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Desiccation tolerance (DT) is a remarkable process that allows seeds
in the dry state to remain viable for long periods of time that in some
instances exceed 1,000 y. It has been postulated that seed DT
evolved by rewiring the regulatory and signaling networks that
controlled vegetative DT, which itself emerged as a crucial adaptive
trait of early land plants. Understanding the networks that regulate
seed desiccation tolerance in model plant systems would provide the
tools to understand an evolutionary process that played a crucial role
in the diversification of flowering plants. In this work, we used an
integrated approach that included genomics, bioinformatics, metab-
olomics, and molecular genetics to identify and validate molecular
networks that control the acquisition of DT in Arabidopsis seeds.
Two DT-specific transcriptional subnetworks were identified related
to storage of reserve compounds and cellular protection mechanisms
that act downstream of the embryo development master regulators
LEAFY COTYLEDON 1 and 2, FUSCA 3, and ABSCICIC ACID INSENSI-
TIVE 3. Among the transcription factors identified as major nodes in
the DT regulatory subnetworks, PLATZ1, PLATZ2, and AGL67 were
confirmed by knockout mutants and overexpression in a desiccation-
intolerant mutant background to play an important role in seed DT.
Additionally, we found that constitutive expression of PLATZ1 in WT
plants confers partial DT in vegetative tissues.
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Desiccation tolerance (DT) can be operationally defined as
the ability of an organism to dry to equilibrium with moder-

ately dry air (50 to 70% relative humidity at 20 to 30 °C) and
then resume normal function when rehydrated (1). DT organisms
orchestrate a complex number of responses to protect cellular
structures and prevent damage to proteins and nucleic acids. Early
land plants evolved mechanisms to survive harsh drying environ-
ments to successfully exploit different ecosystems on land. There-
fore, it has been postulated that the initial evolution of vegetative
DT, in both vegetative and reproductive stages, was a crucial step
required for the colonization of land by primitive plants of a fresh
water origin (2).
Seed DT, a trait that allows terrestrial plants to survive long

periods of sparse water until favorable conditions are present for
germination, is probably part of the answer to Darwin’s “abomi-
nable mystery,” the sudden appearance of great angiosperm di-
versity in the fossil record. In angiosperms, DT is acquired at the
seed maturation stage, which involves a complex regulatory net-
work (3, 4) that activates a large subset of genes involved in a
number of mechanisms that influence seed survival in the dry state.
The set of genes required for seed DT includes genes encoding
protective proteins such as late embryogenesis abundant (LEA) (5,
6) and heat shock proteins (HSPs) (7), enzymes involved in scav-
enging reactive oxygen species (8) and the biosynthesis of pro-
tective compounds such as oligosaccharides (3, 9), and antioxidants
such as tocopherols and flavonoids (10, 11).
In Arabidopsis, embryo development and seed maturation, in-

cluding the acquisition of DT, is orchestrated by a set of four
master regulators: LEAFY COTYLEDON 1 (LEC1), a CCAAT

box-binding factor, and three B3 domain-containing proteins (12),
ABSCISIC ACID INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3),
and LEC2. In addition to controlling embryo formation and seed
maturation, these master regulators also repress the expression of
genes required for the transition from embryonic to vegetative
development (13–16). Although the role of these master regula-
tors during seed maturation is globally similar, some of their
functions are very specific. For example, in contrast to mutations
in LEC1, ABI3, or FUS3 that drastically affect DT (17, 18), lec2
mutants do not present this effect (18, 19). Interestingly, ectopic
expression of LEC1, FUS3, or ABI3 in single- or double-mutant
backgrounds of the other two regulators activated some processes
of seed maturation, such as lipid and seed storage protein accu-
mulation, but not DT, suggesting that all three regulators are re-
quired to activate DT. Genetic evidence suggests that downstream
of LEC1, FUS3, ABI3, and LEC2, other transcription factors
(TFs) play important roles in the network that regulates specific
aspects of embryo development and seed maturation and, in
particular, seed DT (20).
At least 13 independent cases of evolution (or reevolution) of

vegetative DT occurred in the angiosperms and 1 in gymnosperms
(21). The independent reevolution of vegetative DT in different
clades of the angiosperms suggests that despite being a quite
complex process, both vegetative and seed DT might be controlled
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by one or a few regulatory networks composed of a discrete number
of TFs. The availability of seed desiccation-intolerant mutants allows
a comparative analysis between desiccation-intolerant mutants, such
as lec1-1, fus3-3, and abi3-5, with their corresponding DT wild-type
ecotypes and other mutants (lec2-1) or alleles of the same gene
(abi3-1), with similar phenotypes but that are desiccation-tolerant, to
determine the transcriptional and metabolic differences between
desiccation-tolerant and -intolerant lines during seed development.
This type of comparative analysis should allow the identification of
genes for which transcriptional activation is required to acquire seed
DT but which fail to activate during seed maturation in desiccation-
intolerant mutants. Understanding the networks that regulate seed
DT in model plant systems will provide the tools to understand an
evolutionary process that played a crucial role in the diversification
of flowering plants. Although several processes involved in seed
maturation and their regulatory mechanisms have been studied in
Arabidopsis (22) and Medicago (3, 4), the regulatory interactions
activating DT remain largely unknown. In this work, we used an
integrated approach that included genomics, bioinformatics,
metabolomics, and molecular genetics to identify and vali-
date molecular networks that control the acquisition of DT in
Arabidopsis seeds.

Results
Overview of the Experimental Comparative Strategy.Our hypothesis
was that there is a common subset of genes that fail to be activated
in desiccation-intolerant mutants compared with their expression
patterns in desiccation-tolerant lines, which should include most
of the genes that are essential for the acquisition of seed DT,
and that their activation patterns should allow the construction of
regulatory networks to identify TFs that constitute the main nodes
orchestrating the acquisition of DT. To identify the gene regula-
tory networks involved in the acquisition of DT downstream of
LEC1, FUS3, and ABI3, we first designed a comparative tran-
scriptomic analysis between the seed desiccation-intolerant lines
lec1-1, fus3-3, and abi3-5 and the desiccation-tolerant lines lec2-1
and abi3-1. All analyses included the respective DT wild-type
ecotype for each mutant. lec1 and lec2 have similar phenotypes,
including morphological alterations during embryo development

and reduced accumulation of storage compounds, and only differ in
DT (SI Appendix, Table S1). Similarly, abi3-1 and abi3-5 are two
alleles of ABI3 that are both insensitive to abscisic acid (ABA) but
differ in their seed DT. Comparative transcriptomic analysis between
desiccation-tolerant and -intolerant seed should allow the identifi-
cation of genes differentially expressed during the seed maturation
process between these two sets of lines. Among these differentially
expressed genes, those that fail to be activated in all desiccation-
intolerant mutants should contain those that are relevant for the
acquisition of seed DT (SI Appendix, Fig. S1 and Table S1).

Global Transcriptional Analysis of Desiccation-Tolerant and -Intolerant
Arabidopsis Seeds. To obtain a global view of the transcriptional
differences between desiccation-tolerant and -intolerant lines
during seed maturation, we constructed RNA-sequencing (RNA-
seq) libraries from RNA extracted from each mutant and their
corresponding wild type at three different developmental stages
(SI Appendix, Table S2): (i) 15 d after flowering (DAF), a de-
velopmental stage prior to drastic water loss; (ii) 17 DAF, when
rapid water loss starts; and (iii) 21 DAF, when the seed is com-
pletely dry (SI Appendix, Fig. S1). To determine differentially
expressed genes (DEGs), RNA-seq data were analyzed using two
types of model analysis. First, we used a generalized linear model
(GLM) based on an interaction model, which comprises genes for
DT-specific mutant differences (SI Appendix, Table S3 and Datasets
S1–S6). Using GLM and a stringency level of false discovery rate
(FDR) of <0.05 and log2 fold change (log2FC) <1 and >−1, we
identified 3,781 DEGs between tolerant and intolerant lines in
at least one of the three developmental stages sampled for this
analysis (Datasets S1–S6). Among the DEGs, 2,320 were up-
regulated (Datasets S1–S3) and 1,461 were down-regulated
(Datasets S4–S6).
The second GLM analysis was based on pairwise comparisons

between each mutant line and their corresponding wild-type
ecotype (Fig. 1A and SI Appendix, Table S4). In this analysis, one
large subset of genes was up-regulated in lec2-1, lec1-1, abi3-5,
and fus3-3 with respect to abi3-1 and the WT controls, which
likely represents genes that are activated as part of the direct
transition from embryo to vegetative growth in these mutants as

Fig. 1. Global gene expression profile in seed desiccation-intolerant mutants. (A) Heat map from hierarchical clustering of differentially expressed genes.
Each mutant was compared with its corresponding wild type (lec1-1 and lec2-1 versus Ws; abi3-5 versus Ler; fus3-3 versus Col-0) at three developmental stages,
15, 17, and 21 DAF. Green indicates down-regulated values, red indicates up-regulated values, and black indicates unchanged values. The yellow rectangles
indicate the common down-regulated genes between intolerant mutants. DI, desiccation-intolerant; DT, desiccation-tolerant. (B) Venn diagrams showing the
number and distribution of differential genes across the comparison among mutants representing down-regulated genes at 15, 17, and 21 DAF. Genes
potentially related to desiccation tolerance are indicated in red.
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opposed to their inactivation during the entrance to dormancy
and the acquisition of DT (see SI Appendix for details) (Fig. 1A
and SI Appendix, Figs. S2–S4). A second subset of DEGs, which
appeared as drastically repressed in all desiccation-intolerant
mutants compared with desiccation-tolerant lines, could represent
genes that are directly or indirectly relevant for the acquisition of
DT in Arabidopsis seed (Fig. 1A). The number of down-regulated
genes specific for desiccation-intolerant mutants increased as the
level of water content decreased in the seed, from 147 genes at 15
DAF to 380 at 21 DAF (Fig. 1B).
As predicted, desiccation-intolerant (DI)-specific down-regulated

genes were enriched (FDR < 0.05) in the following Gene Ontology
(GO) categories: molecular function: oxidoreductase activity and
nutrient reservoir; and biological process: lipid and carbohydrate
biosynthesis, seed development, and ABA and stress responses
such as water, oxidation, and temperature (SI Appendix, Fig. S2B
and Dataset S7). A more detailed analysis of the same set of genes
using the MAPMAN system (23) showed enrichment in processes
such as abiotic stress, LEA protein synthesis, and metabolic path-
ways including raffinose, stachyose, and trehalose biosynthesis (SI
Appendix, Fig. S5). We observed that the number of genes for
these stress categories increased at 17 and 21 DAF (SI Appendix,
Fig. S5), when rapid water loss occurs. The finding that genes that
are not activated in desiccation-intolerant mutants during seed
maturation belong to water stress and cell protection mechanisms
confirmed that desiccation-intolerant mutants fail to activate mech-
anisms required to acquire DT in the seed. lec2-1 and abi3-1 had a
much lower number of down-regulated genes with respect to the
WT controls than lec1-1, fus3-1, and abi3-5, which correlates well
with the fact that these mutants are still capable of acquiring DT
(SI Appendix, Fig. S7).

Carbohydrate Profiling of Seeds from Desiccation-Tolerant and -Intolerant
Mutants. It has been reported that the raffinose family of oligosac-
charides (RFOs), which accumulate during the last phase of seed
maturation, can act as “water replacement” molecules that provide
the hydrogen bonds required for membrane and protein stabilization
as well as for protecting DNA against hydrolytic damage (24, 25).
Therefore, to complement our transcriptional study, we performed
carbohydrate profiling of desiccation-tolerant and -intolerant mu-
tants using the same seed developmental stages chosen for RNA-seq
analysis (15, 17, and 21 DAF). We specifically analyzed the sucrose-
to-raffinose pathway (Fig. 2), as well as the invertase products
D-glucose and D-fructose (Fig. 2). This analysis showed that in lec1-1,
abi3-5, fus3-3, and lec2-1, sucrose levels at 15 DAF were 1-fold
higher than in their wild-type controls and later decreased to almost
wild-type levels at 21 DAF. Raffinose levels decreased 1.5- and 2.5-
fold in abi3-5 and 1- and 0.7-fold in lec1-1 at 17 and 21 DAF, re-
spectively, whereas in lec2-1, raffinose increased 2-fold at 21 DAF.
Stachyose levels decreased 3-fold in lec1-1 and fus3-3, whereas for
lec2-1 an increase of 3-fold with respect to the wild-type control was
determined (Fig. 2). In agreement with the observed reduction in
oligosaccharide accumulation, transcript levels of genes encoding key
enzymes in the raffinose pathway, such as sucrose synthases
(AT5G4919, SUS2 and AT4G02280, SUS3), UDP-D-galactose-4-
epimerases (AT1G63180, UGE3 and AT4G10960, UGE5), galac-
tinol synthases (AT2G4718,GOLS1 and AT1G09350,GOLS2), and
stachyose synthase (AT4G01970, STS), were strongly repressed in
desiccation-intolerant mutants (Fig. 2). Additionally, in agreement
with the higher levels of D-glucose and D-fructose present in the seed
of desiccation-intolerant mutants, invertase genes are up-regulated
in these mutants. This suggests that sucrose is degraded to D-glucose
and D-fructose via invertase enzymes and is not metabolized to
stachyose and raffinose (Fig. 2), suggesting that the accumulation of
stachyose and raffinose appears to be a key, common factor for the
acquisition of DT in Arabidopsis seeds.

Inferring Novel Transcription Factors Involved in Desiccation Tolerance
Acquisition by Arabidopsis Seeds.Our transcriptomics data provided
information on the genes possibly involved in DT acquisition.
However, transcriptomics data by themselves do not unveil the
regulatory networks that control complex processes, nor the key
TFs that coordinate the expression of genes involved in such
regulatory networks. To identify these regulatory pathways and
predict novel TF genes involved in DT, we constructed two
ARACNe-based (26, 27) coexpression networks using two care-
fully curated datasets obtained from 169 seed-specific CEL format
files from 24 Affymetrix ATH1 microarray experiments (SI Ap-
pendix, Table S5). One of the coexpression networks was a global
coexpression network containing all genes expressed in the seed
that are represented in the ATH1 microarrays, which we named
FullSeedNet. The second coexpression network contained only
the TFs known to be expressed in the seed, which we named
TFsSeedNet (26) (SI Appendix, Fig. S8A and Dataset S10). To
identify TFs potentially involved in regulating the establishment of
seed DT in Arabidopsis, we integrated into the TFsSeedNet TF
genes repressed in desiccation-intolerant mutants (Datasets S1–
S6), which represent TF genes that are activated by LEC1, FUS3,
and ABI3 for the acquisition of DT but fail to be activated in lec1,
fus3, and abi3.
When TF genes that fail to be activated in desiccation-

intolerant mutants were mapped to TFsSeedNet at 15, 17, and 21
DAF, we found that they formed two major coexpression subnet-
works, which we termed TFsSeed-subNetDT1 and TFsSeed-
subNetDT2 (Fig. 3 and SI Appendix, Fig. S8 B and C). TFsSeed-
subNetDT1 was mainly composed of members of the APETALA2/
ethylene responsive factor (AP2-ERF) TF gene family (DREB2D,
AT1G75490; RAP2-13, AT1G22190; ERF15, AT4G31060; ERF23,
AT1G01250; and ERF8, AT1G53170), but also contained mem-
bers of the basic leucine zipper (bZIP12, AT2G41070), MADS-
BOX (AGL67, AT1G77950), C2H2 zinc-finger (PEI1; AT5G07500),
and delay of germination-like (DOG-like) (AT4G18650, which we
named DOGL4) TF families (Fig. 3 A–C and SI Appendix, Fig.
S8B). TFsSeed-subNetDT2 includes three members of the NAC
family (ATAF1, AT1G01720; ANAC032, AT1G77450; and
ANAC089, AT5G22290), two from the AP2-ERP family (DREB2G,
AT5G18450 and ERF12, AT1G28360), two from the C3H zinc-
finger family (SOM, AT1G03790 and TZF5, AT1G03790), two
from the plant AT-rich sequence- and zinc-binding protein family
(PLATZ) (AT1G21000, which we named PLATZ1, and
AT1G76590, which we named PLATZ2), one from the bZIP
family (ABI5, AT2G36270), and one from the ethylene in-
sensitive 3 family (EIL5, AT5G65100) (Fig. 3 D and E and SI
Appendix, Fig. S8C).

Coexpression Subnetworks of Differentially Expressed Genes and
Potential Targets. We then searched for genes that are coex-
pressed with the TFs in TFsSeed-subNetDT1 and TFsSeed-sub-
NetDT2 in FullSeedNet (SI Appendix, Fig. S9); these coexpression
subnetworks were denoted FullSeed-subNetDT1 and FullSeed-
subNetDT2. These genes represent the potential effector genes
activated by the TFs that are part of the two regulatory subnet-
works that failed to be activated in desiccation-intolerant mutants.
FullSeed-subNetDT1 was composed of a total of 280 genes (Fig. 3
A–C, SI Appendix, Fig. S10, and Dataset S12), for which the most
significantly enriched categories included nutrient reservoir ac-
tivity and lipid storage (SI Appendix, Fig. S12 and Dataset S13).
When FullSeed-subNetDT1 was analyzed at each developmental
stage (15, 17, and 21 DAF), we found that at 15 DAF it is com-
posed of five TF nodes, DOGL4, PEI1, ERF15, ERF8, and
ERF23, that interact [mutual information (MI) > 0.5 and P < 1e-
35; Fig. 3A and Dataset S10] with effector genes mainly involved
in fatty acid, TAG biosynthesis, and storage protein genes such as
those encoding the albumin proteins SESA1, SESA2, SESA3,
SESA4, and SESA5, cruciferin proteins CRU2 and CRU3, and
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Fig. 2. Metabolic pathway of stachyose biosynthesis in Arabidopsis seeds. Graphs represent changes in the contents of sugars and oligosaccharides for each
mutant during the desiccation period. Bar graphs indicate the log2 fold change-relative content with respect to the wild-type controls. Values are from two
independently grown sets of plants with three technical replicates each. Heat maps represent expression profiles of genes encoding putative enzymes in-
volved in raffinose and stachyose synthesis as well as sucrose degradation pathways. Red and green represent up-regulated and down-regulated genes,
respectively. The biochemical and physiological pathways were classified according to the KEGG database (www.genome.jp/kegg/). ALKALINE/NEUTRAL
INVERTASE (A/N-INVB, AT4G34860; A/N-INVD, AT1G22650), CYTOSOLIC INVERTASE (CINV2, AT4G09510; CINV1, AT1G35580), CELL WALL INVERTASE 1
(CWINV1, AT3G13790), SUCROSE SYNTHASE (SUS1, AT5G20830; SUS2, AT5G49190; SUS3, AT4G02280), UDP-D-GLUCOSE/UDP-D-GALACTOSE 4-EPIMERASE
(UGE1, AT1G12780; UGE2, AT4G23920; UGE3, AT1G63180; UGE4, AT1G64440; UGE5, AT4G10960), GALACTINOL SYNTHASE (GOLS1, AT2G47180; GOLS2,
AT1G56600; GOLS3, AT1G09350; GOLS4, AT1G60470; GOLS5, AT5G23790; GOLS10, AT5G30500), RAFFINOSE SYNTHASE (RS1, AT1G55740; RS2, AT3G57520;
RS5, AT5G40390; RS6, AT5G20250), STACHYOSE SYNTHASE (STS, AT4G01970). Data are the means ± SD of two biological replicates and three technical
replicates.
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Fig. 3. ARACNe-inferred coexpression networks for genes involved in the acquisition of desiccation tolerance. “I” graphs represent TFsSeed-subNetDT1 or
TFsSeed-subNetDT2 at data processing inequality (DPI) 0.0, and “II” graphs represent the interactions of transcription factors in II and nontranscription factors
from FullSeedNet. (A–C) Graphs correspond to genes for TFsSeed-subNetDT1 involved in nutrient storage and stress tolerance at 15 (A), 17 (B), and 21 DAF (C).
(D and E) Graphs correspond to genes for TFsSeed-subNetDT2 involved mainly in cellular protection mechanisms at 17 and 21 DAF. TFsSeed-subNetDT2 is not
yet present at 15 DAF. Genes are represented as nodes and inferred interactions are represented as edges. Network attributes are presented in the in-
formation box. Nodes with a triangular shape represent genes that are expressed only at 15 DAF, and circles represent genes that are expressed at least at two
of the sampled stages. Node borders represent functional categories (see Datasets S13 and S15 for details). Edge width and color intensity are proportional to
the mutual information value of the interaction, with higher MI values corresponding to thicker and darker edges. I represent the TFs that act as major nodes
at each stage of the integration of the regulatory networks and II represents the same TFs with all the putative target genes of each node.
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oleosin proteins OLE1, OLE2, and OLE4. At 17 DAF, TFsSeed-
subNetDT1 significantly changed, maintaining only DOGL4 as a
major node, and three other TFs (DREB2D, AGL67, and RAP2-
13) were incorporated as nodes in this subnetwork. DREB2D
appears to be a key TF in TFsSeed-subNetDT1 because it has the
largest number of interactions, and it is strongly coexpressed
(MI > 0.6 and P < 1e-40) with AGL67 and DOGL4. These three
TFs have as predicted targets genes related to stress tolerance,
including LEA genes (LEA4-1, LEA14), heat shock proteins
(HSP17.4, HSP101, HSP70), dehydrins (XERO1, RAB18), and
aquaporins (TIP3 and TIP1) (Fig. 3 B and C and Datasets S10 and
S12). The evolution of FullSeed-subNetDT1 during seed matu-
ration suggests that this subnetwork is initially involved in regu-
lating genes involved in the accumulation of reserve compounds
and then in DT acquisition.
FullSeed-subNetDT2 was composed of 317 genes, which

represent 17% of all down-regulated genes from tolerance-spe-
cific mutant differences (Fig. 3 D and E and SI Appendix, Fig.
S11). This subnetwork is enriched in effector genes in the fol-
lowing categories: redox activity, LEA protein, and response to
abiotic stimulus (SI Appendix, Fig. S12 and Datasets S14 and
S15). In FullSeed-subNetDT2, we identified ATAF1 as a TF
with an important number of interactions (81), and is strongly
coexpressed (MI > 0.5 and P < 1e-35) with other TFs in the
subnetwork such as PLATZ1, SOM, and DREB2G. These four
TFs are central in FullSeed-subNetDT2 because each has a large
number of interactions and they share common nodes that cor-
respond to genes involved in cellular protection. For example,
among the genes involved in stress resistance that are predicted
to be activated by these TFs, we found three LEA group 4 genes
(LEA4-1, LEA4-5, and LEA4-2), two LEA group 1 genes (ATEM1
and ATEM6), three genes involved in raffinose synthesis (UGE3,
SUS3, and GOLS1), two catalase genes (CAT2 and CAT3), one
superoxide dismutase gene (SOD), two small heat shock protein
genes (HSP17.4 and HSP17.6), and two genes involved in ABA
signaling (PP2C and ABI5) (Fig. 3 D and E, SI Appendix, Fig. S11,
and Datasets S10 and S14).
Interestingly, FullSeed-subNetDT2 was specifically activated

at 17 DAF and became more complex at 21 DAF, which cor-
responds to the developmental stages at which rapid and total
water loss occurs (Fig. 3 D and E). ATAF1, a NAC TF, was the
node with the highest number of interactions in FullSeed-sub-
NetDT2, and its potential targets are stress protection genes. In
FullSeed-subNetDT2, we identified four other TFs with a high
number of interactions, namely SOM, DREB2G, PLATZ1, and
PLATZ2, which also preferentially interacted with genes asso-
ciated with stress protection processes (Fig. 3 D and E). In
summary, our network analysis supports a model in which at
early stages FullSeed-subNetDT1 regulates seed-filling genes
and at later stages FullSeed-subNetDT1 and FullSeed-sub-
NetDT2 regulate DT genes.
We then searched for enriched cis-regulatory elements in the

promoters of target genes in each subnetwork. In general, the
enriched motifs were ABA signaling-related (ABF binding site
motif, ABRE binding site motif, and ACGT ABRE motif
A2OSE). The seed-specific motif RY-repeat was found in the
three stages of FullSeed-subNetDT1, whereas dehydration and
drought responses (ABRE-like binding site motif, DRE core
motif, CBF1 BS in cor15a, and AtMYC2 BS in RD22) were
enriched in FullSeed-subNetDT2 (SI Appendix, Table S6). This
finding also supports our model for distinct but complementary
roles for FullSeed-subNetDT1 and FullSeed-subNetDT2 in the
acquisition of seed DT (SI Appendix, Fig. S20).

Mutants of the Major Nodes of FullSeed-SubNetDT1 and FullSeed-
SubNetDT2 Have Reduced Desiccation Tolerance. If the genes iden-
tified as major nodes in FullSeed-subNetDT2 indeed play roles
in DT, it would be expected that the corresponding mutants

should present some degree of desiccation intolerance. We
therefore used T-DNA insertion mutants for the TFs PLATZ1,
PLATZ2, AGL67, DREB2D, ERF23, and ATAF1 to determine
whether they had a reduced germination percentage as a con-
sequence of decreased DT. We observed that the germination
percentage of dried ataf1, agl67, platz1, and platz2 seeds with
respect to their WT was reduced to 76, 75, 77, and 53%, re-
spectively (Fig. 4A). platz1-1 and platz2-1 showed a significantly
reduced germination percentage when stored for 7 and 8 wk at
10% relative humidity (RH) (Fig. 4B), suggesting that PLATZ1
and PLATZ2 are important for DT in the dry seed stage.
TFs identified as major nodes in our DT subnetworks should

regulate the expression of target genes directly involved in DT,
such as those involved in raffinose biosynthesis or encoding LEA
proteins. To determine whether FullSeed-subNetDT2 effector
genes play a role in DT, we determined the germination capacity
of T-DNA insertion mutants for some of these effector genes (SI
Appendix, Table S9). A mutant for the non-TF gene PIRL8 had
decreased germination and ABA sensitivity (Fig. 4C). PIRL8
belongs to a plant-specific class of intracellular leucine-rich re-
peats that likely mediate protein interaction, possibly in the
context of signal transduction (28). PIRL8 is a neighbor of SOM,
DREB2G, and ANAC089, and these TFs are coexpressed with an
important number of genes involved in cellular protection mech-
anisms (Fig. 3E). We also found that mutants for the GOLS1 and
GOLS2 genes (which encode enzymes involved in raffinose bio-
synthesis) had a reduction in germination of 20 to 30% with
respect to their wild-type control (Fig. 4A). These results suggest
that target genes of the major nodes of FullSeed-subNetDT2 do
indeed play important roles in DT. A lower germination effi-
ciency in these mutants with respect to their WT could be due to
the formation of defective embryos rather than to a defect in
seed DT. Therefore, to determine whether the lower germina-
tion phenotype observed in TF and effector mutants is due to
developmental defects during embryo formation or to a reduced
DT, the morphology of green and dry seeds for each mutant was
evaluated. We did not detect any embryo defects in any of the TF
or effector gene mutants that were tested in this work (SI Ap-
pendix, Fig. S13).

Overexpression of PLATZ1, AGL67, or DREB2D Partially Rescues the
Desiccation Intolerance Phenotype of abi3-5. If the TFs identified as
major nodes in FullSeed-subNetDT1 and FullSeed-subNetDT2
act downstream of ABI3, FUS3, and LEC1 and play important
roles in activating effector genes involved in DT, then over-
expression of some these TFs in a desiccation-intolerant back-
ground, for example abi3-5, should partially revert the desiccation
intolerance phenotypes of these mutants. To test this, we expressed
AGL67, DREB2D, and ERF23 from TFsSeed-subNetDT1 and
PLATZ1, PLATZ2, and DREB2G from TFsSeed-subNetDT2
under the control of the 35S promoter in the abi3-5 background
(Fig. 4 D and F and SI Appendix, Fig. S14). Dry seeds were
collected and stored for 0, 1, 2, and 4 wk at 10% RH and then
tested for germination efficiency. As previously reported (29)
(Fig. 4E), abi3-5 seeds rapidly lose viability after desiccation and,
after 1 wk of storage, germination was reduced to less than 5%.
In contrast, seeds from the abi3-5/35S::PLATZ1 (Fig. 4 D and
E), abi3-5/35S::AGL67 (SI Appendix, Fig. S14 A and B), and
abi3-5/35S::DREB2G (SI Appendix, Fig. S14 C and D) lines
showed a germination rate of 25, 30, and 12%, respectively, after
4 wk of storage. These results demonstrate that overexpression
of some of the TFs identified as major nodes in TFsSeed-sub-
NetDT1 and TFsSeed-subNetDT2 can partially rescue DT in
abi3-5 seeds.
The capacity of PLATZ1, AGL67, and DREBG2 to partially

complement the desiccation intolerance phenotype of abi3-5
seeds should, in principle, involve the activation of the effector
target genes with which these transcription factors interact in
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TFsSeed-subNetDT1 and TFsSeed-subNetDT2. To confirm that
the corresponding predicted target genes are indeed transcrip-
tionally activated by these TFs, we evaluated the effect of the
expression of the 35S::PLATZ1 gene construct (SI Appendix, Fig.
S15) in the abi3-5 genetic background on the expression of some

of the putative PLATZ1 target genes with a high MI value, such as
LEA-related, LEA4 and XERO1; antioxidants, NRS; oligosac-
charide synthesis, UGE3, GOLS1, and TTP5; oleosins, OLE3; and
TFs, ABI5, PLATZ2, and ATAF1 (Fig. 4 F and G). Using two
independent PLATZ1-overexpressing lines (SI Appendix, Fig. S15),

Fig. 4. Transcriptomic network inference reveals novel genes involved in desiccation tolerance. (A) TF node mutants with reduced DT. Germination per-
centage of seeds 6 d after sowing. Values are the means ± SD of four biological replicates; n = 100 seeds per replicate. (B) Germination percentage of Col-0,
platz1-1, platz2-1, and pirl8-1 seeds stored for 0, 7, 14, 43, and 56 d after desiccation (dad). Values are the means ± SD of three biological replicates. (C) Effect
of ABA treatment on seedling viability or growth efficiency (scored as the % of seedlings with green cotyledons in each treatment); note that the highest
percentage is detected for abi3-5 (reported as ABA-insensitive) and the lowest is for the WT control. Seedlings were grown on Murashige and Skoog (MS)
medium with 0, 3, 5, 7, and 10 μM ABA and their phenotypes were scored 15 d after sowing. Values are the means ± SD of three replicates; n = 50 per
replicate. (D) PLATZ1 overexpression partially rescues the abi3-5 seed desiccation intolerance phenotype. Seeds were grown on MS medium, and survival was
scored 10 d after sowing. (E) Germination percentage of WT (Ler), abi3-5, and 35S::PLATZ1/abi3-5 seeds stored for 0, 7, 14, and 30 d after desiccation. Values
are the means ± SD of three biological replicates. (F) PLATZ1 interactor genes (FullSeed-subNetDT2) related to cellular protection at DPI 0.1. (G) Real-time PCR
of ABI5, ATAF1, UGE3, TTP5, LEA4, ChIADR, PLATZ2, GOLS1 (neighboring genes of PLATZ1 in F represented with red edges), and ABI3 in 35S::PLATZ1/abi3-5
line seeds at 21 DAF; abi3-5was used as the reference gene. UBQ10 and TIP4L served as internal controls. Data are the means ± SD of two biological replicates
and three technical replicates. Values are means ± SD of three biological replicates. Bars with asterisks are significantly different from the control (Student’s t
test, *P < 0.05, **P < 0.01, ***P < 0.0001).
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we found that in most cases the putative target genes had a 1.5- to
4-fold higher expression in the 35::PLATZ1-overexpressing abi3-5
lines than in the abi3-5 control line. These results suggest that the
expression of the genes predicted to be regulated by PLATZ1 is
indeed directly or indirectly activated by this TF.

Constitutive Expression of PLATZ1 Confers Tolerance to Low Water
Availability in Vegetative Tissues. Our results suggest that PLATZ1
is capable of activating a subset of TFsSeed-subNetDT2 genes that
appears to be important for the acquisition of DT in Arabidopsis
seeds. To test whether PLATZ1 indeed plays a relevant role in DT,
we introduced the 35S::PLATZ1 gene construct into the WT Ara-
bidopsis Col-0 ecotype and tested whether its constitutive over-
expression had any effect on the phenotype of vegetative tissue
subjected to water stress. With this aim, seedlings from four in-
dependent 35S::PLATZ1 transgenic lines were grown under full
irrigation in the greenhouse and subjected to a period of 7 d without
irrigation, and then the number of surviving plants 4 d after a re-
covery irrigation treatment was scored. The four tested lines showed
a 70 to 80% plant survival rate compared with 10% survival
recorded for WT Col-0 (Fig. 5 A and B). Similar results were
obtained in experiments carried out in growth chambers in which
temperature and light conditions were controlled (Fig. 5 C and D).
These results show that transgenic plants ectopically expressing
PLATZ1 have an enhanced tolerance to low water availability
compared with the WT. Although additional experiments are re-
quired to determine whether enhance tolerance to low water avail-
ability is due to the activation of protective mechanisms, a reduced
cell metabolism, or a reduced growth rate, the finding that plants
expressing PLATZ1 under the 35S promoter are capable of better
surviving low water availability in the soil suggests that the DT
regulatory subnetworks are relevant to seed DT, as activation of any
of these mechanisms or their combinations could play an important
role in allowing cells in the Arabidopsis embryo to enter into a low
metabolic dormant state in which cells are protected against water
stress and become more tolerant to desiccation.

Discussion
Desiccation tolerance has allowed seed plants to conquer eco-
systems with long periods of limited water availability by providing
a state in which the embryo is maintained as viable until favorable
conditions for germination are encountered. This adaptive feature
allows seeds to remain dried for hundreds or even thousands of
years without losing their ability to germinate (30–32). Significant
advances have been achieved in our understanding of the pro-
cesses involved in seed maturation and their regulatory mecha-
nisms in Arabidopsis (22) and Medicago (3, 4). However, the
molecular networks that regulate the DT process remain largely
unknown. Our results provide novel clues on the molecular net-
works acting downstream of the master genes LEC1, ABI3, FUS3,
and LEC2 that modulate seed development, including DT, during
seed maturation.
ABI3, FUS3, LEC1, and LEC2 have been shown to control most

aspects of seed maturation and to repress the transition from
embryo to vegetative development (13, 17, 18). Although some
aspects of their function are specific, namely chlorophyll break-
down controlled by ABI3 (33) and production of somatic embryos
controlled by LEC1 and LEC2 (12, 16), their role in seed matu-
ration is globally similar. A genetic analysis of single and double
mutants suggests that these genes integrate an important regula-
tory network with overlapping functions, which could be explained
by synergism or redundancy (19). Interestingly, ectopic expression
of LEC2, FUS3, or ABI3 in the single- or double-mutant
backgrounds of the other two regulators was able to initiate seed
lipid and storage protein accumulation but not DT, suggesting that
all three regulators are required to activate the expression of TFs
directly involved in DT (20). Our comparative transcriptomic
analysis confirms that ABI3, FUS3, LEC1, and LEC2 repress the

Fig. 5. Constitutive expression of PLATZ1 confers tolerance to low water
availability in vegetative tissues. 35S::PLATZ1/Col-0-overexpressing lines dis-
play increased tolerance to low water availability under both greenhouse
(A and B) and growth chamber (C and D) conditions. Plants were grown
under greenhouse conditions for 20 d and then subjected to a low water
availability treatment by withholding water irrigation for 15 d; after the
drought treatment, plants were evaluated 5 d after being irrigated once to
field capacity. (A, Upper) Transgenic and WT plants before the low water
availability treatment. (A, Lower) 35S::PLATZ1 and control plants 5 d after
the low water availability treatment (flowering stems were cut to show the
rosette leaves). (B) Percentage of surviving plants after the low water
availability treatment and the recovery irrigation. Values are the means ± SD
of three biological replicates (n ≥ 18). (C) Independent pots with Arabidopsis
plants grown under growth chamber conditions were subjected to a low
water availability stress in which water was withheld for 15 d and then
subjected to a recovery irrigation treatment; images of representative
Col-0 and 35S::PLATZ1 plants 5 d after the recovery irrigation are shown
(flowering stems were cut to show the rosette leaves). (D) Percentage of
surviving plants after the low water availability treatment and the re-
covery irrigation. Values are means ± SD of three biological replicates (n ≥
18). Growth chamber conditions were 22 °C with a 16-h photoperiod of
200 μmol·m−2·s−1.
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transition from embryo to vegetative development, because up-
regulated genes in the corresponding null mutants were mainly
associated with high metabolic activity, including genes involved in
photosynthesis and anthocyanin synthesis that are probably re-
sponsible for the green and purple seed phenotypes observed in
these mutants (SI Appendix, Table S8) as well as genes involved in
leaf development and trichrome formation (SI Appendix, Table
S8). These results are in agreement with the notion that ABI3,
FUS3, LEC1, and LEC2 are key genes determining seed identity
and that mutations in any of these genes transit directly from
embryo to vegetative development.
Our comparative transcriptional global analysis from the in-

teraction model allowed us to identify DT-specific differentially
expressed genes independent of other genes whose altered ex-
pression contributes to the pleiotropic phenotype of lec1-1, lec2-1,
fus3-3, and abi3-5 (SI Appendix, Tables S1 and S3). To remove the
background related to the development transition, we used the
comparison of lec1-1, fus3-3, and abi3-5, which have similar phe-
notypes, and lec2-1 and abi3-1 to identify specific genes of DT (SI
Appendix, Table S1). Therefore, in our model, down-regulated
genes represent specific genes that fail to be activated in desicca-
tion-intolerant mutants, which should include TF genes that co-
ordinate the establishment of DT and effector genes that are
directly responsible for the different components that result in DT.
One of the most intriguing questions about how seeds in the

desiccated state can remain viable for periods of time that can
exceed centuries is particularly how the integrity of DNA is pre-
served to prevent permanent damage making the seed unviable.
Three types of DNA damage under physiological conditions have
been reported: hydrolysis of the N-glycosyl bond, hydrolytic de-
amination of cytosine to form uracil, and DNA damage by oxi-
dation. The first two types of DNA damage are catalyzed by water,
and therefore the last layers of water that interact with DNA need
to be removed or decreased to prevent damage, and the third is
mediated mainly by reactive oxygen species (ROS) (34, 35). In
Arabidopsis, some oligosaccharides accumulate very late during
seed development and have been proposed as possible key factors
in the acquisition of DT, acting as protective agents via a water
replacement mechanism (9). This hypothesis suggests that hy-
droxyl groups of these sugars substitute for water and provide the
required hydrophilic interaction for membrane and protein sta-
bilization, as well as DNA protection against hydrolytic damage.
In agreement with the notion that oligosaccharides play an im-
portant role in preserving protein, membranes, and DNA from
damage during seed desiccation and the dry seed stage, we found
that among the DT-specific gene categories unveiled by our
transcriptome analysis one of the most affected was oligosaccha-
ride synthesis (mainly raffinose, stachyose, and trehalose synthe-
sis). In transcriptome analysis, we also found a significant number
of genes related to the control of cellular damage by free radicals.
These ROS detoxification enzymes such as superoxide dismutases,
catalases, ascorbate peroxidases, glutathione peroxidases, and
glutathione reductase (SI Appendix, Table S8) could play an im-
portant role in the context of dry quiescent seeds in which reactive
oxygen species are generated. Therefore, accumulation of anti-
oxidant components during the late maturation stage contributes
to controlling their storage potential, and helps to prevent damage
from accumulated ROS during seed maturation. Accumulation of
RFOs and activation of mechanisms that prevent damage by ROS
allow maximum metabolism reduction to decrease the production
of toxic compounds and to prevent membrane, DNA, RNA, and
protein damage.
Some studies have proposed that the accumulation of oligo-

saccharides is not sufficient for the acquisition of DT in Arabi-
dopsis seeds (29, 36). However, the fact that the level of
oligosaccharides was found to be reduced in desiccation-intolerant
mutants, but not in lec2 and the WT, suggests a clear correlation
between DT and raffinose accumulation. Moreover, the reduction

in germination displayed by gols1 and gols2 T-DNA insertion
mutants provides direct evidence supporting the role of RFOs in
the acquisition of DT.
Our comparative transcriptomic analysis of desiccation-toler-

ant and -intolerant mutants identified biological processes im-
portant for DT acquisition in seeds and coincides with findings
from previous reports (3, 37). However, there is no information
available on TFs that regulate the genetic networks involved in
the acquisition of seed DT. In this work, we identified TF genes
that are major nodes in the subnetworks related to DT. The
importance of these TFs in the acquisition of seed DT was
confirmed by the observation that seed viability was reduced
in T-DNA insertion mutants of some of these TFs, such as
PLATZ1, PLATZ2, AGL67, and ATAF1. Moreover, network
prediction of the potential targets of the TFs identified as major
regulatory nodes was confirmed by the observation that the ex-
pression of several of the putative targets of PLATZ1 was indeed
up-regulated in PLATZ1-overexpressing lines. All these data
support the notion that TFsSeed-subNetDT1 and TFsSeed-
subNetDT2 downstream of LEC1, FUS3, and ABI3 are essential
for the acquisition of DT in seeds. It remains to be determined
whether the regulatory subnetworks that our data strongly sug-
gest regulate, at least in part, DT in Arabidopsis seeds are or are
not conserved in other angiosperms. In this regard, it is quite
suggestive that several of the nodes in TFsSeed-subNetDT1 and
TFsSeed-subNetDT2 have seed-specific expression in different
plant species. For example, PLATZ1 orthologs are specifically
expressed during seed maturation in rice, soybean, and maize.
Interestingly, maize PLATZ1 is orthologous; in addition to being
expressed during seed maturation, it is also strongly induced by
drought stress (SI Appendix, Fig. S17).
A number of previously published reports further support our

results on the prediction of regulatory subnetworks involved in
seed DT: (i) Some of the TFs that are major nodes in these
subnetworks seem to be directly activated by LEC1; for example, it
has been shown that PEI1 and ERF23 are activated by ectopic
expression of LEC1 (38); (ii) overexpression in Arabidopsis of
ATAF1, one of the TFsSeed-subNetDT2 nodes with a high num-
ber of interactions with effector genes, was previously reported
to enhance drought tolerance in Arabidopsis (39); (iii) SOM is a
TF belonging to the CCCH-type zinc-finger family that has been
reported to negatively regulate seed germination by activating
ABA biosynthesis and inhibiting gibberellic acid biosynthesis (40);
and (iv) although the precise functions of DREB2G and DREB2D
are still unknown, they belong to a TF family that is generally in-
volved in abiotic stress tolerance (41).
Because LEC1 and ABI3 are highly conserved from bryophytes

to angiosperms (42), an important question is whether vegetative
DT was originally controlled by these TFs, which were then
recruited to control seed development, or whether the networks
responsible for DT were controlled by other master regulators
responsible for the activation of DT genes in an inducible manner
in vegetative tissues. The study of basal plants that have vegetative
DT would allow us to answer this question, which has significant
importance for understanding the evolution of land plants. More-
over, vegetative DT is an ancestral feature of plants and has
reevolved at least eight times in angiosperms, suggesting that a
conserved set of regulatory genes has been recruited several times
to activate vegetative desiccation during plant evolution. Thus,
another interesting question is whether the regulatory subnetworks
that control vegetative DT in basal plants are similar to those
controlling DT in seeds. We propose that recruitment of the DT
regulators that act downstream of LEC1 and ABI3 for expression
in vegetative tissues might be responsible for the independent
reevolution of vegetative DT during plant evolution (SI Appendix,
Fig. S20). As a first attempt to answer this question, we performed
a phylogenetic analysis of the conservation of the key nodes of
the TFsSeed-subNetDT1 and TFsSeed-subNetDT2 networks. We
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found that PLATZ1, PLATZ2, AGL67, DREB2D, and DREB2G
are conserved in the bryophyte Physcomitrella patents, vascular DT
basal plants such as Selaginella moellendorffii, the basal angio-
sperm Amborella trichopoda, the monocotyledonous species Oryza
sativa (rice) and Zea mays (corn), the DT plant Oropetium tho-
maeum, and the dicotyledonous species Glycine max (soybean)
and Solanum lycopersicum (tomato) (SI Appendix, Figs. S16–S19).
This opens up the possibility that a core DT regulatory network

could indeed have been conserved throughout plant evolution.
Further research will be needed to explore whether DT is or-
chestrated by regulatory networks in which at least a common core
of TFs has been conserved during plant evolution and to de-
termine how it has been rewired several times to be activated in
seeds and in vegetative tissues.

Materials and Methods
Plants were grown in a sterile mix of vermiculite and soil in a growth chamber
at 22 °C with a 16-h photoperiod at 200 μmol·m−2·s−1. For RNA-seq and
carbohydrate profiles, flowers were marked and, at specific times after
flowering (15, 17, and 21 DAF), siliques were harvested from 24 plants and
seeds were collected and immediately frozen in liquid nitrogen and stored
at −80 °C.

Statistical Analyses. Gene counts were normalized using edgeR’s (version
2.9.16) (4) TMM [trimmed mean M (1/4 log fold-change gene expression)]
algorithm. For the analysis of differentially expressed genes, only genes with
at least five reads across all samples were included. For tolerance designa-
tion, we tested for differential expression of genes using the multifactor
generalized linear model (glms) approach in edgeR.

Categorization and Functional Analysis. GO annotation analysis on gene
clusters was performed using the BiNGO 2.3 plugin tool in Cytoscape version
2.6 with GO_full and GO_slim categories (www.cytoscape.org).

Gene Expression Analysis. Gene-specific primer pairs (SI Appendix, Table S10)
designed using the National Center for Biotechnology Information Primer-
BLAST tool (10) were used for real-time PCR. A total of 10 μg of RNA was
reverse-transcribed using SuperScript III Reverse Transcriptase (Life Tech-
nologies) according to the manufacturer’s instructions.

A more detailed description of all material and methods is provided in
SI Appendix.
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