments cause cell death without the up-
regulation of dPCD reporters. Abiotic stress treatments applied to 5-d-
old seedlings from dPCDmarkers SCPL48, RNS3, and PASPA3. Pictures
were taken after the indicated time points and treatments at the root tip
to show the expression around the LRC and were stained with PI to
highlight the cell walls and cells with compromised plasma membrane
integrity indicative of cell death (arrowheads). BM, Bleomycin; HU,
hydroxyurea.
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et al., 2015; Van Hautegem et al., 2015), still only little is
known about the molecular regulation of these pro-
cesses. During the plant life cycle, PCD is induced at
numerous occasions, but it is unclear whether there are
common mechanisms involved in controlling different
PCD types. Attempts to characterize and relate differ-
ent plant PCD types have been made, based chiefly on
morphological and ultrastructural features of dying
cells (van Doorn, 2011; van Doorn et al., 2011). Here, we
explored the possibility to characterize different types
of plant PCD using molecular information. As tran-
scriptional regulation has been implicated in plant
PCD control (Van Hautegem et al., 2015), and as so far
only scarce proteomic data in plant PCD contexts exist,
this transcriptome meta-analysis is a first step into a
systematic molecular characterization of plant PCD
processes.

One aim of our study was to investigate whether
existing transcriptome data might be useful for a mo-
lecular categorization of plant PCD types. By compar-
ing transcriptome profiles of different developmental
stages and environmental stresses leading to cell death,
we expected to find similarities and differences that
would allow relating different PCD types based on the
degree of common gene regulation. Such information
could be used to complement PCD characterization
based on morphological and biochemical hallmarks
(vanDoorn, 2011; van Doorn et al., 2011). Our approach
of exploiting publicly available ATH1 data sets by
means of several bioinformatics approaches was suc-
cessful in identifying unique dPCD indicator genes.
Promoter-reporter constructs of these genes marked
cells preparing for cell death in well-defined PCD set-
tings, e.g., the xylem (Bollhöner et al., 2012), the root cap

(Fendrych et al., 2014), or the tapetum (Plackett et al.,
2011), but also highlighted cell types in which so far
only scarce genetic evidence exists for the occurrence of
PCD, e.g., the seed coat (Haughn andChaudhury, 2005)
or the endosperm (Waters et al., 2013) in developing
seeds. These results suggest that a conserved core of
PCD-associated genes is commonly regulated in di-
verse dPCD contexts, and our findings will give im-
pulses to investigate developmentally regulated PCD
processes in more detail.

Among the genes that we found to be transcriptionally
regulated during differentiation-induced dPCD were
several genes encoding nucleases, including CAN1,
BFN1, and RNS3. BFN1 is a well-known leaf senescence
reporter, which has also been shown to function in
chromatin breakdown during root cap PCD in Arabi-
dopsis and tracheary element PCD in Zinnia elegans (Ito
and Fukuda, 2002; Fendrych et al., 2014). CAN1 is a
staphylococcal-like plasma membrane-bound nuclease
whose expression has been associated with PCD events
before (Le�sniewicz et al., 2012), but its exact role re-
mains unclear. RNS3 belongs to the evolutionary con-
served family of T2 endoribonucleases that cleave
single-stranded RNA. T2 endoribonucleases have been
suggested to perform a variety of functions, including
scavenging of nucleic acids, degradation of self-RNA,
modulating host immune responses, and serving as cel-
lular cytotoxins (Luhtala and Parker, 2010). In plants, T2
ribonucleases are induced during phosphate starvation
and have been hypothesized to function in providing
phosphates from nucleic acids (Taylor et al., 1993; Bariola
et al., 1994). Our results showRNS3 up-regulation during
leaf and floral organ senescence, correlating senescence-
induced cell death with differentiation-induced dPCD.

Figure 6. dPCD marker genes are not up-regulated during HR PCD. qRT-PCR of Col-0 wild-type plants inoculated with an
avirulent HR-inducing P. syringae strain in a time course experiment after infection. Relative expression of the indicated genes
both in the inoculated area and in noninoculated tissue was determined by qRT-PCR at the indicated time points. PATHO-
GENESIS RELATED1 (PR1), MC1, and MYB DOMAIN PROTEIN30 (MYB30) were used as HR marker genes. Expression values
were normalized using the SAND family gene as internal standard. Ratios of the expression values for each gene in the inoculated
zone with respect to the noninoculated area are presented for each time point. Mean and SE of the mean values were calculated
from three independent experimentswith three replicates. Statistical significance according to a Student’s t test P value of 0.005 is
indicated by asterisks. hpi, Hours after inoculation; a.u., arbitrary units.
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Next to nucleases, also protein hydrolases including
PASPA3, MC9, SCPL48, and CEP1 are among the core
of dPCD-associated proteins. For most of these prote-
ases, little data exist regarding their actual function and
substrates. The degradome of MC9 has been investi-
gated in detail, thoughmost substrates identified rather
suggested functions other than PCD (Tsiatsiani et al.,
2013). Nevertheless,MC9 has been shown to be a part of
a proteolytic cascade effecting postmortem cell clear-
ance of tracheary elements in Arabidopsis (Bollhöner
et al., 2013). Recently, MC9 activity was found to be im-
portant to mediate oxidative stress-dependent cell death
via the cleavage of GRIM REAPER (Wrzaczek et al.,
2015).
Next to hydrolytic enzymes, genes encoding several

proteins of unknown functions such as the plasma
membrane-localized DMP4 were up-regulated during
several dPCD processes. DMPs represent a unique
family of plant-specific plasma membrane proteins of
unknown function that have been recently identified in
a screen for senescence-associated genes in Arabidopsis
(Kasaras and Kunze, 2010). Of the 10 Arabidopsis DMP
paralogs, DMP4 is coregulated with the core of dPCD
marker genes and up-regulated in several dPCD con-
ditions. Additionally, expression of DMP4 has been
described in abscission zones of floral organs (Kasaras
and Kunze, 2010), although involvement of PCD in this
abscission process has not been investigated. The mo-
lecular function of DMP proteins still needs to be de-
termined, but misexpression of Arabidopsis DMP1 led
to an aberrant endoplasmic reticulum and in some cases
to the death of transfected cells (Kasaras et al., 2012).
Despite the fact that different PCD types appear to

exhibit different gene expression profiles, an adequate
supervised classification of PCD types based on the
available transcriptome data proved to be possible only
for some PCD subtypes, possibly due to the nature and
quantity of the available transcriptome data sets. Most
data sets analyzed were not explicitly designed to

characterize gene expression changes associated with
cell death processes but rather to identify regulators of
processes that precede or even might counteract cell
death. What is more, deducing from the experimental
metadata which particular PCD subtype, if any, is
represented in a given data set is not always straight-
forward.

To reliably classify different types of plant PCD, a
more thorough understanding of their molecular reg-
ulation will be necessary. A means to this end will be
the generation of specific transcriptome profiles of
precisely described PCD systems. For differentiation-
induced dPCD, this is a challenging task, as only sin-
gle cells, or small groups of cells, are undergoing cell
death at a time. Techniques of isolating these cells or
their nuclei for transcriptome analysis by fluorescent-
associated cell sorting or isolation of nuclei tagged in
specific cell types (Deal and Henikoff, 2011) will be in-
strumental to obtain meaningful data sets. The dPCD
promoter-reporter constructs presented in this study
will facilitate these approaches. At least for closely
related PCD types, for instance, different forms of
differentiation-induced dPCD, such a comparative ap-
proach will become valuable to reveal unique PCD
markers and putative core PCD regulators. This ap-
proach, accompanied by thorough morphological,
molecular genetics and cell biological analyses, will
open the way to a more comprehensive understanding
of PCD as a fundamental cellular process in plants.

CONCLUSION

Despite the progress achieved over the last decade by
a relatively small research community dedicated to
plant PCD, the molecular regulation of PCD largely
remains a terra incognita. To fill the white spots on the
map, and to relate the findings made in different plant
PCD systems, we need to understand more of the

Table III. Evolutionary conservation of putative core dPCD markers

% ID reflects the sequence similarity between the Arabidopsis gene and the best blast hit in vertebrates. All genes belong to PLAZA 3.0 orthologous
gene families that encompass the Magnoliophyta (RNS3, BFN1, and MC9) or Viridiplantae (SCPL48 and PASPA3) clade (not shown). AGI, Arabi-
dopsis Genome Initiative gene code; HOM, homologous; Nuclease PA3-like, a predicted protease (GenBank accession number XP_005974529.1);
CPVL, carboxypeptidase, vitellogenic-like.

AGI (Name)
PLAZA 3.0 Homologous

Gene Family

PLAZA 3.0 Plant

Clade of HOM Family
HomoloGene Blast Hits in Vertebrates % ID Role in Vertebrates

AT1G26820 (RNS3) HOM03D000496 Viridiplantae 31190, conserved
in Eukaryota

RNase T2 30 Potentially skin
cell apoptosis
(Wang et al.,
2014)

AT1G11190 (BFN1) HOM03D001490 Embryophyta No information Nuclease PA3-like 27
AT5G04200 (MC9) HOM03D001276 Viridiplantae No information No clear hits 0
AT3G45010 (SCPL48) HOM03D000050 Viridiplantae 137548, conserved

in Eukaryota
Serine CPVL 30

AT1G62290 (PASPA3) HOM03D000729 Viridiplantae 124002, conserved
in Eukaryota

Cathepsin D 50 Proapoptotic
gene (Appelqvist
et al., 2012;
Repnik et al.,
2014)
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molecular principles that govern plant cell death. Here,
we made a step toward a comprehensive understand-
ing of plant PCD by integrating genome-wide tran-
scriptome profiles of different established as well as less
well-known cell death systems. With the recognized
expression patterns and dPCD reporter lines, we can
now progress to a more specific mode of analysis. Of
course, transcriptional regulation is only a fraction of
the molecular control that leads to an ordered and
timely termination of vital processes of a cell under-
going PCD. A challenge for the next decade will be to
define themolecular modes of function of putative PCD
regulators and the posttranslational modifications that
lead to the rapid execution of cell death observed in
many systems.

MATERIALS AND METHODS

Meta-Analysis Data Retrieval

We retrieved Affymetrix ATH1 CEL files for the various transcriptome data
sets from ArrayExpress (http://www.ebi.ac.uk/arrayexpress/), Gene Ex-
pression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), Riken Expression
Array Database (http://read.gsc.riken.go.jp/), or other third-party data pro-
viders. Multiple rounds of preanalysis processing steps (data curation and fil-
tering to remove conditions with little or no differential gene expression) were
performed to retain an optimal selection of expression data sets.

Meta-Analysis Detection of Differential Expression

Themicroarray datawere preprocessedwith the RobustMultiarrayAverage
procedure, as implemented in BioConductor (Irizarry et al., 2003; Gentleman
et al., 2004). An up-to-date Chip Defnition File based on the latest version of the
Arabidopsis genome annotation by The Arabidopsis Information Resource was
retrieved from BrainArray (http://brainarray.mbni.med.umich.edu) to define
probe-gene relations. A filtering of differentially expressed genes was per-
formed using the R/Bioconductor software package Limma (Ritchie et al., 2015)
to retain only those genes with an adjusted P # 0.05 and absolute log2 fold
change . 1.

HCA

The expression profiles of theATH1 genes showing differential expression in
at least one PCD condition were hierarchically clustered with the Orange
Canvas software (http://orange.biolab.si/) using Pearson’s correlation dis-
tance as the distance measure and the average linkage clustering option. To
identify the most commonly up-regulated genes in particular PCD clusters, we
used an R script that, given a cluster of interest, ranks genes according to the
number of conditions in the cluster in which they are significantly up-regulated
(P , 0.05) at least 2-fold. For each cluster, the resulting ranked gene list was
truncated at a specific number of observed up-regulations to obtain lists for all
clusters of 25 to 30 genes each (Supplemental Table S3). A similar analysis was
done to identify genes that are commonly up-regulated across all conditions
labeled as dPCD. A gene was considered to be commonly up-regulated in
dPCD when it was designated as significantly up-regulated (P , 0.05) at least
2-fold in 60% of the dPCD-labeled conditions.

Supervised Classification Analyses

SVM (Cortes and Vapnik, 1995) and RF (Breiman, 2001) analyses were
performed using the Orange toolbox (Demšar et al., 2013) by writing Python
scripts accessing the Orange API. In each analysis, an automated exhaustive
search of the algorithm parameter space was performed to optimize the pa-
rameter settings. These settings are reported per analysis in Supplemental Table
S4. Comparison of the classification performance across analyses and algo-
rithms was done by means of the Matthews Correlation Coefficient (MCC) as
reported after 5- or 10-fold cross validation (5-fold cross validation was used

when the number of contrasts in one of the classes was ,10). The MCC is a
balanced measure of binary classification performance that is particularly
useful if the classes are of different sizes. MCC scores range from 1 for perfect
classifiers to –1 when there is a total disagreement between the predicted and
observed class labels, with a score of 0 indicating that the classifier does not
perform better than random.

For the analyses on balanced dPCD- and ePCD-labeled data, 19 (or 10) ePCD
experiments were randomly sampled without replacement out of the relevant
ePCD subset and added to the 19 (or 10) dPCD experiments, after which SVM
and RF classifiers were learned. This random selection was performed
100 times, and the average MCC score is reported in Supplemental Table S4.

Genevestigator Coexpression Tool Search

The query genes were screened with the Conditions Search and Similarity
Search tools of Genevestigator. To find the relevant conditions that induce the
expression of the query gene, all ATH1microarrayswere given as input into the
Conditions search (Perturbation tool) and filtered by selecting microarrays
showing a log-fold change of the query gene greater than or equal to 2 and
a P value greater than or equal to 0.01. The resulting microarrays were saved
in a new list and fed in the Coexpression tool to find the top 200 positively
correlated genes in the Perturbation option. To identify commonly coregulated
genes between different genes, coregulated genes with a Genevestigator
score (Pearson’s correlation coefficient) greater than 0.6 were selected for
each gene. The resulting gene lists were fed into the online Venn Diagram tool
program provided by the VIB-Ghent University Bioinformatics and Systems
Biology laboratory at http://bioinformatics.psb.ugent.be/cgi-bin/liste/
Venn/calculate_venn.htpl to identify commonly regulated genes.

Identification of Genes Coregulated in Maturing Xylem
and LRC

The VLRTC method (Parizot et al., 2010) was used to reanalyze the data
from Brady et al. (2007) as described in Fendrych et al. (2014). The candidate
genes were first thresholded for their expression in the LRC and in thematuring
tracheary elements as follows:

TRUE  if 
�
EXPLRC $ 2 � averageEXPrest

�
AND

�
EXPXM $ 2 � averageEXPrest

�

And these genes were further ranked according to:

rank ¼ ðaveragefEXPLRC;EXPXMgÞ=ðMAXfEXPrestgÞ
MAX refers to the maximum expression value; EXP to normalized expression
values, rest to {Stele (wol), Stele(J2501),Protophloem(S32), Phloem+Companion
Cells(APL), PhloemCompanionCells (SUC2),DevellopingXylem(S4), Pericycle
(J2661), Pericycle Phloem Pole (S17), Pericycle Xylem Pole (JO121), Primordia
(rm1000), Ground Tissues (J0571), Endodermis (scr5), CORTEX, Epidermis
Atrichoblast (gl2), and Epidermis Trichoblast (COBL9)}; and XM to xylem
maturing.

Plant Material and Growth Conditions

For the root imaging, seedlingsweregrownvertically 5dafter sowingonone-
half-strength Murashige and Skoog (MS) plates (2.15 g L–1 MS salts [Caisson
Labs], 0.1 g L–1 MES [Sigma], pH 5.8 [KOH], and 0.8% [w/v] agar [Lab M]) in a
16-h-light/ 8-h-dark photoperiod at 21°C with 70% humidity. For the imaging
of anthers, petals, and developing seeds, 5-week-old plants were grown in jiffy
pots in a 16-h-light/8-h-dark photoperiod at 21°C and kept under optimal
irrigation and nutrient supply conditions throughout the plant life cycle.

Stress Treatments

Three biological replicates of 5-d-old seedlings from each of the marker lines
analyzed were transferred from one-half-strength MS plates to one-half-
strength MS plates containing 0, 140, and 250 mM NaCl (VWR), 5 and 20 mM

hydrogen peroxide (Merck), 5 mM Hydroxyurea (Sigma), and 0.6 ug mL–1

Bleomycin (Duchefa) for the indicated times before confocal imaging. For UV
stress, the seedlings were UV-B treated for 15 min, 30 min, 45 min and 1 h with
UV-B 313 EL lamps (Q-Lab) at an intensity of 1 W m–2 measured with the
Spectrasense 2+ meter coupled to the compatible UV-B sensor (Skye
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Instruments). The UV-B lamps were in an incubator where the conditions were
18°C and 67% relative humidity.

Cloning and Transgenic Lines Preparation

The proCEP1 and proPASPA3were obtained as Gateway cloning-compatible
amplicons from the systematic analysis of Arabidopsis promoters collection
(Benhamed et al., 2008) and were recombined into the pDONRP4P1r vector
(Invitrogen). The proCEP1 spans 1,626 bp, and the proPASPA3 spans 1,997 bp
upstream of the respective start codon. The proSCPL48, proRNS3, and proDMP-4
were isolated from Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0)
genomic DNAusing gene-specific primers (Supplemental Table S8) and adding
BamHI and XhoI restriction sites to clone directionally into pENTRL4-R1,
a Gateway-compatible entry vector containing a cassette with a multiple
cloning site (https://gateway.psb.ugent.be/). The proSCPL48 spans 2,054 bp
(including the first 24 bp after the start codon), proRNS3 spans 1,440 bp, and
proDMP4 spans 1,352 bp upstream of the respective start codon. Sequence
information about these genes can be found in The Arabidopsis Information
Resource under the following accession numbers: BFN1 (Atg11190), CEP1
(At5g50260), PASPA3 (At4g04460), SCPL48 (At3g45010), RNS3 (At1g26820),
andDMP-4 (At4g18425). The promoters were assembled in amultisite Gateway
reaction using LR clonase II+ (Invitrogen) with the GAL4 coding sequence and
the destination vector pB9-H2A-UAS-7m24GW to create activator lines. These
lines can be used for transactivation, and at the same time, the nuclei of the cells
where the promoter is expressed are marked with GFP. This vector contains a
HISTONE 2A-6 (H2A) coding sequence (At5g59870) fused to eGFP and driven
by the repetitive UAS promoter. This vector is part of a transactivation driver
line-effector line set as described (Karimi et al., 2005).

The expression clones obtained were transformed into Agrobacterium tume-
faciens C58C1 (pMP90)-competent cells using electroporation, and these bac-
teria were used for a modified floral dip method to stably transform
Arabidopsis Col-0 plants. One milliliter of Yeast Extract Broth-grown culture
was incubated 6 h at 28°C, and 10 mL of Yeast Extract Broth was added and
grown overnight at 28°C. Plants were dipped with the overnight culture,
adding 40 mL of floral dip medium (10% [w/v] Suc and 0.05% [v/v] Silwet
L-77). All analyses were performed with T3 homozygous plants with a single-
locus insertion determined by segregation analysis.

Confocal Imaging and Image Processing

Confocal images were acquired using a Zeiss 710 CLSM microscope.
Objectives used were Plan-Apochromat 203/0.8 Dry (most images) and EC
Plan-Neofluar 103/0.30 Dry. GFP was excited with the 488-nm laser line of
the argon laser, and the emission was detected between 495 and 545 nm.
Propidium iodide (PI, Sigma) was excited by 561 nm and detected between
580 and 680 nm. PI was dissolved in one-tenth-strength MS (0.43 g L–1 MS
salts and 4 mg mL–1 PI).

Siliques and anthers fromdifferent developmental stageswerefixed for 2 h at
room temperature in a 3.7% (w/v) paraformaldehyde solution dissolved in
50 mM PIPES, 5 mM EGTA, and 1 mM MgSO4 buffer, embedded in 5% (w/v)
agarose blocks, and sectioned using a vibratome (Campden Instruments). The
samples from developing seeds were dissected in a binocular microscope to
remove the valves before fixation. The samples from senescing petals were
mounted in the glass slides using one-tenth-strengthMS and 0.01% (v/v) Triton
X-100.

Image processing was done using Fiji (Schindelin et al., 2012). Some panels
were assembled using the stiching plugin.

TUNEL Assay

For the TUNEL, seedlings were fixed for 1 h in 4% (v/v) paraformaldehyde in
phosphate-buffered saline (PBS), pH 7.4, under vacuum at room temperature.
After fixation, seedlings were washed five times in PBS and permeabilized for
2min on ice in a 0.1% (w/v) sodium citrate solutionwith 0.1% (v/v) Triton X-100.
Afterward, seedlings were washed five times in PBS. For the positive control,
fixed andpermeabilizedwild-type seedlingswere treatedwith DNaseI for 15min
at room temperature and washed three times with PBS. For the TUNEL reaction,
label solution and enzyme solution were mixed according to the manufacturer’s
manual (In Situ Cell Death Detection Kit, Fluorescein, Roche Applied Science),
and 50 mL was added to a 1.5-mL microcentrifuge tube together with the seed-
lings. For the negative control, only label solution was used. All samples were

incubated at 37°C in the dark for 1 h. Afterward, the seedlingswerewashed three
times with PBS and mounted with an antifading agent (citifluor, Citifluor Ltd.)
containing 1 mg mL–1 DAPI. The same procedure was used for petals. Stress
treatments of seedlings were the same as described before.

Pathogen Assays, RNA Extraction, and qRT-PCR Analysis

Arabidopsis Col-0 4-week-old plants were inoculated with a bacterial
suspension of Pseudomonas syringae pv tomato AvrRpm1 (5 3 107 colony
forming units mL–1). Leaf samples were harvested at the indicated time points
both inside the infiltrated zone and in noninoculated areas and ground in
liquid nitrogen. Total RNA was isolated using the Nucleospin RNA plant kit
(Macherey-Nagel) according to the manufacturer’s recommendations. Re-
verse transcription was performed using 1.5 mg of total RNA. Real-time
quantitative PCR was performed on a Light Cycler 480 II machine (Roche
Diagnostics) using Roche reagents. Primers used for qRT-PCR are shown in
Supplemental Table S8. Relative expression was calculated as the crossing
point difference between each gene and the internal control SAND family
gene (At2g28390). Average crossing point difference was calculated from
three independent experiments with three replicates and related to the value
of each gene at time 0, which is set at 1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Developmental series for petal senescence.

Supplemental Figure S2. Developmental series for tapetum differentia-
tion.

Supplemental Figure S3. Developmental series for seed development.

Supplemental Figure S4. Whole-mount TUNEL of 5- to 6-day-old root tip
after different abiotic stresses provoking cell death.

Supplemental Figure S5. dPCD marker genes are not transcriptionally
regulated during HR-related ePCD.

Supplemental Table S1. Detailed overview of the ATH1 microarray ex-
periments used for the meta-analysis.

Supplemental Table S2. Overview of the number of up- and down-
regulated genes per condition in the experiments used in the meta-analysis.

Supplemental Table S3. Genes commonly regulated in different PCD clusters.

Supplemental Table S4. Performance results of SVM and RF classification
of dPCD versus ePCD instances based on the expression profiles of
various gene (feature) sets in various experiment subsets.

Supplemental Table S5. Commonly coregulated genes ofMC9, RNS3, BFN1,
ARABIDOPSIS THALIANA DAD1-LIKE SEEDING ESTABLISHMENT-
RELATED LIPASE (DSEL), EXI1, PASPA3, and DMP4.

Supplemental Table S6. Ninety-five commonly regulated genes between
the LRC and differentiating tracheary elements, of which eight genes are
common with the 154 coregulated dPCD genes (Supplemental Table S5).

Supplemental Table S7. Phytozome blast search for putative homologs of
the Arabidopsis dPCD marker genes MC9, BFN1, PASPA3, RNS3, and
SCPL48.

Supplemental Table S8. Primers used for promoter cloning and qRT-PCR.
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RNS3 

PASPA3 

   A-1       Anthesis      A+1          A+2          A+3           

A+4  

Supplemental Figure S1. Developmental series for petal senescence. The series starts one bud before anthesis (A-1), followed 

by the subsequent flowers before the dry stage (Anthesis, A+1 to A+4). Petals were dissected under a stereoscopic microscope, 

mounted in slides using Tween 0.01% dissolved in 1/10 MS and imaged in 2x4 tiles using confocal microscopy. The flowers were 

collected from one or two inflorescences from homozygous lines of the indicated transcriptional fusions with H2A-GFP cloned in a 

GAL4-UAS transactivation system.   

 A-1         Anthesis      A+1          A+2         A+3          

A+4  

CEP1 

DMP4 

SCPL48 



Supplemental Figure S2. Developmental series for tapetum differentiation.  The series starts one 

bud before anthesis (Anthesis-1), and the previous floral buds around tapetum cell death (A-2 to A-

4). Flowers at the indicated developmental stage were fixed for 2 hours at room temperature in a 

3.7% Paraformaldehyde solution (dissolved in 50mM PIPES, 5mM EGTA and 1mM MgSO4 buffer), 

embedded in 5% agarose blocks and sectioned using a vibratome. They were mounted in slides with 

water and imaged using confocal microscopy. The flowers were collected from one or two 

inflorescences of the same plant using homozygous lines of the indicated transcriptional fusions with 

H2A-GFP in a GAL4-UAS transactivation system.   
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Supplemental Figure S3. Developmental series for seed development.  Siliques at the indicated 

developmental stage were dissected in a stereoscopic microscope to remove the valves , fixed for     

2 hours at room temperature in a 3.7% Paraformaldehyde solution (dissolved in 50mM PIPES, 5mM 

EGTA and 1mM MgSO4 buffer), embedded in 5% agarose blocks and sectioned using a vibratome. 

They were mounted with water in slides and imaged using CLSM. The siliques were collected from 

one or two stems of the same plant using homozygous lines of the indicated transcriptional fusions 

with H2A-GFP in a GAL4-UAS transactivation system.   
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Supplemental Figure S4. dPCD marker genes are not transcriptionally regulated during HR-related ePCD. Arabidopsis Col-0 plants were inoculated 
with Pst AvrRpm1 (5 x 107 cfu/ml). Leaf samples were harvested at the indicated time points from areas inside the infiltrated zone that develops the HR (HR; blue), 
immediately neighboring the infiltrated zone (periph; red), and from non-inoculated tissues (NI; green) at the indicated time points. Relative expression of the indicated 
genes in the three zones was determined by Q-RT-PCR. PATHOGENESIS RELATED1 (PR1),METACASPASE1 (MC1), and MYB DOMAIN PROTEIN 30 (MYB30) were 
used as HR marker genes. Expression values were normalized using SAND family gene as internal standard. Mean and SEM values were calculated from 3 independent 
experiments with 3 replicates. hpi: hours after inoculation; a.u.: arbitrary units.  



 

 1

PCD Control PCD type TC Description Identifier CEL files Ref.

Differentiating xylem Cortex Tracheary 
elements 

No  sorted cells from 6 day-old roots, cell type 
specific- GFP expressing protoplast 

GSE16468 GSM413912 -14, 
GSM413909- 11 

(1) 

VND6 and SND1 
expressing cells 

WT cells 
 

Tracheary 
elements 

No  cells treated with 2 μM estrogen for 12h GSE20586 GSM517076 - 78, 82 -84, 
88-90 

(2) 

35S:VND7-VP16-
GR 
 

Empty vector  
 

Tracheary 
elements 

No  10 day old seedlings treated with 10mM CHX 
for 2hrs followed by 10mM DEX for 4hrs 

GSE24169 
 

GSM594701-05, 
GSM594711-15 

(3) 

J3411:GFP, Lateral 
root cap plus 
epidermis 

J0571:GFP, 
ground tissue 
(endodermis and 
cortex) and the QC 

Lateral Root 
Cap 
 

No sorted cells from 4-5 day-old roots, cell type 
specific- GFP expressing protoplast 

GSE5749 
 

GSM133968-70 
GSM133992-93 

(4) 

Peripheral 
endosperm-bending 
cotyledon stage 

Embryo proper-
bending cotyledon 
stage 

Endosperm 
 

No Siliques containing bending cotyledon stage 
seeds were sectioned and the seed 
compartments were isolated using Laser 
Capture  Microdissection (LCM) 

GSE20039 
 

GSM501159-60 
GSM501157-58 
 
 

(5) 

Cellularized 
endosperm-linear 
cotyledon stage, 
Peripheral 
endosperm-bending 
cotyledon stage 

Peripheral 
endosperm-
globular stage, 
Peripheral 
endosperm-heart 
stage 

Endosperm 
 

No Siliques containing seeds in the appropriate 
stage were sectioned and the seed 
compartments were isolated using LCM 

GSE12403 
GSE20039 
GSE11262 
GSE15160 

GSM311289-90 
GSM501159-60 
GSM284390-91 
GSM378649-50 
 
 

(6) 

General seed coat- 
bending cotyledon 
and linear cotyledon 
stage 

LCM general seed 
coat at the heart 
stage 
 

Seed coat 
 

No Siliques between 1.2 and 1.5 cm long, 1.6 
and 1.9 cm long and  1.9-2.0 cm long were 
sectioned and the seed compartments 
isolated using LCM 

GSE20039 
GSE12403 
GSE15160 
 

GSM501165-66 
GSM311295-96 
GSM378657-58 
 

(5) 

Inducible 
overexpression 
ANAC059 and 
ANAC092 

Empty vector Senescence 
 

No 3 weeks old shoots  treated with 10µM 
estradiole and harvested 5 hours after 
induction 
 

GSE14091 
 

GSM353584-88 
GSM353591-93 
 
 

(7) 

Partially senescent 
leaves, 
developmental 
stage: 6.0 

Fully developed 
green leaves, 
developmental 
stage: 3.9 

Senescence 
 

No Leaves were harvested at two stages to 
identify the senescence- enhanced genes 

GSE5727 
 

GSM133729-32 
 
 

NA 

Senescent leaf Rosette leaf # 6 Senescence No AtGenExpress: Developmental series GSE5630 GSM131513-15 NA 

Supplemental Table S3. Detailed overview of the ATH1 microarray experiments used for the meta-analysis, describing the treatment leading to 
programmed cell death (PCD), the control treatment , the PCD subcategory, the presence/absence of  a time course (TC)  in the experiment, a summary 
description for the experiment, the experiment identifier  and CEL file identifiers for the biological replicates. When a paper was referred for the 
experiment  it is mentioned in the last column, otherwise it is marked as non-available (NA). 



 

 2

  (leaves)  GSM131537-39 
Flowers stage 15, 
petals 
 

Flowers stage 12, 
petals 
 

Senescence 
 

No AtGenExpress: Developmental series 
(flowers and pollen) 

GSE5632 
 

GSM131588-90 
GSM131606-08 
 

NA 

Flowers stage 15, 
sepals 
 

Flowers stage 12, 
sepals 
 

Senescence 
 

No AtGenExpress: Developmental series 
(flowers and pollen) 

GSE5632 
 

GSM131585-87 
GSM131603-05 
 
 

NA 

Senescing siliques 
of 20 days after 
anthesis 
 

Mature green 
silique tissues of 
10 days after 
anthesis 

Senescence 
 

No Two pods collected from each plant and 
pooled from 20 plants 
 

GSE5736 
 

GSM133816-21 
 

(8) 

saul1 mutants 
transferred to low 
light treatment for 0, 
48h 
 

wt transferred to 
low light treatment 
for 0, 48h 
 

Senescence 
 

Yes 11 d old seedlings grown in permissive light 
(60 umol m-2 s-1) 
and then transferred to low light treatment 

NA NA (9) 

When 10-30 % cell 
death was observed 
in protoplasts the 
samples were 
harvested and 
pooled in one 
sample 
 

No cell death Biotic stress No 6-day old, dark grown cell cultures were 
treated with 
20uM Fumonisin B1 (mycotoxin that induces 
PCD by disrupting ceramide synthesis) or 
Methanol as mock treatment, pooled and 
then protoplasted 

GSE5735 
 

GSM133808-15 
 

NA 

cpr5 mutant  
 

Wt  
 

Biotic stress No Cpr5 mutant exhibits spontaneous cell death 
and heightened immunity 

GSE40322 
 

GSM991294-99 
 

(10) 

Wt rpp4 mutant 
 

Biotic stress Yes 2-week old leaves were inoculated with 
Hyaloperonospora arabidopsidis Emwa1. 
RNA extracted 0 and 6 days after 
inoculation. rpp4 mutant had the highest 
percentage of leaves with sporangiophores 
(SPP), confirming that its resistance to Hpa 
Emwa1 is completely compromised 

GSE22274 
 

GSM554311_rep1, _rep2 

GSM554315_rep1, _rep2 
GSM554316_rep1,_rep2 
GSM554320_rep1,_rep2 

 

(11) 

30  h after 
inoculation 

Before inoculation 
 

Biotic stress No 2 week old  Wt roots were inoculated with 
Phytophthora parasitica 310 strain (10^6 

GSE20226 
 

GSM507047-48, 
GSM507055-56 

(12) 



 

 3

 zoospores per Petri dish)   
Botrytis cinerea 
conidiospores  
 

Mock treated 
 

Biotic stress Yes Four 5 ul droplets of Botrytis cinerea 
conidiospores diluted to 5X105 spores/ml or  
sterile potato dextrose broth were placed on 
each of 4-5  rosette leaves (4 week old) per 
plant. Laeves were harvested 18 hpi 

GSE5684 
 

GSM133025-36 
 

(13) 

Phytophthora 
infestans spores 
 

Water drops on 
leaves 

 

Biotic stress Yes Phytophthora infestans (5x105 spores) in 
water  applied to 5 week old  leaf surfaces. 
Tissue was harvested 6, 12, 24 hpi 
 

GSE5616 
 

GSM131160-68, 
GSM131151-59 
 
 

NA 

1 µM GST-NPP1 in 
water 

1 µM GST in water Biotic stress No 5 week old leaves infiltrated, harvested 4 
hours later 

GSE5615 
 

GSM131110, 12, 24, 26, 
38, 40 

NA 

Chitosan 150 μg/ml 
 

Mock solution 
(0.02% acetic acid) 
 

Biotic stress No 4 day-old seedlings were treated for 3 hours 
before RNA extraction 
 

GSE17193 
 

GSM429956,61 
GSM429980-81, 

 

(14) 

10 µM HrpZ 
 

leaves infiltrated 
with water 

 

Biotic stress No 5-weeks old rosette leaves treated for 4 
hours 

  
GSE5615 
 

GSM131111, 22, 25, 36, 
39,50 

 

NA 

AtMYB30-ox 
 

Arabidopsis 
AtMYB30-as 
 

Biotic stress No 4 weeks old leaves,  
90-105 min after inoculation 
with a Xanthomonas strain, Xcc147 

GSE9674 
 

GSM244451-52, 58-59 
 
 

 

(15) 

Inoculation with 
Pseudomonas 
syringae pv. tomato 
(Pto) expressing the 
effector HopZ1a into 
Wt plants 

Inoculation with 
Pseudomonas 
syringae pv. 
tomato (Pto) wt, 
into WT plants 

 

Biotic stress No  
The effector HopZ1a  is recognized in 
Arabidopsis, triggering the hypersensitive 
response (HR). Rosette leaf 1-5 harvested 6 
hpi 

GSE21920 
 

GSM545364, 67, 72 84-86 
 

NA 

Cucumber mosaic 
virus (CMV) 2b 
counter-defense 
protein- expressing 
plants 
 

Wt plants, mock 
treated 
 

 

Biotic stress No The Cucumber mosaic virus (CMV) 2b 
counter-defense  
protein disrupts plant antiviral mechanisms 
mediated by  
RNA silencing and salicylic acid (SA) 

GSE37921 
 

GSM929932-33, 35, 36, 
38, 39 

 

(16) 

Cell suspension 
cultures were 
exposed to high 

Cell suspension 
cultures were kept 
at 50 microE/m2/s  

Oxidative 
stress 

No 200 mL of cultures with a cell density of 
approximately 150-200 mg/mL, kept at 
constant temperature 

GSE22671 
 
 

GSM562208-10, 
GSM562214-16 
 

(17) 



 

 4

light during 30 
minutes  (1800 
microE/m2/s)  
 

 

flu mutant Wt Oxidative 
stress 

No Plants grown under continuous light 90 
mmol. m-2 . s-1 for  3 weeks, transferred to 
the dark for 8 h and  rosette leaves were 
harvested 2 h after reillumination 
 
 

GSE10812 
 

GSM272985-88 
 

(18) 

Wt, 20mM hydrogen 
peroxide 
 

Wt, sprayed with 
deionised water  

Oxidative 
stress 

No 2 week old seedlings were harvested 
3 hr after treatment 
 

GSE41136 
 

GSM1009029-34 
 

 

NA 

Fumigation with 500 
ppb ozone .  

 

Fumigation with 
scrubbed air 
(filtered through 
charcoal and 
purafill)  

Oxidative 
stress 

No 2 week-old seedlings were harvested 
6 hr after treatment. Flow rate was 
910ml/min 
 
 

GSE5722 
 

GSM133705-10 
 

NA

Wt seedlings treated 
with 5mM H2O2 
 

Untreated Oxidative 
stress 

No 7d dark-grown seedlings were used  
to reduce the endogenous H2O2 level 
caused by light 

GSE40574 
 

GSM996955-58 
 

(19) 

Methyl viologen (10 
uM final conc) was 
added to the media 
to induce Oxidative 
stress 
 

Control plants 
were handled like 
the treated plants 
and harvested in 
parallel 
 

Oxidative 
stress 

Yes 18-day-old shoots were harvested 
12 and 24 h after treatment 
 

ME00340 
 

OXIDATIVE_12H_SHOOT
_REP1, REP2, 
OXIDATIVE_24H_SHOOT
_REP1, REP2, 
OXIDATIVE_CONTROL_1
2H_SHOOT_REP1, REP2 
OXIDATIVE_CONTROL_2
4H_SHOOT_REP1, REP2 

NA 

Methyl viologen (10 
uM final conc) was 
added to the media 
to induce Oxidative 
stress 
 

Control plants 
were handled like 
the treated plants 
and harvested in 
parallel 
 

Oxidative 
stress 

Yes 18-day-old roots were harvested 
12 and 24 h after treatment 
 

ME00340 
 

OXIDATIVE_12H_ROOT_
REP1, REP2, 
OXIDATIVE_24H_ROOT_
REP1, REP2, 
OXIDATIVE_CONTROL_1
2H_ROOT_REP1, REP2 
OXIDATIVE_CONTROL_2
4H_ROOT_REP1, REP2 

NA 



 

 5

cat2 mutant, high 
light exposure in a 

sun simulator 
 

cat2, Ambient 
growth conditions 

 

Oxidative 
stress 

Yes 6 week old leaves were harvested 0, 3 and  
8 h after treatment 

 

E-MEXP-449 
 

pz220803_04, _05,_12, 
hyb1480, 81, 83 
 
 

NA 

wee1KO, 
transferred to 
medium  with 2mM 
Hydroxyurea 

wee1KO, 
transferred to 
control medium 
 

Genotoxic 
stress 
 

Yes 5d old roots were harvested 5 and 24 h after 
treatment 
 

E-MEXP-
3048,  
E-MEXP-
3053 

 
hyb2133-36, 39-42 
 
 

(20) 

1.5ug/ml bleomycin 
+ 22 ug/ml 
mitomycin 
 

Control- no 
treatment 
 

Genotoxic 
stress 
 

Yes 16 d old seedling shoots were harvested 12 
and 24 h after treatment 
 

GSE5620 
GSE5625 
 

GSM131251,52,55,56 
GSM131375,76,79,80 
 

 

NA 

1.5ug/ml bleomycin 
+ 22 ug/ml 
mitomycin 

Control- no 
treatment 
 

Genotoxic 
stress 
 

Yes 16 d old seedling roots were harvested 12 
and 24 h after treatment 
 

GSE5620 
GSE5625 
 

GSM131253,54,57,58 
GSM131377,78,81,82 

NA 

Thaxtomin A  
 

Methanol  
 

Genotoxic 
stress 

No suspension cell culture 
6 h after treatment 

GSE17824 
 

GSM444737-44 
 

NA 

Isoxaben Methanol  
 

Genotoxic 
stress 

No Suspension cell culture, 6 h after treatment 
 

GSE17824 
 

GSM444745-52 
 

NA 

UV-1-day radiation 
 

Continuos white 
light  

 

UV stress No 18 d old seedlings, shoots harvested 24h 
after treatment 

GSE22951 
 

GSM566614-16 
GSM566623-25 

NA 

UV-B stress (15 
min. 1.18 W/m2) 

 

Control- no 
treatment 
 

UV stress Yes 16 d old seedlings, Shoots harvested 12 and 
24 h after treatment 

GSE5626 
 

GSM131403-04 
GSM131407-08 
 

(17) 

UV-B stress (15 
min. 1.18 W/m2) 
 

Control- no 
treatment 
 

UV stress Yes 16 d old seedlings  
Roots-12 and 24 h 

GSE5626 
 

GSM131405-06 
GSM131409-10 
 

(17) 

30 h at 37 °C Heat 
stress, no recovery 
 
 

No treatment,  no 
recovery 

Heat stress No 3 week old seedling 
 

GSE18666 
 

GSM463683-86 
 

(21) 

55 C for 10 minutes 
 

No treatment Heat stress No 6 d suspension cells 
 

NASCARRA
YS-30 

NRID5299-
NRID5304_Swidzinski 

NA 

250mM NaCl 
solution  

 

Only water supply 
 

Salt stress No 5-week-old rosette leaves harvested 
24 h after treatment 

 

E-ATMX-30 
 

E-ATMX-30.raw.1.zip/ WT-
NaCl1.CEL / 
WT_NaCl2.CEL / WT-

(22) 
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1.CEL /WT-2 
140 mM NaCl 

 
No treatment 
 

Salt stress Yes whole seedling roots ,5 days after 
germination, were harvested 16 and 32 h 
after treatment 

GSE7642 
 

GSM184925-26, 
GSM184933-36 
 

(23) 

Nacl 150 mM 
 

No treatment 
 

Salt stress Yes 16 d old seedling shoots were harvested 12 
and 24 h after treatment 

GSE5623 
 

GSM131323-24, 
GSM131327-28 

(17) 

Nacl 150 mM 
 

No treatment 
 

Salt stress Yes 16 d old seedling roots were harvested 12 
and 24 h after treatment 

GSE5623 
 

GSM131325-26, 
GSM131329-30 

(17) 

Wildtype_24H 
0°C_Rep1 

Wildtype_no 
treatment_Rep2 

Cold stress No 10 day old seedlings-grown in plate GSE3326 
 

GSM74900-01, 
GSM748995 

(24) 

4°C_under 
continuous light 
(~25 umol m-2 s-1) 
 

24°C_under 
continuous light 

(~25 umol m-2 s-1) 
 

Cold stress No 10 day old seedlings-grown in plate 
18 days old, aerial parts, soil grown 
 

GSE5534 
GSE5535 
 
 

GSM128789-90, 
GSM128795-96, 
GSM128797-98 
GSM128803-04 

NA 

0.3 M mannitol Control- no 
treatmen 

Osmotic stress Yes 16-day-old seedlings, Shoots harvested 12 
and 24 h after treatment 

GSE5622 
 

GSM131299-300 
GSM131303-304 

(17) 

0.3 M mannitol 
 

Control- no 
treatment 
 

Osmotic stress Yes 16-day-old seedlings, Shoots harvested 12 
and 24 h after treatment 

GSE5622 
 

GSM131301-302 
GSM131305-306 

(17) 

0.3M mannitol 
 

Mock treated 
 

Osmotic stress No 30 d old  leaf, 10 day treatment 
 

GSE36789 
 

GSM901069-71 
GSM901075-77 

(25) 

0.3M mannitol 
 

Mock treated 
 

Osmotic stress No  
 

30 d old  root, 10 day treatment 
 

GSE36789 
 

GSM901072-74 
GSM901078-80 

(25) 

ACC (10 uM) 
ethylene precursor 

Mock (3 hours) 
 

Hormone 
(Ethylene) 

No  
 

7-day-old seedling, 3 h after treatment 
 

ME00334 
 

RIKEN-GODA23A, 23B 
RIKEN-GODA17BA,17AA  

NA 

5  ppm ethylene 
 

Air  
 

Hormone 
(Ethylene) 
 

No  
 

Petiole harvested 3 h after treatment 
 

NASC 
ARRAYS-32 
 

Millenaar_A2_ETH_Rep1, 
Rep2, 
Millenaar_A5_ETH_Rep3, 
Millenaar_A1_AIR_Rep1, 
Rep2 
Millenaar_A4_AIR_Rep3 

NA 

10 ppm ethylene 
 

Air  
 

Hormone 
(Ethylene) 

No  
 

7-day-old seedling, 3 h after treatment ME00364 
 

RIKEN-GODA21AH, BH 
RIKEN-GODA1AH, BH 

(26) 

Salicylic acid (10 
uM, 3 hours) 

Mock (3 hours) 
 

Hormone 
(Salicylic acid) 

No  
 

3 week old plants, 4 h after treatment GSE14247 
 

GSM356823-26 NA 

2 mM SA treated 
 

Water treated 
 

Hormone 
(Salicylic acid) 

No  
 

9-day-old seedling, 24 h after treatment GSE14961 
 

GSM373532-36 
 

NA 
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1) Developmental induced cell death 
 Number of genes Condition Experiment

1.1 Differentiation induced PCD Down Up Total 
e-1 vs e-2  Xylem vs cortex 3124 2208 5332 1 1
e-3 vs e-5 VND6 vs Wt 995 1273 2268 2 2
e-4- vs e-5 SND1 vs Wt 371 1030 1401 3 2
e-6 vs e-7 VND7 vs mock 64 133 197 4 3
e-8 vs e-9 LRC vs ground 994 1108 2102 5 4
e-10 vs e-11 End vs embryo, bending cotyledon stage 2793 1834 4627 6 5
e-13 vs e-15 Linear cotyledon  2983 2907 5890 7 6

vs globular stage, endosperm 
e-14 vs e-12  Bending cotyledon  2850 2120 4970 8 6

vs heart stage, endosperm 
e-16 vs e-18  Bending cotyledon  2265 1770 4035 9 7

vs heart stage,seed coat 
e-17 vs e-18 Linear cotyledon  1611 1643 3254 10 7

vs heart stage,seed coat 
1.2 Senescence induced PCD 
e-19 vs e-21 Inducible ANAC059 vs empty vector 27 46 73 11 8
e-20 vs e-21 Inducible ANAC092 vs empty vector 60 180 240 12 8
e-22 vs e-23 Mature green vs senescing  siliques 1513 1383 2896 13 9
e-24 vs e-25 Rosette, green vs senescing  leaves 2338 2572 4910 14 10
e-26 vs e-27 Flower stage 15 vs stage 12, petals 2478 2217 4695 15 11
e-28 vs e-29 Flower stage 15 vs stage 12, sepals 1794 1435 3229 16 12
e-30 vs e-31 Leaf stage 6 vs 3.9,  1485 1748 3233 17 13

partially senescent vs mature green  
e-32 vs e-34 saul vs wt, time 0, low light 1 26 27 18 14
e-33 vs e-35 saul vs wt, time 48 h, low light 2677 2172 4849 19 14

2) Environmental induced cell death 
 

2.1 Biotic induced PCD  Down Up Total Contrast Experiment
e-36 vs e-37 Fumonisin B1 vs mock, protoplast 21 39 60 20 15
e-38 vs e-39 cpr5 vs wt 129 751 880 21 16
e-40 vs e-42  rpp4 vs wt, time 0 354 256 610 22 17
e-41 vs e-43  rpp4 vs wt, 6 days after inoculation 174 84 258 23 17
e-44 vs e-45 Phytophthora inoculated root vs control, 30 hpi 1634 1303 2937 24 18
e-46 vs e-48  Botrytis inoculated leaves, vs control, 18 hpi  73 539 612 25 19
e-47 vs e-49  Botrytis inoculated leaves, vs control, 48 hpi  1597 1287 2884 26 19
e-50 vs e-53 Phytophthora inoculated leaves, vs control, 6 hpi  1190 1051 2241 27 20
e-51 vs e-54 Phytophthora inoculated leaves, vs control, 12 hpi 333 658 991 28 20
e-52 vs e-55 Phytophthora inoculated leaves, vs control, 24 hpi 356 563 919 29 20
e-56 vs e-57 NPP1 treated leaves vs mock, 4h 241 722 963 30 21
e-58 vs e-59 chitosan vs mock,seedlings, 3h 501 634 1135 31 22
e-60 vs e-61 HrpZ treated leaves vs mock, 4h 1141 1374 2515 32 23
e-62 vs e-63 AtMYB30-ox vs AtMYB30-as,  Xanthomonas 35 53 88 33 24

 inoculated, 90-105 min after inoc 

Supplemental Table S4.  Overview of the number of up- and down-regulated genes per condition in the 
experiments used in the meta-analysis. For each condition the associated experiment number is indicated.  
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e-64 vs e-65 
 Pseudomonas  expressing HopZ1a, into Wt plants 
vs Pseudomonas Wt , into Wt plants 754 693 1447 34 25

e-66 vs e-67 
Cucumber mosaic virus (CMV) 2b counter-defense
protein- expressing plants vs wt plants 78 391 469 35 26

2.2 Oxidative stress Down Up Total Contrast Experiment
e-68 vs e-69 HL exposed cultures, vs control, 30 min 42 277 319 36 27
e-70 vs e-71 flu vs wt, continuos light-dark-light, leaves 386 1261 1647 37 28
e-72 vs e-73 20mM hydrogen peroxide vs control, 3 h, seedling 45 198 243 38 29
e-74 vs e-75 500 ppb ozone vs control, 6h, seedling 860 1538 2398 39 30
e-76 vs e-77 5mM H2O2 vs control, seedling dark grown 205 693 898 40 31
e-78 vs e-80 Methyl viologen vs control, 12h, shoots 0 73 73 41 32
e-79 vs e-81 Methyl viologen vs control, 24h, shoots 8 274 282 42 32
e-82 vs e-84 Methyl viologen vs control, 12h, roots 3 1 4 43 33
e-83 vs e-85 Methyl viologen vs control, 24h, roots 99 21 120 44 33
e-86 vs e-88 cat2 mutant, high light, vs control, 3h 563 593 1156 45 34
e-87 vs e-88 cat2 mutant, high light, vs control, 8h 1326 1674 3000 46 34
   
2.3 Genotoxic stress 
e-89 vs e-91 wee1 KO- Hydroxyurea, vs control,5h 3 60 63 47 35
e-90 vs e-92 wee1 KO- Hydroxyurea, vs control,24h 49 138 187 48 35
e-93 vs e-95 bleomycin +mitomycin vs control, shoots, 12 h 25 158 183 49 36
e-94 vs e-96 bleomycin +mitomycin vs control, shoots, 24 h 16 152 168 50 36
e-97 vs e-99 bleomycin +mitomycin vs control, roots, 12 h 116 223 339 51 37
e-98 vs e-100 bleomycin +mitomycin vs control, roots, 24 h 175 283 458 52 37
e-101 vs e-102 TA, cell cultures vs mock, 6h 1 189 190 53 38
e-103 vs e-104 IXB, cell cultures vs mock, 6h 0 37 37 54 39
 
2.4 UV stress 
e-105 vs e-106 UV-1-day radiation vs white light, shoots 18d, 24h 483 570 1053 55 40
e-107 vs e-95 UV-15min vs control, shoots 16d , 12 h 89 358 447 56 41
e-108 vs e-96 UV-15min vs control, shoots 16d , 24 h 87 314 401 57 41
e-109 vs e-99 UV-15min vs control, roots 16d , 12 h 3 4 7 58 42
e-110 vs e-100 UV-15min vs control, roots 16d , 24 h 88 155 243 59 42
 
2.5 Heat stress 

e-111 vs e-112 
30 h, 37 °C- no recovery vs control, 3week 
seedling 2125 2170 4295 60 43

e-113 vs e-115 10m , 55 °C vs mock,suspension cells 610 759 1369 61 44
 
 
2.6 Salt stress 
e-116 vs e-117 250mM NaCl vs control, rosette leaves, 24 h 1251 965 1351 62 45
e-118 vs e-120 140mM NaCl vs control, seedling root, 16 h 162 334 496 63 46
e-119 vs e-120 140mM NaCl vs control, seedling root, 32 h 112 300 412 64 46
e-121 vs e-95 250mM NaCl vs control, shoots 16d , 12 h 342 449 791 65 47
e-122 vs e-96 250mM NaCl vs control, shoots 16d , 24 h 874 953 1827 66 47
e-123 vs e-99 250mM NaCl vs control, roots 16d , 12 h 1652 1613 3265 67 48
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 1 

e-124 vs e-100 250mM NaCl vs control, roots 16d , 24 h 1269 1618 2887 68 48

2.7 Cold stress 
e-125 vs e-126 Wildtype_24h 0°C vs control, 24 h 938 1123 2061 69 49
e-127 vs e-129 4°C vs 24°C, 7days treated, seedlings 10d old 784 718 1502 70 50
e-128 vs e-130 4°C vs 24°C, 7days treated, seedlings 18d old 368 358 726 71 50
 
2.8 Osmotic stress 
e-131 vs e-95 300 mM Mannitol-12 h vs control, shoots, 16 d 1901 1657 3558 72 51
e-132 vs e-96 300 mM Mannitol-24 h vs control, shoots, 16 d 2439 2168 4607 73 51
e-133 vs e-99 300 mM Mannitol-12 h vs control, roots, 16 d 1501 1196 2697 74 52
e-134 vs e-100 300 mM Mannitol-24 h vs control, roots, 16 d 1290 1073 2363 75 52
e-135 vs e-136 300 mM Mannitol-10 d vs control, 30 d old , leaf 331 533 864 76 53
e-137 vs e-138 301 mM Mannitol-10 d vs control, 30 d old , leaf 642 857 1499 77 54

2.9 Hormone  Down Up Total Contrast Experiment
e-139 vs e-140 ACC (10 uM, 3 h), seedling 14 53 67 78 55
e-141 vs e-142 5 ppm ethylene, 3h, petiole  149 244 393 79 56
e-143 vs e-144 Salicylic acid (SA, 10 uM, 3 h), seedling 96 403 499 80 57
e-145 vs e-146 10 ppm ethylene vs air, 3 week old, 4h 2969 3027 5996 81 58
e-147 vs e-148 2 mM SA vs control, seedling, 24h 1543 1558 3101 82 59
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Supplemental Tables S6.1 – S6.6 1 

Supplemental Tables S6.1. Performance results of SVM and RF classification of dPCD versus ePCD instances based on the expression 2 

profiles of various gene (feature) sets in various experiment subsets. The SVM and RF parameter settings for all analyses can be found in 3 

Supplemental Tables S6.2 and S6.3, respectively (linked to the identifiers in the first column).  The performance scores displayed are MCC 4 

scores generated by 10-fold cross-validation (or 5-fold cross-validation when the number of contrasts in one of the classes was < 10). No 5 

optimal settings are reported for the sampled entries (C1.SVM-D4.SVM and C1.RF-D4.RF) since the results are averaged over a hundred runs. 6 

 7 

Identifier dPCD Class ePCD Class #dPCD 
contrasts 

#ePCD 
contrasts Balanced Gene 

Selection Algorithm MCC (Matthews Correlation 
Coefficient) 

A1.SVM All dPCD All ePCD 19 64 No All SVM 0.75 
A1.RF RF 0.71 

A2.SVM All dPCD All ePCD 19 64 No Curated SVM 0,71 
A2.RF RF 0,76 

A3.SVM All dPCD Osmotic+genotoxic+biotic 19 30 No All SVM 0.75 
A3.RF RF 0.79 

A4.SVM All dPCD Osmotic+genotoxic+biotic 19 30 No Curated SVM 0,79 
A4.RF RF 0,83 

B1.SVM Differentiation dPCD All ePCD 10 64 No All SVM 0.88 
B1.RF RF 0.82 

B2.SVM Differentiation dPCD All ePCD 10 64 No Curated SVM 0,88 
B2.RF RF 0,77 

B3.SVM Differentiation dPCD Osmotic+genotoxic+biotic 10 30 No All SVM 0.93 
B3.RF RF 0.87 

B4.SVM Differentiation dPCD Osmotic+genotoxic+biotic 10 30 No Curated SVM 0,93 
B4.RF RF 0,87 
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 9 

Supplemental Table S6.1 (continued):  10 

 11 
C1.SVM All dPCD Sampled from all ePCD 19 19 Yes All SVM 0.74 
C1.RF RF 0.77 

C2.SVM All dPCD Sampled from all ePCD 19 19 Yes Curated SVM 0,77 
C2.RF RF 0,81 

C3.SVM All dPCD Sampled from 
Osmotic+genotoxic+biotic 19 19 Yes All SVM 0.73 

C3.RF RF 0.79 

C4.SVM All dPCD Sampled from 
Osmotic+genotoxic+biotic 19 19 Yes Curated SVM 0,76 

C4.RF RF 0,83 
D1.SVM Differentiation dPCD Sampled from all ePCD 10 10 Yes All SVM 0.75 
D1.RF RF 0.8 

D2.SVM Differentiation dPCD Sampled from all ePCD 10 10 Yes Curated SVM 0,79 
D2.RF RF 0,81 

D3.SVM Differentiation dPCD Sampled from 
Osmotic+genotoxic+biotic 10 10 Yes All SVM 0.71 

D3.RF RF 0.79 

D4.SVM Differentiation dPCD Sampled from 
Osmotic+genotoxic+biotic 10 10 Yes Curated SVM 0.77 

D4.RF RF 0.82 
  12 
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Supplemental Table S6.2. Optimized SVM parameter settings for the analyses in Supplemental Table S6.1   13 

Identifier Kernel Type Gamma Nu Eps 
A1.SVM RBF 0 0.2 0.001 
A2.SVM RBF 0,125 0,2 0,001 
A3.SVM Linear 0 0.1 0.001 
A4.SVM RBF 0,5 0,2 0,001 
B1.SVM RBF 0 0.1 0.001 
B2.SVM RBF 0,125 0,1 0,001 
B3.SVM RBF 0.5 0.2 0.001 
B4.SVM RBF 0,5 0,2 0,001 

 14 

 15 

 16 

Supplemental Table S6.3. Optimized RF parameter settings for the analyses in Supplemental Table S6.1 17 

Identifier max-depth min instances num trees 
A1.RF 2 7 20 
A2.RF 2 5 30 
A3.RF 2 4 10 
A4.RF 2 3 100 
B1.RF 1 10 30 
B2.RF 1 10 30 
B3.RF 1 10 30 
B4.RF 1 10 30 

 18 

  19 



 

 4

Supplemental Table S6.4. The performance of binary classifiers discriminating a particular PCD subclass from all other subclasses. N/A 20 

indicates that the MCC could not be calculated by lack of positives or negatives, and thus indicates very poor performance. The SVM and RF 21 

parameter settings for all analyses can be found in Supplemental Tables S6.5 and S6.6, respectively (linked to the identifiers in the first column).   22 

 23 

Identifier Class 1 Class 2 #Contrasts
Class 1 

#Contrasts
Class 2 Gene Selection Algorithm MCC 

E1.SVM Senescence dPCD All - Senescence dPCD 9 74 All SVM 0.46 
E1.RF RF 0.46 

E2.SVM Senescence dPCD All - Senescence dPCD 9 74 Curated SVM 0.73 
E2.RF RF 0.4 

F1.SVM Differentiation dPCD All - Differentiation dPCD 10 73 All SVM 0.88 
F1.RF RF 0.75 

F2.SVM Differentiation dPCD All - Differentiation dPCD 10 73 Curated SVM 0.88 
F2.RF RF 0.82 

G1.SVM Genotoxic ePCD All - Genotoxic ePCD 9 74 All SVM 0.73 
G1.RF RF 0.8 

G2.SVM Genotoxic ePCD All - Genotoxic ePCD 9 74 Curated SVM 0.8 
G2.RF RF 0.8 

H1.SVM Oxidative ePCD All - Oxidative ePCD 10 73 All SVM 0.3 
H1.RF RF N/A 

H2.SVM Oxidative ePCD All - Oxidative ePCD 10 73 Curated SVM 0.29 
H2.RF RF N/A 

I1.SVM UV ePCD All - UV ePCD 5 78 All SVM N/A 
I1.RF RF N/A 

I2.SVM UV ePCD All - UV ePCD 5 78 Curated SVM N/A 
I2.RF RF N/A 
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 24 
 25 
 26 
Supplemental Table S6.4 (continued) 27 
 28 

J1.SVM Temperature ePCD All - Temperature ePCD 6 77 All SVM N/A 
J1.RF RF N/A 

J2.SVM Temperature ePCD All - Temperature ePCD 6 77 Curated SVM 0.39 
J2.RF RF 0.39 

K1.SVM Osmotic/Salt ePCD All - Osmotic/Salt ePCD 13 70 All SVM 0.77 
K1.RF RF 0.82 

K2.SVM Osmotic/Salt ePCD All - Osmotic/Salt ePCD 13 70 Curated SVM 0.96 
K2.RF RF 0.86 

L1.SVM Hormone ePCD All - Hormone ePCD 5 78 All SVM N/A 
L1.RF RF 0.44 

L2.SVM Hormone ePCD All - Hormone ePCD 5 78 Curated SVM 0.62 
L2.RF RF 0.17 

M1.SVM Biotic ePCD All - Biotic ePCD 16 67 All SVM 0.62 
M1.RF RF 0.49 

M2.SVM Biotic ePCD All - Biotic ePCD 16 67 Curated SVM 0.66 
M2.RF RF 0.46 

 29 

 30 

 31 

 32 

 33 
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 34 

 35 

Supplemental Table S6.5. Optimized SVM parameter settings for the analyses in Supplemental Table S6.4   36 

Identifier Kernel Type Gamma Nu Eps 
E1.SVM RBF 0 0.1 0.001 
E2.SVM RBF 0.03 0.1 0.001 
F1.SVM RBF 0 0.1 0.001 
F2.SVM RBF 0.03 0.1 0.001 
G1.SVM RBF 0.03 0.1 0.001 
G2.SVM RBF 0 0.1 0.001 
H1.SVM RBF 0.5 0.1 0.001 
H2.SVM RBF 0.5 0.1 0.001 
I1.SVM N/A N/A N/A N/A 
I2.SVM N/A N/A N/A N/A 
J1.SVM N/A N/A N/A N/A 
J2.SVM RBF 2 0.1 0.001 
K1.SVM RBF 0 0.1 0.001 
K2.SVM RBF 0.5 0.2 0.001 
L1.SVM N/A N/A N/A N/A 
L2.SVM RBF 2 0.1 0.01 
M1.SVM RBF 0 0.1 0.001 
M2.SVM RBF 0.5 0.1 0.001 
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 41 

Supplemental Table S6.6. Optimized RF parameter settings for the analyses in Supplemental Table S6.4 42 

Identifier max-depth min instances num trees 
E1.RF 1 8 20 
E2.RF 3 1 30 
F1.RF 1 1 10 
F2.RF 2 1 30 
G1.RF 1 8 10 
G2.RF 1 8 10 
H1.RF N/A N/A N/A 
H2.RF N/A N/A N/A 
I1.RF N/A N/A N/A 
I2.RF N/A N/A N/A 
J1.RF N/A N/A N/A 
J2.RF 1 2 200 
K1.RF 1 1 10 
K2.RF 1 1 10 
L1.RF 1 5 20 
L2.RF 4 2 30 
M1.RF 2 6 10 
M2.RF 1 9 10 

 43 

 44 

 45 

 46 

 47 



 

 8

 48 



 

 1

Supplemental Table S7. Phytozome blast search for putative homologs of the Arabidopsis dPCD marker genes MC9, BFN1, PASPA3, RNS3, 1 
and SCPL48 2 

 MC9 (325AA) 
 

BFN1 (305AA) 
 

PASPA3 (508AA) 
 

 best blast hit %ID blast 
length 

e-value best blast hit %ID blast 
length 

e-value best blast hit %ID blast 
length 

e-value 

Arabidospis  
lyrata scaffold_600361.1 95.3 319 1.2e-163 fgenesh2_kg.1 98.69 305 4.6e-169 fgenesh2_kg.6 95.67 508 1.1e-268 

Medicago 
truncatula AES66180 42.4 300 3.5e-42 AES63715 68.67 300 2.2e-113 AES92659 63.08 520 5.8e-184 

Solanum 
lycopersicum Solyc10g081300.1.1 53.5 331 8.9e-83 Solyc02g078910.2.1 69.00 300 1.1e-121 Solyc02g080880.2.1 66.60 515 4.0e-190 

Populus 
trichocarpa POPTR_0006s02730.1 65.3 326 7.8e-109 POPTR_0011s04430.1 71.90 274 6.2e-116 POPTR_0004s00900.1 64.79 514 1.0e-186 

Oryza  
sativa OS11T0134700-01 56.5 329 6.2e-87 OS04T0636400-01 67.23 296 7.5e-114 OS01T0663400-01 60.99 523 1.4e-178 

Brachypodium 
distachyon BRADI2G50480.1 50.7 337 8.7e-77 BRADI5G23280.1 69.64 280 1.4e-115 BRADI2G16160.1 62.23 511 7.3e-183 

Hordeum  
vulgare MLOC_5735.2 52.9 331 7.9e-81 MLOC_73587.1 56.57 293 1.1e-113 MLOC_64394.1 54.33 508 7.2e-158 

Zea  
mays GRMZM2G022799_P01 51.2 336 1.1e-76 GRMZM2G168744_P01 68.93 280 4.3e-114 GRMZM2G065757_P01 60.74 517 6.2e-177 

Amborella 
trichopoda ERM98168 54.1 320 1.6e-85 ERN03432 56.57 274 1.4e-86 ERN00700 64.24 509 1.5e-183 

Selaginella 
moellendorffii EFJ20498 50.5 196 6.4e-68 EFJ33450 46.32 285 1.4e-70 EFJ06917 52.80 500 1.8e-146 

Physcomitrella 
patens PP1S165_65V6 55.0 169 7.1e-73 PP1S211_122V6.1 49.20 311 2.2e-78 PP1S93_73V6.2 55.29 510 3.6e-156 

Chlamydomonas 
reinhardtii EDP04316 39.5 253 3.1e-57 EDP02767 37.84 37 7.7 EDP04281 55.74 235 6.1e-74 
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Supplemental Table S7 (continued) 7 
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RNS3 (222AA) 

 SCPL48 (510AA) 

 
best blast hit %ID blast 

length 
e-value best blast hit %ID blast 

length 
e-value 

Arabidospis 
lyrata fgenesh2_kg.1 96.40 222 2.4e-124 fgenesh2_kg.5 97.06 510 1.6e-276 

Medicago 
truncatula AES96753 65.91 220 1.7e-90 AES67523 66.47 501 1.1e-184 

Solanum 
lycopersicum Solyc05g007940.2.1 58.48 224 1.0e-74 Solyc06g017860.1.1 68.18 506 1.1e-187 

Populus 
trichocarpa POPTR_0008s08650.1 64.89 225 1.1e-84 POPTR_0004s22520.1 66.67 504 1.9e-185 

Oryza 
sativa OS08T0434100-01 56.68 217 5.3e-74 OS02T0114200-01 66.02 465 6.4e-172 

Brachypodium 
distachyon BRADI3G37130.2 58.05 205 2.4e-74 BRADI3G01320.1 66.11 478 2.5e-175 

Hordeum 
vulgare MLOC_19306.1 58.42 202 4.8e-74 MLOC_77869.2 65.68 472 3.5e-174 

Zea 
mays GRMZM2G161274_P02 56.16 219 2.9e-76 GRMZM2G020146_P01 63.47 501 1.5e-173 

Amborella 
trichopoda ERM94495 60.55 218 5.2e-78 ERN12871 65.73 496 1.5e-181 

Selaginella 
moellendorffii EFJ09665 50.22 225 7.2e-65 EFJ15031 59.57 465 6.8e-156 

Physcomitrella 
patens PP1S59_320V6.1 47.87 211 2.1e-57 PP1S149_206V6.1 59.53 467 6.9e-153 

Chlamydomonas 
reinhardtii EDP05112 38.24 204 7.8e-35 EDP01561 44.67 441 2.9e-106 
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