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Abstract 
 

Crucial Connections:  Plant Cell-Cell Communication by Plasmodesmata  
is affected by Signaling among the Organelles 

 
by 
 

Anne Mary Runkel 
 

Doctor of Philosophy in Plant Biology 
 

University of California, Berkeley 
 

Professor Patricia Zambryski, Chair 
 
 

Plant cells transport molecules through small channels called plasmodesmata (PD); 
these nanoscopic channels are ~30-50 nm in diameter and cross through cellulosic 
walls to connect neighboring cells. PD regulate the movement of key developmental 
factors (e.g. transcription factors, small RNAs, and hormones) from cell to cell, which 
influence the formation of new organs, cell types, embryos, and the meristem. Mutants 
that affect PD transport were identified indirectly, in screens for defective developmental 
processes (e.g. stomata formation or root development), and in screens directed at 
finding PD transport mutants.  
 
The genes identified in mutant screens for altered PD transport encode proteins that do 
not localize to PD. These genes that affect PD transport include INCREASED SIZE 
EXCLUSION LIMIT (ISE) 1 and ISE2, which encode RNA helicase proteins that localize 
to mitochondria and plastids, respectively; GFP ARRESTED TRAFFICKING 1 (GAT1), 
which encodes a plastid-localized thioredoxin; CHAPERONIN CONTAINING TCP1 8 
(CCT8), which encodes a cytoplasmic chaperonin subunit; and DECREASED SIZE 
EXCLUSION LIMIT 1 (DSE1), which encodes a WD40-repeat protein found in the 
cytoplasm and nucleus.  
 
Loss of DSE1 causes decreased PD transport both in Arabidopsis thaliana embryos 
and in the leaves of a distantly related eudicot species Nicotiana benthamiana. Through 
transcriptome analysis, we demonstrate here that DSE1 affects the expression of seed 
maturation and abscisic acid (ABA) response genes and that ABA INSENSITIVE 5 
(ABI5), a key ABA transcription factor, reduces cell-cell transport. Further, dse1 
embryos have reduced PD frequency, suggesting that the PD transport phenotype 
observed in this mutant is due to fewer PD in the cell wall. 
 
We characterize a new PD mutant ise3 that was identified in a screen for mutants with 
increased PD transport in A. thaliana embryos. ISE3 encodes a SEL1-like repeat 
mitochondrial protein and we show that this protein interacts with an EMBRYO 
DEFECTIVE-mitochondrial-PPR-domain-containing protein in Bimolecular Fluorescence 
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Complementation. Loss of the N. benthamiana orthologs of ISE3 or its interactor, ISE3 
INTERACTING PROTEIN 1 (IPR1), cause increased PD transport in leaves. We also 
show that ISE3, like ISE1 affects the expression of genes involved in reactive oxygen 
species (ROS) regulation and show that loss of ISE3 or IPR1 cause increased H2O2 
production. These results support findings that ROS can regulate PD transport, and 
further suggest that the mitochondria and the plastids signal to the nucleus (through 
‘retrograde signaling’) to coordinate nuclear gene expression and PD transport, in a 
pathway called ‘organelle-nucleus-PD signaling’, or ONPS. This thesis supports the 
growing body of evidence that intercellular transport is driven by critical intracellular 
signals and processes. 
 
Retrograde signalling pathways require signal exchange among the organelles and the 
nucleus, and a putative pathway for this exchange is through “stromules,” which are 
stroma-filled tubular extensions of plastids. Herein we describe the first identified signal 
transduction pathways initiated by the plastid that are linked to stromule formation. We 
show that stromule frequency is affected by light cues as well as by ROS and the redox 
status of the chloroplast. Finally, we demonstrate that isolated chloroplasts can make 
stromules, indicating that the plastid drives the formation of these tubule structures, 
which may be involved in intracellular signalling. 
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Plasmodesmata structure 

Plant cells, unlike animal cells, are separated by cellulosic walls. Cell walls create 
structural integrity and a barrier to pathogens, but they also pose a challenge for the 
movement of micro and macromolecules among cells. Plant cells transport molecules 
through small channels in the cell wall called plasmodesmata (PD).  

Transmission electron microscopy (TEM) imaging reveal the structure of PD; these 
nanoscopic channels are ~30-50 nm in diameter and cross through the cell wall to 
connect neighboring cells (Fig. 1A) (reviewed in Burch-Smith and Zambryski, 2012). 
A few basic structural components make up PD: the cytosolic sleeve, where most 
molecules move between cells; the plasma membrane that is continuous between the 
connected cells; and strands of tightly compressed endoplasmic reticulum (ER) that 
make up the ‘desmotubule’ in the center of PD (Fig. 1B). While many PD simply cross 
the cell wall as a simple channel, some PD form branched, twinned, and complex 
structures (Fig. 1A) (Burch-Smith and Zambryski, 2010; Burch-Smith et al., 2011a; 
Oparka et al., 1999). Additional cellular components have been observed in PD, 
including cytoskeletal proteins (e.g. actin and myosin) (White and Barton, 2011), and a 
number of recently discovered PD localized proteins (Table 1; Burch-Smith et al., 
2012). The function of PD localized proteins is the subject of ongoing research.  

Table 1. Recently discovered plasmodesmal localized proteins 
Protein Name1 Protein Function Reference 

β-1,6-N-ACETYLGLUCOSAMINYL 
TRANSFERASE-LIKE ENZYME (GnTL) Glycosyltransferase-like protein (Zalepa-King and 

Citovsky, 2013) 

CLAVATA1 (CLV1), ARABIDOPSIS CRINKLY4 
(ACR4), STRUBBELIG (SUB), QUIRKY(QKY) Receptor-like kinase (Stahl et al., 2013; 

Vaddepalli et al., 2014) 

GLUCAN SYNTHASE-LIKE 12 (GSL12) Putative callose synthase, negatively 
regulates PD transport 

(Zavaliev et al., 2011; 
Vatén et al., 2011) 

LYSIN MOTIF DOMAIN-CONTAINING GPI-
ANCHORED PROTEIN 2 (LYM2) 

Receptor-like protein, negatively regulates 
PD transport in response to chitin 

(Amari et al., 2010; 
Faulkner et al., 2013) 

NETWORKED 1A (NET1A) Actin-binding protein (Deeks et al., 2012) 

PD GERMIN-LIKE PROTEIN 1, 2 (PDGLP1,2) Positively regulate PD transport (Ham et al., 2012) 

RETICULONS 3, 6 (RTNLB3,6) Associate with the ER in the desmotubule 
of PD 

(Knox et al., 2015; 
Kriechbaumer et al., 2015) 

1 Burch-Smith and Zambryski (2012) describe additional proteins and cellular 
components of PD. 

Plasmodesmata function 

How is plasmodesmatal transport regulated? 

PD can transport small (e.g., sugars, ions, hormones) and large molecules (e.g., 
proteins and RNAs) (Chaiwanon et al., 2016; Furuta et al., 2012; Wu and Gallagher, 
2012; Xu et al., 2011), and the movement of molecules through PD depends primarily 
on 1. the aperature of the PD, 2. the number of PD in the cell wall, 3. the size of the 
molecules to be transported, which is also linked to cytoplasmic streaming, and 4. 
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Fig. 1. PD are nanoscopic channels that connect neighboring cells. (A) TEM of PD 
in the plant cell wall. A simple PD (top) and a twinned PD (bottom) are noted by white 
arrows. (scale = 0.2 µm). (B, left) The cytosol (light green) is shown on either side of 
two neighboring cells. The cytosolic sleeve (light green) is where most molecules 
transport from cell to cell, and is the open area between the cell wall (wall is orange, 
with plasma membrane brown) and the tightly compressed desmotubule (purple). (B, 
left) PD can transport small (dark green dots) and large molecules (blue dots); smaller 
molecules move more readily through PD than larger molecules. (B, right) PD aperture 
is thought to be regulated by callose deposition (teal) in the cell wall surrounding PD. 
(B) Callose synthases promote callose formation and reduce PD transport, and β-1,3-
glucanases degrade callose and increase PD transport. (C, left) The number of PD in 
the cell wall influence the ability for molecules to move between neighboring cells. 
Without PD, the molecules (dark green and blue dots) cannot move cell to cell. (C, 
right) With PD in the cell wall, molecules can move. (C) PD formation can occur during 
cell division and also after cell division. PD degradation can occur when specific cells 
need to be isolated. 
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sequestration or subcellular targeting of molecules (Burch-Smith and Zambryski, 
2012; Calderwood et al., 2016; Crawford and Zambryski 2000; Pickard, 2003; Rim 
et al., 2011). Only certain proteins – such as viral proteins – are targeted to PD and 
move through cells in a directed manner (Deng et al., 2015; Heinlein, 2015; Niehl and 
Heinlein, 2011). Certain protein-protein interactions may be involved in regulating PD 
transport, as shown for CHAPERONIN CONTAINING TCP1 (CCT8), a chaperonin 
subunit, that is required for proper folding of the KNOTTED (KN1) transcription factor 
(TF) after KN1 moves through PD (Xu et al., 2011; Fichtenbauer et al., 2012). 
Generally, molecules move through PD without facilitation; however, and we describe 
these basic PD regulatory mechanisms here.   
 
Presumably, PD with a wider diameter allow larger and more molecules to move cell to 
cell. PD aperture is regulated by callose deposition in the cell wall surrounding PD, and 
callose synthases promote callose formation at PD, thus reducing cell-cell transport 
(Fig. 1B) (Botha et al., 2000; De Storme and Geelen, 2014; Lee et al., 2011; Vatén 
et al., 2011; Zavaliev et al., 2011). Degradation of callose at PD is mediated by β-1,3-
glucanases and results in increased PD transport (Levy et al., 2007).  
 
Another mechanism regulating PD transport is the number of PD in the cell wall, which 
is regulated by PD formation and degradation (Fig. 1C). PD formation can occur during 
cell division (primary PD) and also after cell division (secondary PD) (Burch-Smith and 
Zambryski, 2012; Burch-Smith et al., 2011a). Secondary PD are necessary to form 
the connections between cells that are not the progeny of a cell division, such as the 
cells between the radial layers of the root. PD degradation is less generalized but can 
occur when specific cell types, such as stomata, need to be isolated.  
 
To date, a few Arabidopsis thaliana mutants have been shown to alter PD formation. 
Two mutants with increased PD transport increased size exclusion limit (ise) 1 and ise2 
have higher proportions of twinned and branched PD in embryos (Burch-Smith and 
Zambryski, 2010; Kim et al., 2002; Stonebloom et al., 2009). A mutant with 
decreased PD transport decreased size exclusion limit (dse1) has fewer twinned and 
branched PD and reduced PD frequency in embryos (Thesis Chapter 2; Xu et al., 
2012). A different mutant screen identified gfp arrested trafficking (gat1) with reduced 
PD transport; gat1 does not affect PD frequency, but displays more branched and 
occluded PD in the root (Benitez-Alfonso et al., 2009).  
 
Molecules themselves can affect cell-cell transport; smaller molecules move more 
readily through PD than larger molecules (Fig. 1B), which is at least in part related to 
cytoplasmic streaming (Pickard, 2003). Studies with heterologous fluorescent proteins, 
such as GFP, and large fluorescent dyes show that large molecules can move from cell 
to cell, and that the rate of movement is largely dependent on the size of the molecule 
(Brunkard et al., 2015b; Crawford and Zambryski, 2001; Kim et al., 2002; Kim et 
al., 2005a; Kim et al., 2005b; Oparka et al., 1999; Roberts et al., 1997; Wu et al., 
2003).  
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Subcellular targeting and sequestration can also affect how specific molecules traffic 
through PD. Since nearly all plant cells are connected by PD, most molecules — 
including proteins — should be able to move cell to cell, so how are proteins retained, 
especially those that are necessary for a specific function in one cell or tissue? One 
mechanism is subcellular targeting or sequestration, which occurs when proteins are 
targeted to a part of the cell (e.g. nucleus, plastid, mitochondria, or ER). For example, 
the SHORT ROOT TF regulates root endodermis specification and it becomes trapped 
in the nucleus after association with the protein SCARECROW before it moves to a 
neighboring cell through PD (Cui et al., 2007; Schiefelbein et al., 2014). Similarly, 
when TRANSPARENT TESTA GLABRA 1 (TTG1), which is essential for trichome 
patterning, associates with GLABRA 3 (GL3), it becomes trapped in the nucleus 
(Bouyer et al., 2008; Balkunde et al., 2011).  
 
Plasmodesmatal transport controls plant development 
 
PD play a critical role in plant tissue formation and patterning, including the formation of 
new organs, cell types, embryos, and the meristem (Benitez-Alfonso et al., 2013; 
Daum et al., 2014; Giannoutsou et al., 2013; Gisel et al., 1999; Gisel et al., 2002; 
Kim et al., 2002; Kim et al., 2005a; Kim et al., 2005b; Maule et al., 2013; Otero et al., 
2016; Rinne and van der Schoot, 1998; Sanger and Lee, 2014; Vatén et al., 2011), 
which is largely because PD regulate the movement of key developmental factors (e.g. 
TFs, small RNAs, and hormones) (Furuta et al., 2012; Molnar et al., 2011; Gallagher 
et al., 2014). In fact, TF movement through PD appears to be the rule rather than the 
exception (Chen et al., 2013; Cui et al., 2007; Lee et al., 2006; Rim et al., 2011; 
Schiefelbein et al., 2014; Wu and Gallagher, 2011; Wu and Gallagher, 2012). Since 
PD traffic developmental regulators, several screens for mutants with defective 
developmental processes have found weak mutant alleles of genes that affect PD. The 
role of PD in stomatal formation and root tissue and organ differentiation is well 
supported and is described here.  
 
Genetic screens for defective stomatal complex formation found two mutants: chorus 
and kobito1 that both have increased PD transport, allowing the TF SPEECHLESS 
(SPCH) to traffic out of a differentiating guard cell and initiate spurious stomatal 
formation (Guseman et al., 2010; Kong et al., 2012; Pillitteri and Torii, 2012). chorus 
is a weak recessive allele of GLUCAN SYNTHASE-LIKE (GSL8), a gene that encodes a 
putative callose synthase (Guseman et al., 2010; Chen et al., 2009; Zavaliev et al., 
2011). Loss of GSL8 results in very little callose accumulation at PD and, subsequently, 
increased PD transport (Guseman et al., 2010). kobito1 mutants do not show defects in 
callose deposition at PD, instead, kobito1 is involved in cellulose biosynthesis during 
cell expansion, and is an abscisic acid (ABA) insensitive (abi) mutant (Brocard-Gifford 
et al., 2004; Kong et al., 2012; Pagant et al., 2002). 
 
In a screen for A. thaliana mutants with root stele developmental defects, a dominant 
mutation (cals3-d) in GSL12, which like GSL8, encodes a putative callose synthase, 
was found to increase callose deposition specifically in the cell wall surrounding PD. 
cals3-d decreases PD transport and prevents intercellular movement of the SHORT-
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ROOT TF and a regulatory small RNA, miRNA156 (Carlsbecker et al., 2010; Vatén et 
al., 2011).  
 
The formation of lateral root organs is also affected by PD transport; during lateral root 
organogenesis, PD transport into the emerging lateral root becomes more and more 
restricted as callose accumulates at the PD separating the lateral root from the main 
root axis (Benitez-Alfonso et al., 2013; Maule et al., 2013). Loss of β-1,3 glucanases 
(PDBGs) cause ectopic lateral root formation, and overexpression of PDBGs decrease 
lateral root formation (Benitez-Alfonso et al., 2013). Cellular isolation, caused by 
callose at PD, presumably allows the plant hormone auxin to accumulate in the lateral 
root primordia and initiate organogenesis (Han et al., 2014; Maule et al., 2013), 
possibly through cooperation/antagonism with other hormones like ABA and cytokinin 
(Petricka et al., 2012; Shkolnik-Inbar and Bar-Zvi, 2010).  
 
Intracellular signaling affects intercellular signaling 
 
In the last decade, mutant screens identified genes regulating PD transport. The first 
screen found altered movement of fluorescent tracers in embryo defective (emb) 
mutants, reasoning that any mutant with strong effects on PD transport would exhibit 
severely disrupted development (Kim et al., 2002). From this screen, ise1, ise2, and 
dse1 have been characterized (Burch-Smith and Zambryski, 2010; Burch-Smith et 
al., 2011b; Kim et al., 2002; Stonebloom et al., 2009; Xu et al., 2012). Other genetic 
screens searched for mutants with decreased protein movement, and led to the 
characterization of two PD mutants: gat1 and cct8 (Benitez-Alfonso et al., 2009; Xu et 
al., 2011; Fichtenbauer et al., 2012).  
 
Unexpectedly, none of the genes identified from these mutant screens encode proteins 
that localize to PD. ISE1 and ISE2 are RNA helicases that localize to mitochondria and 
plastids, respectively; DSE1 is a WD40-repeat protein found in the cytoplasm and 
nucleus that affects the expression of seed maturation and ABA response genes 
(Thesis Chapter 2); GAT1 is a plastid-localized thioredoxin; and CCT8 is a cytoplasmic 
chaperonin subunit. A newly characterized PD regulatory gene ISE3 encodes a protein 
that is also not found at PD, but localizes instead in the mitochondria (Thesis Chapter 
3). 
 
There must be extensive signaling among organelles, the nucleus, and PD to 
coordinate intercellular transport. Many of the PD mutants identified to date contribute to 
a single narrative: PD function and formation are strongly affected by intracellular 
signals involving the mitochondria and plastids (Fig. 2). Beyond dramatically increasing 
PD transport and affecting PD formation (Burch-Smith et al., 2010; Burch-Smith et 
al., 2011b), loss of ISE1 or ISE2 also affects the expression of thousands of genes, 
many of which encode chloroplast proteins. Loss of ISE3 also increases PD transport 
and affects the expression of nuclear and organellar genes (Thesis Chapter 3). 
Furthermore, although DSE1 is not found in the plastid or mitochondria, it affects the 
expression of genes involved in the ABA response pathway, a signaling pathway that is 
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Fig. 2. Cell-cell transport is driven by many proteins that do not localize at PD. (1) 
Retrograde and anterograde signaling (arrows) coordinate organelles and the nucleus 
(Kleine and Leister, 2016; Kleine et al., 2009). (2) The nucleus affects the function of 
PD through unknown mechanisms (dotted arrow). (3-5) ISE1 is a mitochondrial protein, 
ISE2 is a plastid protein, and ISE3 is a mitochondrial protein; all affect the expression of 
nuclear genes encoding proteins that target to these organelles (Burch-Smith et al., 
2011b; and results herein). (6) H2O2, affects PD transport (Rutschow et al., 2011; 
Stonebloom et al., 2012), and loss (shown with “-”) of ISE1, ISE3, IPR1, or GAT1 
result in excessive H2O2 that may be generated by their respective organelles and may 
explain their PD transport phenotypes (Benitez-Alfonso et al., 2009; Rutschow et al., 
2011; Stonebloom et al., 2009; Stonebloom et al., 2012; Thesis Chapter 3). (7) Loss 
(shown with “-”) of DSE1 affects the expression of nuclear-encoded genes, including the 
transcription factor ABI5, and loss of DSE1 and ABI5 signal (unknown) events to affect 
PD transport (Thesis Chapter 2). [Figure in Thesis Chapter 3 – Runkel AM†, Xu M†, 
Goodman HM, Zambryski PC (in prep 2016) Loss of ISE3, a mitochondrial SEL1-like 
protein, increases plant cell-cell communication.] 
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involved in retrograde signaling (Bobik and Burch-Smith, 2015; Kleine and Leister, 
2016; León et al., 2013).  
 
Changes in the redox states of mitochondria or chloroplasts serve as upstream signals 
to rapidly alter PD transport (Stonebloom et al., 2012). Without the mitochondrial 
genes ISE1 or ISE3, the reactive oxygen species (ROS) hydrogen peroxide (H2O2) over 
accumulates (Stonebloom et al., 2009; Thesis Chapter 3). Loss of the plastid 
THIOREDOXIN-M3 (gat1) also leads to H2O2 accumulation, but gat1 strongly reduces 
PD transport (Benitez-Alfonso et al., 2009). The origin of ROS (the mitochondria 
versus the plastids) and/or the concentration of H2O2 differentially affect PD transport 
(Rutschow et al., 2011; Stonebloom et al., 2012). H2O2 acts as a retrograde signaling 
molecule – for organelles to communicate with the nucleus (Kleine and Leister, 2016; 
Kleine et al., 2009) – which in turn may induce gene expression to affect PD transport. 
Disruptions in chloroplast or mitochondrial homeostasis trigger signal transduction 
pathways that affect nuclear gene expression, and likely, in turn affect PD transport 
(Fig. 2); this pathway is called ‘organelle-nucleus-plasmodesmata signaling’, or ONPS 
(Burch-Smith and Zambryski, 2012; Bobik and Burch-Smith, 2015; Burch-Smith et 
al., 2011b).  
 
How do organelles communicate with the nucleus to coordinate cellular 
functions? 
 
Retrograde signalling pathways rely on a fundamental missing link: the method for 
signal exchange among the organelles and the nucleus. How do the mitochondria and 
the plastids communicate with the nucleus to coordinate cellular functions? A putative 
route for signals to move between the plastids and the nucleus is through “stromules,” 
which are stroma-filled tubular extensions of the plastids (Caplan et al. 2015; Hanson 
and Sattarzadeh, 2011; Köhler et al., 1997). Interestingly, the other two organelles 
primarily involved in ROS generation (a retrograde signal) produce stromule-like 
structures: matrixules of the mitochondria and peroxules of the peroxisomes (Foyer and 
Noctor, 2007).  
 
Stromules have been observed in every cell type and in all land plant species 
investigated to date (Natesan et al., 2005), and such strong evolutionary conservation 
suggests stromules likely have a function. Other than a hypothesized role in intracellular 
signalling, however, stromules have no known function. Many conditions have been 
tested to perturb plant cells in attempts to alter stromule dynamics (an overview of 
conditions tested for altering stromule frequency are reported in Table 2). To date, 
stromule frequency is known to change in response to abiotic stress, plant hormone 
treatments and to massive disruption of whole-cell function. The strongest evidence for 
stromule involvement in cellular signaling was data collected by multiple groups 
showing that stromules could be affected by light (Gray et al., 2012; Schattat et al., 
2012). We tested if light-sensing mechanisms within the chloroplast itself could be 
responsible for changes in stromule frequency, and found the first identified signal 
transduction pathways initiated by the chloroplast that are linked to stromule formation 
(Fig. 3; Thesis Chapter 4). 
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Table 2. Physiological, chemical, or genetic effects on stromule frequency. 
Effect on 

Stromules Testing Treatment Tissue Reference1 

Increase Light/dark 
conditions 

Daytime in 12h/12h day light 
cycle  

Arabidopsis thaliana epidermis  (Schattat, et al.,  2012) 

Transition from constant light 
to constant dark 

Nicotiana tabacum chloroplasts and 
Triticum aestivum leucoplasts 

(Gray et al., 2012) 

Sugars Sucrose or glucose A. thaliana epidermis and A. 
thaliana mesophyll chloroplasts 

(Schattat and 
Klösgen, 2011) 

Oxidizing agent H2O2 T. aestivum root hair leucoplasts; 
Nicotiana benthamiana chloroplasts 
and A. thaliana chloroplasts 

(Gray et al., 2012) 
(Caplan et al., 2015) 

Temperature Warm  N. tabacum chloroplasts (Gray et al., 2012; 
Holzinger et al. 2007) 

Osmoticants Mannitol T. aestivum root hair leucoplasts (Gray et al., 2012) 

Polyethylene glycol 4000 N. tabacum chloroplasts (Gray et al., 2012) 

Salts Sodium chloride (100 mM) or 
Potassium chloride (200 mM) 

N. tabacum hypocotyl epidermis 
chloroplasts and T. aestivum root 
hair leucoplasts 

(Gray et al., 2012) 

Plant hormones Abscisic acid N. tabacum chloroplasts (Gray et al., 2012) 

Ethylene (ACC) N. tabacum chloroplasts and T. 
aestivum root hair leucoplasts 

(Gray et al., 2012) 

Methyl jasmonate  T. aestivum root hair leucoplasts (Gray et al., 2012) 

Cytokinin produced by A. 
tumefaciens GV3101::pMP90 

N. benthamiana chloroplasts; N. 
tabacum chloroplasts 

(Erickson et al. 2014; 
Schattat, et al., 2012) 

INA (SA analog) 
 

Nicotiana benthamiana chloroplasts 
and A. thaliana chloroplasts 

(Caplan et al., 2015) 

Physical 
disruption to leaf 

Leaf detached for 4 hours N. tabacum chloroplasts (Gray et al., 2012) 

Decrease Light/dark 
conditions 

Nighttime A. thaliana epidermis  (Schattat and 
Klösgen, 2011) 

Etiolated seedlings exposed 
to white, red, or far-red light 

N. tabacum transition from etioplast 
to chloroplast 

(Gray et al., 2012) 

Temperature  Cold  N. tabacum chloroplasts (Gray et al., 2012; 
Holzinger et al. 2007) 

Plant hormones Salicylic acid N. tabacum chloroplasts and T. 
aestivum root hair leucoplasts 

(Gray et al., 2012) 

Silver nitrate (inhibitor of 
ethylene action) 

N. tabacum chloroplasts and T. 
aestivum root hair leucoplasts 

(Gray et al., 2012) 

Translation 
inhibitor (cytosol) 

Cycloheximide A. thaliana epidermis (only 
considered leucoplasts) 

(Schattat and 
Klösgen, 2011) 

Cytoskeleton 
inhibitors 

RNAi of myosin XI, BDM, 
Latrunculin B, Cytochalasin D 

N. benthamiana epidermis 
chloroplasts 

(Natesan et al. 2009) 

Fruit ripening 
inhibitor 

ripening inhibitor mutant  S. lycopersicum fruit inner 
mesocarp amyloplasts 

(Waters et al., 2004) 

No effect Sugars Fructose A. thaliana epidermis (only 
considered leucoplasts) 

(Schattat and 
Klösgen, 2011) 

Osmoticants Mannitol or sorbitol A. thaliana epidermis (only 
considered leucoplasts) 

(Schattat and 
Klösgen, 2011) 

Plant hormones 
(ABA inhibitor) 

Abamine or norflurazon T. aestivum root hair leucoplasts (Gray et al., 2012) 

Translation 
inhibitor (plastid) 

Streptomycin or 
Spectinomycin 

A. thaliana epidermis (only 
considered leucoplasts) 

(Schattat and 
Klösgen, 2011) 

Lincomycin or Erythromycin, N. tabacum chloroplasts (Gray et al., 2012) 

Translation 
inhibitor (cytosol) 

Anisomycin, or 
Cycloheximide 

N. tabacum chloroplasts (Gray et al., 2012) 

Cytoskeleton 
inhibitors 

APM or Oryzalin N. benthamiana epidermis 
chloroplasts 

(Natesan et al. 2009) 

1 Quantitative studies of stromule frequencies, and of data collected using plastid-
targeted florescent proteins with in planta (not cell culture) approaches. 
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Fig. 3. Stromules are initiated by signals within the chloroplast. (Left) Stromule 
frequency increases in the light (daytime) in both chloroplasts and leucoplasts. (Center) 
ROS generated from the pETC trigger stromule formation in chloroplasts. (Right) 
Sucrose promotes stromule formation in leucoplasts, but not chloroplasts. Sucrose is 
synthesized in the cytosol from products of the Calvin–Benson cycle in chloroplasts and 
then moves into neighboring heterotrophic pavement cells via plasmodesmata. For 
simplicity of presentation, only photosynthetic mesophyll cells are shown (and not 
photosynthetic guard cells), because there is no evidence suggesting that stromules in 
these cell types behave differently. [Figure in Thesis Chapter 4 and published in 
Brunkard JO†, Runkel AM†, Zambryski PC (2015) Chloroplasts extend stromules 
independently and in response to internal redox signals. Proc Natl Acad Sci USA. 112, 
10044-10049.] 
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Overview of thesis chapters 
 
Thesis Chapter 2: The cytoplasmic WD40 repeat protein DSE1 is involved in one or 
more cellular pathways that affect PD transport, and at least in part, DSE1 controls the 
number of PD that form. The dse1 transcriptome and comparisons to the transcriptomes 
of phenotypically-similar leafy cotyledon mutants and the ise1 and ise2 mutants suggest 
that DSE1 is involved in pathways regulated by abscisic acid (ABA). ABA regulation of 
PD transport was hinted at before (Brocard-Gifford et al., 2004; Han and Kim 2016; 
Kong et al., 2012; Moore-Gordon et al., 1998; Shkolnik-Inbar and Bar-Zvi, 2010), 
and we show that ABI5, one of the major ABA transcription factors, reduces cell-cell 
transport. 
 
Thesis Chapter 3: A newly identified PD mutant ise3 causes increased PD transport. 
ISE3, like ISE1, is a mitochondrial localized protein. An EMB-mitochondrial-PPR-
domain-containing protein interacts with ISE3 in bimolecular fluorescence 
complementation, and loss of the Nicotiana benthamiana orthologs of ISE3 or its 
interactor, ISE3 INTERACTING PROTEIN 1 (IPR1), cause increased PD transport in 
leaves and loss of these genes also cause increased H2O2 production. Further, a 
transcriptome analysis of ise3 mutant embryos suggest ISE3 is involved in reactive 
oxygen species (ROS) regulation. These data provide further support for an emerging 
hypothesis that ROS can regulate PD transport.  
 
Thesis Chapter 4: Plastids are capable of generating stromules through internal 
signalling pathways. Stromule frequency is driven by light cues as well as by ROS and 
the redox status of the chloroplast. Further, the by-product of photosynthesis, sucrose, 
induced stromules in non-photosynthetic leucoplast plastids. Finally, we discovered that 
isolated chloroplasts could make stromules, indicating that the plastid drives the 
formation of its own tubule structures. 
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ABSTRACT 
 
Plant cells use plasmodesmata (PD) to transport key developmental signals, including 
transcription factors, RNA, sugars, and hormones, from cell to cell. Loss of 
DECREASED SIZE EXCLUSION LIMIT 1 (DSE1) causes reduced PD transport, limits 
PD number, and results in various phenotypic abnormalities. An analysis of the dse1 
transcriptome and comparisons to the transcriptomes of phenotypically-similar leafy 
cotyledon mutants suggest that DSE1 is involved in developmental pathways regulated 
by abscisic acid (ABA). Directly applying ABA or overexpressing the ABA response 
transcription factor ABSCISIC ACID INSENSITIVE 5 (ABI5) reduce PD transport. In 
further support, silencing expression of ABI5 causes increased PD transport. ABA and 
other hormones may act as key signals to mediate the reduction of PD transport during 
late embryogenesis, and could affect PD function or formation throughout plant 
development. 
 
INTRODUCTION 
 
Cell-to-cell communication in land plants requires channels that traverse the cell wall, 
called plasmodesmata (PD). PD form cytoplasmic connections between neighboring 
cells, allowing for transport of small (e.g., sugars, ions, hormones) and large molecules 
(e.g., proteins and RNAs) through the symplast (Brunkard et al., 2015a; Calderwood 
et al., 2016; Chaiwanon et al., 2016; Rim et al., 2011; Sanger and Lee, 2014; Wu 
and Gallagher, 2012; Xu et al., 2011). PD are lined with membranes: the plasma 
membrane, continuous along the cell wall, forms the outer limit of the channel, and 
tightly compressed strands of endoplasmic reticulum (the desmotubule) form the axial 
center. Molecules move from cell to cell in between these two membranes in a region 
called the “cytosolic sleeve”. 
  
Regulation of PD transport drives key developmental processes in the plant. PD affect 
the spatial regulation of gene expression by permitting or restricting movement of 
signaling molecules to control organogenesis, meristem organization, and embryo 
development (Benitez-Alfonso et al., 2013; Brunkard et al., 2015a; Daum et al., 
2014; Gisel et al., 1999; Gisel et al., 2002; Kim et al., 2002; Kim et al., 2005a; Kim et 
al., 2005b; Rinne and van der Schoot, 1998; Sanger and Lee, 2014; Vatén et al., 
2011). 
  
PD transport is thought to be controlled by PD in three ways: 1) transient restrictive or 
expansive processes at PD that alter rates of transport, 2) de novo formation of PD 
permitting increased transport between cells, and 3) PD degradation, which may be less 
generalized but can occur when specific cell types need to become isolated, as seen in 
guard cells. One process that restricts PD transport is known, and is caused by callose 
deposition in the cell wall surrounding PD that presumably occludes PD (De Storme 
and Geelen, 2014; Vatén et al., 2011; Zavaliev et al., 2011). Callose deposition is 
countered by β-1,3-glucanases that remove callose and lead to PD opening (Levy et 
al., 2007). The mechanisms driving the formation of PD are not well understood; PD 
can form during cell division (primary PD) and also after cell division (secondary PD), 
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which is critical to form connections between cells that are not the progeny of a cell 
division (Burch-Smith and Zambryski, 2012), such as between the radial layers of 
cells in roots. 
  
Three genes identified in a screen for emb mutants with altered PD transport during 
embryogenesis in Arabidopsis thaliana are currently associated with changes to PD 
formation: two genes are involved in the restriction of PD transport, INCREASED SIZE 
EXCLUSION LIMIT 1 (ISE1) and ISE2, and one gene is involved in promoting PD 
transport, DECREASED SIZE EXCLUSION LIMIT 1 (DSE1) (Brunkard et al., 2013; 
Burch-Smith and Zambryski, 2010; Kim et al., 2002; Stonebloom et al., 2009; Xu et 
al., 2012). These PD mutants were identified based on their enhanced or reduced ability 
to transport symplastic dyes during a key transition in embryo development, when PD 
transport changes to become increasingly restricted at the WT torpedo stage of embryo 
development (Kim et al., 2002). The PD transport phenotype in dse1 embryos is 
incredibly severe, as even 0.5 kilodalton symplastic dyes cannot move between cells 
(Xu et al., 2012). Null mutants of all three alleles are embryo lethal, attesting to the 
essential functions of their encoded products.  
  
ISE1, ISE2, and DSE1 proteins are not localized at PD. Instead, ISE1 is an RNA 
helicase localized to the mitochondria (Stonebloom et al., 2009), ISE2 is an RNA 
helicase found in the chloroplast (Burch-Smith et al., 2011b), and DSE1 is a protein 
containing repeated WD40 motifs (also called Trp-Asp motifs) that is found in the 
nucleus and cytosol (Xu et al., 2012). All three proteins are required for regulation of PD 
transport in embryos of A. thaliana and in the leaves of a distantly related eudicot 
species, Nicotiana benthamiana. Thus, PD function is likely exquisitely sensitive to 
intracellular signals resulting from defects in different critical cellular processes (Burch-
Smith and Zambryski, 2012). 
 
A study of the transcriptomes of ise1 and ise2 implicated both ISE1 and ISE2 in the 
regulation of photosynthesis-associated nuclear gene expression and chloroplast 
biogenesis, and suggested the ‘organelle-nucleus-plasmodesmata signaling’ (ONPS) 
pathway (Burch-Smith and Zambryski, 2012; Burch-Smith et al., 2011b; Brunkard 
et al., 2013). The mechanism by which DSE1 regulates PD, however, is unknown.  
 
DSE1 was first identified as TANMEI (TAN) in a screen for embryo defective (emb) 
mutants and was compared to the leafy cotyledon (lec) mutants lec1, lec2, and fusca 3 
(fus3) (Keith et al., 1994; Meinke et al., 1994; Stone et al., 2001; West et al., 1994) 
due to numerous phenotypic similarities, including ectopic trichome formation on 
cotyledons, anthocyanin accumulation in embryos, and desiccation intolerance 
(Yamagishi et al., 2005). Despite strong phenotypic similarity, crosses of tan to lec1, 
lec2, or fus3 did not reveal epistasis, but instead revealed synergistic effects, 
suggesting that these genes operate in distinct but ultimately overlapping pathways to 
regulate embryogenesis (Yamagishi et al., 2005). A final incarnation of the tan/dse1 
mutant was identified as aluminum tolerant 2 (alt2) in a suppressor screen for an 
aluminum hypersensitive mutant (Nezames et al., 2012). The alt2-1 mutation is a weak 
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mutant allele of DSE1 that interferes with normal root growth inhibition and fails to 
induce the cell cycle inhibitor CyclinB1;1 under aluminum stress.  
 
Proteins with repeated WD40 motifs (WDRs), like DSE1, are involved in many 
molecular pathways in the cell, and are often platforms for protein complex assembly 
(Mishra et al., 2012; Stirnimann et al., 2010). WDRs are involved in hundreds of 
protein interactions in plants; A. thaliana contains 237 proteins with four or more WD40 
motifs, and a single WDR protein can participate in multiple complexes (Ramsay and 
Glover, 2005; van Nocker and Ludwig, 2003). 
 
To identify genetic players in DSE1 signaling, we used comparative transcriptomics to 
study the dse1 transcriptome in comparison to transcriptomes of ise1, ise2, and the lec 
mutants (Burch-Smith et al., 2011b; Yamamoto et al., 2014). The results show that 
DSE1 is required for the normal progression of embryo development, as dse1 
precociously expresses late embryogenesis specific genes. This transcriptional 
response found in dse1 correlates with the known reduction of PD transport in wild type 
(WT) late embryogenesis (Kim et al., 2002; Kim et al., 2005a; Kim et al., 2005b). 
Notably, the abscisic acid (ABA) pathway is altered in dse1, and a key ABA transcription 
factor ABSCISIC ACID INSENITIVE 5 (ABI5) restricts PD transport, suggesting that 
ABA signaling may regulate PD transport. 
 
RESULTS 
 
Transcriptome analysis of dse1 
 
The transcriptome of dse1 reveals alterations in 759 protein-coding genes, 7 
transposable elements, and 1 pseudogene (Fig. 1A, Table S1). We utilized MapMan 
and Gene Ontology (GO) analyses that provide well-accepted outputs for interpreting 
transcriptome-wide changes in gene expression (Klie and Nikoloski, 2012; Usadel et 
al., 2005). Both analyses revealed that dse1 has significant transcriptional alterations in 
two major areas: late embryogenesis developmental pathways regulated by abscisic 
acid (ABA) and photosynthesis. 
 
Unlike the ise1 and ise2 mutants, dse1 showed dramatically induced expression of 
genes associated with late embryogenesis and response to ABA, including those 
encoding LATE EMBRYOGENESIS ABUNDANT PROTEINS (LEA) and seed storage 
proteins; see bins 33, 33.2, 35.1.22, and 17.1, which include the ABA-response and 
LEA genes (Table 1). Conspicuously, some LEA and seed storage protein genes are 
also the top up-regulated genes in the dse1 transcriptome (over 100-fold induction, 
Table S2; LEA genes were annotated as in Hundertmark and Hincha, 2008). 
Additionally, dse1 has an up-regulated gene encoding a critical ABA biosynthesis 
protein, NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 6 (NCED6) (Finkelstein, 
2013; Lefebvre et al., 2006) (Table S1). A "biological process" GO analysis of the up-
regulated genes in the dse1 transcriptome also indicated a dramatic enrichment of LEA 
genes in GO categories related to dehydration, dormancy, and response to ABA (see all 
GO enrichments of dse1 up-regulated genes in Table S3).  
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Fig. 1. Comparison of the dse1 transcriptome to ise1 and ise2 transcriptomes. 
Genes reported for each transcriptome are those with twofold or greater altered 
expression compared with WT samples, with p-value < 0.05. (A) In total, the dse1 
transcriptome has 767 genetic regions with altered expression when compared to WT 
(759 protein-coding genes, and 8 transposons and/or pseudogenes) with 314 up-
regulated (green bar) and 453 down-regulated (orange bar). The transcriptome of ise1 
has 2,940 genetic regions affected (2,788 protein-coding genes, 30 non-protein-coding 
RNAs, and 122 transposons and/or pseudogenes) with 1,382 up-regulated and 1,558 
down-regulated. The ise1 and ise2 transcriptome data is from Burch-Smith et al. 
(2011b), using the same transcriptome methods used here for the dse1 transcriptome. 
The ise2 transcriptome has 3,578 genetic regions (3,408 protein-coding genes, 23 non-
protein-coding RNAs, and 147 transposons and/or pseudogenes) showing altered 
expression, with 2,087 up-regulated and 1,491 down-regulated. (B) dse1, ise1, and ise2 
share 26 similarly up-regulated genes. ise1 and ise2 share 571 up-regulated genes, 
while dse1 and each ise mutant share < 50 overlapping genes. (C) dse1, ise1, and ise2 
share 74 similarly down-regulated genes. (D) Twelve genes are up-regulated in dse1 
and down-regulated in the ise mutants. (E) dse1 has 6 down-regulated genes that are 
up-regulated in the ise mutants. 
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Table 1. MapMan analysis of significantly overrepresented pathways in the dse1 
transcriptome, including photosynthesis, ABA metabolism, and late 
embryogenesis development. 
Bin MapMan category name # of genes p-value1 

1 Photosynthesis 49 1.78e-08 

1.1 Photosynthesis:  lightreaction 32 9.08e-05 

1.1.1 Photosynthesis:  lightreaction - photosystem II 15 1.38e-02 

1.1.1.2 Photosynthesis:  lightreaction - photosystem II - photosystem II polypeptide subunits 10 3.39e-02 

17 Hormone metabolism 28 2.40e-03 

17.1 Hormone metabolism:  abscisic acid 10 3.29e-02 

33 Development 28 2.06e-02 

33.2 Development - late embryogenesis abundant 9 1.03e-03 

35.1.22 Not assigned:  no ontology - late embryogenesis abundant domain-containing protein 6 9.33e-03 
1 Adjusted p-value (Wilcoxon Rank-Sum Test with a Benjamini Hochberg correction for 
false discovery rate). 

Numerous photosynthesis and chloroplast-related genes are affected in the dse1 
transcriptome (Table 1 and Table S4), which is unsurprising, since dse1 mutants are 
chlorotic (Xu et al., 2012); however, these transcriptional changes are not likely the 
cause of the decreased PD transport phenotype in dse1. In fact, most emb lines are 
chlorotic (lacking chlorophyll) (emb database: http://www.seedgenes.org/) (McElver et 
al., 2001; Patton et al., 1991), but these do not have a PD phenotype (Kim et al., 
2002). ise1 and ise2 mutants exhibit reduced expression of more photosynthesis-
associated nuclear genes (Burch-Smith et al., 2011b), as expected because ISE1 and 
ISE2 encode organelle-targeted proteins, so organelle function is directly impacted in 
those mutants.  

There are also genes that are misregulated in dse1 that encode components of the cell 
wall or the endoplasmic reticulum (ER), which might be involved in regulating PD 
function, given that PD cross the cell wall and PD contain ER. β-1,3-GLUCANASE 3 
(BG3), which is up-regulated in dse1, encodes an enzyme that increases PD transport 
by reducing callose accumulation. The up-regulation of BG3, and a lack of other 
callose-related genes exhibiting altered expression in the dse1 transcriptome, however, 
suggests that dse1 does not appear to decrease PD transport by altering transcription 
of genes involved in callose metabolism. Some of the other possible PD related genes 
affected in the dse1 transcriptome are discussed in the transcriptomic comparisons 
below. 

Transcriptomes of dse1 versus other embryo defective mutants 

dse1 versus ise1 and ise2 mutants 

We compared the previously published ise1 and ise2 transcriptomes (Burch-Smith et 
al., 2011b) to the dse1 transcriptome to find misexpressed genes that may be involved 
in PD regulation. If ise1 and ise2 affect PD regulation through the same genetic 
pathway(s) as dse1, but have opposite PD phenotypes, we might expect that the 
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expression of genes involved in PD regulation would be affected oppositely between 
dse1 and ise1/2. We identified all similarly as well as oppositely regulated genes in 
these mutants (Fig. 1, Table S5, and Table 2). All 18 oppositely affected genes are 
listed in Table 2 and the 100 similarly regulated genes are listed in Table S5. The 
oppositely expressed genes in the PD mutant transcriptomes include 12 genes that are 
up-regulated in dse1 and down-regulated in ise1 and ise2, and 6 genes that are down-
regulated in dse1 and up-regulated in ise1 and ise2 (Fig. 1D-E).  

Remarkably, 8 of the 12 genes up-regulated in dse1 and down-regulated in the ise1/2 
mutants are normally expressed during late embryogenesis and many are ABA induced 
(Table 2). A ninth gene, OXIDATION-RELATED ZINC FINGER 2 (OZF2), encodes a 
transcription factor that causes ABA hypersensitivity when overexpressed (Lee et al., 
2012). 

Also of note, three of the 18 differentially regulated genes encode proteins that may play 
a role in PD regulation as they are predicted to modify cell wall components or the ER: 
AT5G15780 is a putative extensin that belongs to a superfamily of cell wall modification 
enzymes (Wolf et al., 2012), AT2G01610 is a member of the pectinesterase inhibitors, 
and BETA GLUCOSIDASE 18 (BGLU18) is a component of ER bodies (Table 2). 

Table 2. Genes oppositely expressed in dse1 and the ise mutant transcriptomes. 
Locus1 gene symbol or gene description1 dse1 ise1 ise2 

AT1G03880 CRUCIFERIN 2 (CRU2)† 2.9 -2.5 -2.3

AT1G04560 AWPM-19-like family protein† 31.4 -14 -3.3

AT1G52400 BETA GLUCOSIDASE 18 (BGLU18) 2.7 -4.3 -4.5

AT1G52690 LATE EMBRYOGENESIS ABUNDANT 7 (LEA7) † 3.2 -3.3 -2.9

AT2G36640 EMBRYONIC CELL PROTEIN 63 (ECP63) † 5 -7.3 -10.6

AT3G12145 FLOR1 (FLR1) 2.1 -6.5 -2.4

AT4G02280 SUCROSE SYNTHASE 3 (SUS3) † 5 -3.4 -2.4

AT4G29190 OXIDATION-RELATED ZINC FINGER 2 (OZF2) 2.2 -3.1 -2.9

AT5G01670 NAD(P)-linked oxidoreductase superfamily protein† 3.4 -2.2 -2.5

AT5G03860 MALATE SYNTHASE (MLS) † 2.6 -12.3 -5.9

AT5G15780 Pollen Ole e 1 allergen and extensin family protein 2.2 -4.1 -16

AT5G22470 NAD+ ADP-ribosyltransferases† 3.6 -6.4 -3.2

AT1G16390 ORGANIC CATION/CARNITINE TRANSPORTER 3 (OCT3) -3.4 2.4 3.3 

AT1G28700 Nucleotide-diphospho-sugar transferase family protein -4.7 2.9 5.2 

AT2G01610 Plant invertase/pectin methylesterase inhibitor superfamily protein -2.5 3.1 3.9 

AT4G33600 unknown protein -4.6 3.2 2.5 

AT5G10230 ANNEXIN 7 (ANNAT7) -2.4 3 3.4 

AT5G12460 Protein of unknown function (DUF604) -2.3 3.4 5.1 
1 Gene locus, symbols, and descriptions are annotated from the TAIR database at 
http://www.arabidopsis.org/. Gene symbols are capitalized and italicized, but if no gene 
symbol has been annotated, an abbreviated description of the gene is provided (full 
gene descriptions for each gene can be found at TAIR). 
† Genes are ABA induced and are expressed in the later stages of seed development, 
according to AtGenExpress annotation (Schmid et al., 2005). 
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dse1 versus the lec mutants 
 
Given the previously described similarities among tan (dse1), lec1, lec2, and fus3 
(Yamagishi et al., 2005), we next sought to compare the dse1 transcriptome to the 
recently published lec1, lec2, and fus3 transcriptomes (Yamamoto et al., 2014). These 
mutants were all originally identified in genetic screens for embryo development 
dysfunction. dse1 and fus3 mutant embryos share similar phenotypes: both exhibit 
anthocyanin accumulation at the shoot apical meristem (Meinke et al., 1994; Xu et al., 
2012), ectopic trichomes on cotyledons, desiccation intolerant seeds (To et al., 2006; 
Xu et al., 2012; Yamagishi et al., 2005), and the formation of embryonic leaf primordia 
(Fig. S1; Table S6). Transcriptome data from lec1, lec2, and fus3 were collected by 
Yamamoto et al. (2014), using the Affymetrix ATH1 Genome Array (ATH1 array), which 
provides data on fewer genes than the Affymetrix Tiling Array (used here), but provides 
comparable results on levels of gene expression (Laubinger et al., 2008; Matsui et al., 
2008). When comparing dse1 or the ise mutant transcriptomes to the lec1, lec2, or fus3 
transcriptomes herein, we excluded genes unique to the tiling array (Table S7). Table 
S7 also shows transcriptomes from WT embryos at 12 and 16 days after fertilization 
(DAF) (Yamamoto et al., 2014). For all comparisons we considered WT 8 DAF 
embryos as “control”; the 8 DAF embryos from Yamamoto et al. (2014) matched the 
morphological stage of the control embryos in our transcriptome study of dse1 (note that 
the control embryos in our transcriptome included WT and heterozygote dse1 embryos).  
 
We compared the similarities of up- or down-regulated genes in dse1 and the lec 
mutants and discovered that fus3 shows the highest percentage of gene overlap with 
dse1 (Fig. 2B-D). Approximately 40 percent of the dse1 transcriptome overlaps with 
genes in the fus3 transcriptome (the overlapping genes in the dse1 and fus3 
transcriptomes divided by the total genes affected in dse1 transcriptome (Fig. 2A-B)). 
lec1 and lec2 overlap with the dse1 transcriptome to somewhat lesser but nonetheless 
highly significant degrees, 26 and 21 percent, respectively.  
 
DSE1 and the LEC genes operate in overlapping pathways to regulate embryogenesis, 
but are not epistatic (Yamagishi et al., 2005), so we sought to identify any potential 
diverging pathways between dse1 and the lec mutant most similar, fus3. The 26 
differentially regulated genes between dse1 and fus3 are shown in Table S8 and 
Figure S2B-C. dse1 shows an induction of a few seed storage genes that are, in 
contrast, down-regulated in fus3 including four 2S albumin superfamily proteins and 
CRUCIFERIN 2 (CRU2). Three of the differentially regulated genes encode proteins 
related to hormone signaling. NCED6, involved in ABA biosynthesis, and ZINC FINGER 
OF ARABIDOPSIS THALIANA 6 (ZAT6), known to regulate SA and redox regulation 
(Shi et al., 2014), are both transcriptionally induced in dse1 and reduced in fus3. A 
gene encoding a protein that attenuates jasmonic acid response, JASMONATE-ZIM-
DOMAIN PROTEIN 10 (JAZ10) (Moreno et al., 2013) is induced in fus3 and reduced in 
dse1. Overall, however, the similarities between dse1 and fus3 are much more apparent 
than their differences.  
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(continued on previous page) 
 
Fig. 2. dse1 and lec mutants show transcriptional overlap. (A) Total number of up 
(green bars) or down (orange bars) regulated genes in each of the dse1 and lec 
transcriptomes. The lec transcriptome data was collected by Yamamoto et al. (2014) 
using the ATH1 array. For comparisons of dse1 and the lec mutants, the dse1 
transcriptome has been limited to only include genes that are also on the ATH1 array 
(using the ATH1 array genes, the dse1 transcriptome has 691 affected genes). (B) The 
Venn diagram (left) shows similarly up-regulated genes in the dse1 and fus3 
transcriptomes, with overlapping genes in the center, and the Venn diagram (right) 
shows similarly down-regulated genes in the dse1 and fus3 transcriptomes. fus3 shows 
the most transcriptional overlap with the dse1 transcriptome (hypergeometric test, p-
value = 6.3e-117, representation factor = 4.7), (C) compared to lec1 (hypergeometric 
test, p-value = 5.78e-51, representation factor = 3.4), or (D) lec2 (hypergeometric test, 
p-value = 7.9e-50, representation factor = 4.1). 
	
    

29



In contrast, we also tested if the transcriptomes of ise1 or ise2 showed any overlap with 
the fus3 transcriptome. We found 30 similarly up-regulated genes among the three 
mutants and 79 similarly down-regulated genes between fus3 and the ise1 and ise2 
mutants (Fig. 2, Table S9). The up-regulated genes produced the “biological process” 
GO enrichments “hexose transmembrane transport” (GO:0035428), “glucose transport” 
(GO:0015758), “glucose import” (GO:0046323), and “carbohydrate transport” 
(GO:0008643), suggesting that the ise and fus3 mutants could have some related sugar 
transport defects. There are 81 oppositely regulated genes between the two ise mutants 
and fus3 (26 genes down-regulated in the ise mutants and up-regulated in fus3 as well 
as 55 genes up-regulated in the ise mutants and down-regulated in fus3). Generally, the 
ise and fus mutant transcriptome comparison, however, reveals little relationship 
between the mutants, suggesting they are involved in distinct pathways, as predicted by 
their different developmental phenotypes. 
 
Transcriptomes of dse1 versus WT embryos 
 
The dse1 transcriptome suggests it is a precociously aged embryo due to up-regulation 
of late embryogenesis genes and other genes expressed during late stages of 
embryogenesis (Le et al., 2010; Righetti et al., 2015; Schmid et al., 2005). To test 
whether late embryogenesis genes are precociously expressed in the dse1 mutant, we 
compared the differentially expressed genes between dse1 and WT embryos with the 
genes that are differentially expressed between 12 days after fertilization (DAF) and 8 
DAF embryos (the “12 DAF transcriptome”) and genes that are differentially expressed 
between 16 DAF and 8 DAF (the “16 DAF transcriptome”) (from Yamamoto et al. 
(2014)). Many genes overlap between dse1 and these aging embryos (Fig. S3A and B) 
and relatively few genes are oppositely regulated between the dse1 transcriptome and 
the 12 DAF or 16 DAF transcriptomes (Table S7, Fig. S3C and D).  
 
Many genes encoding LEA proteins are up-regulated in dse1 and in the 12 DAF and 16 
DAF embryo transcriptomes (Table S2 and S7), as well as LEA-like genes including 
KIN1 (AT5G15960), KIN2 (AT5G15970) and AT1G22600. ABI5 is also up-regulated in 
all three transcriptomes (dse1, 12 DAF, and 16 DAF). Additional genes encoding 
proteins that are induced by ABA or involved in ABA-response are also up-regulated in 
the three transcriptomes: OIL BODY-ASSOCIATED PROTEIN 1A (OBAP1A), HVA22 
HOMOLOGUE B (HVA22B), LOW-TEMPERATURE-INDUCED 65 (LTI65), a AWPM-
19-like family protein (AT1G04560), ZINC-FINGER PROTEIN 2 (ZF2), and a gene that 
encodes a known negative regulator of ABA response (ABA-HYPERSENSITIVE 
GERMINATION 1 or AHG1). A few genes encoding ABA-associated proteins were up-
regulated in dse1 and in the 16 DAF transcriptome, but were not up-regulated in the 12 
DAF transcriptome, including DRE-BINDING PROTEIN 2A (DREB2A), and LOW-
TEMPERATURE-INDUCED 78 (LTI78), as well as a LEA gene (AT2G18340). fus3 also 
has many of these LEA and ABA-associated protein genes up-regulated in its 
transcriptome. 
 
Notably, the dse1 transcriptome also identified numerous genes not found in the 12 
DAF or 16 DAF transcriptomes that encode proteins that may be expressed in later 
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stages of embryo development. Some of the 173 genes up-regulated in dse1, but not 
overlapping in the up-regulated genes in the 12 DAF or 16 DAF transcriptomes (Fig. 
S3A), encode typical late embryo proteins such as LEA and seed-storage proteins: four 
2S albumin superfamily proteins, SENESCENCE-ASSOCIATED GENE 21 (SAG21), 
and a number of LEA (Table S2 and S7). Genes encoding ABA-response proteins that 
also induced in dse1 (compared to 12 DAF or 16 DAF embryos) including ABSCISIC 
ACID RESPONSIVE ELEMENTS-BINDING FACTOR 3 (ABF3) and ABA INSENSITIVE 
1 (ABI1), note that ABI1 negatively regulates ABA response. Genes encoding proteins 
induced by ABA such as CRU2, HVA22 HOMOLOGUE D (HVA22D), HOMEOBOX 7 
(HB-7), MYC2, and MYB DOMAIN PROTEIN 60 (MYB60) are also induced in dse1 but 
not in the 12 DAF or 16 DAF transcriptomes.  

Genes encoding cell wall and ER-associated proteins are up-regulated in the dse1 
transcriptome, but not in the 12 DAF or 16 DAF transcriptomes (Fig. S3A). Genes 
encoding cell wall proteins include pectin modifying proteins (AT1G67750 and 
AT5G20860), EXTENSIN 3 (EXT3), another extensin family protein (AT2G16630), 
EXPANSIN A14 (EXPA14), and XYLOGLUCAN 
ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH) proteins (XTH19, XTH4, and 
XTH5). Other genes encoding hormone-related proteins, particularly JA-associated 
proteins, are up-regulated in dse1, but not in the 12 DAF or 16 DAF transcriptomes, 
such as ZAT6 (SA related), CORONATINE INDUCED 1 (CORI3), 
SULFOTRANSFERASE 16 (SOT16), JASMONATE RESISTANT 1 (JAR1). Genes 
encoding ER body proteins, which are induced by JA (Matsushima et al., 2002), are 
also found in dse1 and not the WT transcripts. These ER body genes were also up-
regulated in the lec transcriptomes and are discussed in Yamamoto et al. (2014). 
Genes that encode ER body-associated proteins found in dse1 include NAI2, PYK10, 
BGLU18, BGLU21, BGLU22, JACALIN-RELATED LECTIN 31 (JAL31), JAL33, JAL34, 
GDSL LIPASE-LIKE PROTEIN 22 (GLL22), a TRAF-like family protein (AT5G26280), 
and PYK10-BINDING PROTEIN 1 (PBP1). 

Hormones and PD transport 

Direct application of phytohormones affects PD transport 

The hormone response genes identified in the dse1 transcriptome may be involved in 
the reduced PD transport phenotype of dse1. We tested if direct application of ABA, 
gibberellic acid (GA3), or jasmonic acid (JA) affected PD transport. We also tested 
salicylic acid (SA) as a positive control for our method, since SA is known to affect PD 
transport and PD structure (Fitzgibbon et al., 2013; Wang et al., 2013). PD transport 
was monitored by a cell-to-cell movement assay of transiently expressed GFP in leaves 
of N. benthamiana (Brunkard et al., 2015b). Hormones were applied onto leaf surfaces 
by an aqueous spray. Previous studies used a spray approach to apply either ABA, GA, 
or SA at 100 µM (Choi and Hwang et al., 2011; Wang et al., 2013; Xu et al., 2013), 
and we used this concentration for all hormones analyzed here. At the concentration 
tested, ABA, JA, and SA caused a significant reduction in PD transport (Wilcoxon rank 
sum test, n ≥ 84, p-value < 0.002), but GA3 did not (Wilcoxon rank sum test, n ≥ 84, p-
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value > 0.6) (Fig. 3). This simple assay indicates that hormone treatments can alter PD 
transport, although the mechanism(s) underlying the observed alterations are unknown. 

Genetic perturbation of ABI5 signaling affects PD transport 

To further test our hypothesis that ABA can regulate PD transport, we genetically tested 
if one of the key ABA transcription factors, ABSCISIC ACID INSENSITIVE 5 (ABI5, 
AT2G36270 (Finkelstein, 2013; Finkelstein and Lynch 2000; Finkelstein et al., 
2005), which is up-regulated in the dse1 transcriptome, affects PD transport. To acutely 
over-express ABI5, we used a high inoculum of Agrobacterium carrying a construct to 
express ABI5 under the control of a dual 35S CaMV promoter (over-expression vector 
pMDC32 described in Curtis and Grossniklaus (2003). To control for any impact such 
a high inoculum might have on PD transport, we used a similar high inoculum of 
Agrobacterium carrying a construct to express β-GLUCURONIDASE (GUS) under the 
same promoter.  The results show that ectopic expression of ABI5 in leaves of N. 
benthamiana by Agrobacterium infiltration caused significantly reduced PD transport 
compared to the GUS control (Wilcoxon rank sum test, n ≥ 98, p-value < 1.0e-6) (Fig. 
4). In support, loss of the ABI5 N. benthamiana ortholog by virus-induced gene silencing 
(VIGS) (Fig. S4) caused a significant increase in PD transport compared to the control 
(Wilcoxon rank sum test, n ≥ 96, p-value < 1.0e-15) (Fig. 4). 

dse1 has fewer PD per cell wall length 

How is PD transport restricted in dse1? Previously, dse1 was shown to have a lower 
frequency of twinned and branched PD (Xu et al., 2012). The frequency of twinned and 
branched PD is positively correlated with PD transport levels in young tissues (Burch-
Smith and Zambryski, 2010; Burch-Smith et al., 2011a) and may indicate increased 
formation of secondary PD in the cell wall (Burch-Smith and Zambryski, 2012). Here 
we counted the number of PD per cell wall length in T.E.M. images of a dse1 embryo, 
compared to a same staged WT or heterozygous embryo, in two separate experiments. 
dse1 has significantly fewer PD per cell wall length; dse1 embryos had 0.13 PD per µm 
cell wall (119 PD / 920 µm) and WT/heterozygous embryos had 0.32 PD per µm cell 
wall (523 PD / 1620 µm) (Fig. 5A; Fig. S5). The decreased PD frequency is not simply 
due to excessive cell expansion, as the sizes of cells in dse1 and WT embryos are 
similar (Fig. 5B). 

DISCUSSION 

Reduced PD formation in dse1 

Previous studies with ise1 and ise2 revealed that mutations in nuclear genes encoding 
mitochondrial or chloroplast targeted RNA helicases both disrupt chloroplast biogenesis 
and result in increased PD transport. Lack of essential RNA helicases likely causes 
alterations in inter-organelle and organelle-nuclear signaling that in turn affect PD 
transport and formation (Burch-Smith and Zambryski, 2012; Burch-Smith et al., 
2011b; Brunkard et al., 2013). This organelle-nuclear-plasmodesmata-signaling 
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Fig. 3. Direct application of ABA, JA, and SA affects PD transport. (A) Exogenous 
application of plant hormones on the leaves of N. benthamiana affects the movement of 
transiently expressed GFP in the leaf epidermis. ABA, JA, and SA caused a significant 
reduction in PD transport (Wilcoxon rank sum two-tailed test, ABA: n = 90, GA: n = 84, 
JA: n = 90, SA: n = 106, control: n = 91, 11 plants per treatment (ABA, GA, SA) and 10 
plants per treatment (JA and control), 4 separate experiments, *p-value ≤ 0.002), but 
GA3 did not (p-value > 0.6). Error bars indicate ± SE. (B) Example GFP movement 
assay in a leaf of N. benthamiana treated with SA. (C) Example GFP movement assay 
in a leaf that was not treated with hormones (control). PD transport is assessed by the 
number of rings of cells expressing GFP move away from the initially transfected cell in 
the middle. 
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Fig. 4. Genetic perturbation of ABA signaling affects PD transport. (A) Silencing N. 
benthamiana ABI5, a transcription factor involved in the ABA response pathway, causes 
increased PD transport of transiently expressed GFP; loss of N. benthamiana DSE1 
causes reduced PD transport. A gene not encoded by the N. benthamiana genome, 
GUS, is used as the negative control (Wilcoxon rank sum two-tailed test, -ABI5: n = 96 
(9 plants), -DSE1: n = 128 (7 plants), control: n = 187 (15 plants), 5 separate 
experiments *p-value < 1.0e-5). (B) Agroinfiltration to cause transient overexpression of 
A. thaliana ABI5 in leaves of N. benthamiana caused reduced PD transport compared to
agroinfiltration causing transient overexpression of GUS (Wilcoxon rank sum two-tailed
test, GUS: n = 98 and ABI5 n = 112, 7 plants per treatment, 3 separate experiments, *p-
value < 1.0e-6). Error bars indicate ± SE. PD transport is assessed by the number of
rings of cells expressing GFP move away from the initially transfected cell in the middle.
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Fig. 5. dse1 has fewer PD per cell wall length. (A) Cell wall length and PD number 
were measured and counted in TEM images of dse1 embryos and WT/heterozygous 
embryos of a similar stage; fewer PD per cell wall length were found in the dse1 mutant. 
119 PD / 920 µm were counted in the dse1 embryos and 523 PD /1620 µm were 
counted in the WT/heterozygous embryos (PD per cell wall length were counted in two 
embryos of each genotype). (B) We measured the areas of cells in similarly staged 
dse1 and WT embryos, with two embryos of each genotype (38 cells of each genotype). 
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(ONPS) pathway challenges the notion that PD regulation must occur at PD, and 
instead suggests that many components of the plant cell control cell-to-cell transport. 
Here we show that the WD40 repeat protein DSE1 is involved in one or more cellular 
pathways that affect PD transport, at least in part by controlling the number of PD that 
form. 

The present analyses do not reveal how PD formation might be directly controlled, other 
than revealing a few “suspects" that are altered in expression (including genes encoding 
cell wall modifying enzymes). Notably, our results further support that regulation of 
critical cellular pathways, as shown in our studies with ise1 and ise2, affect PD 
formation/function.  

Comparative transcriptome studies of emb mutants 

dse1 and the ise1/2 transcriptomes are unique; dse1 expresses many genes that are 
associated with late embryo development and seed maturation, while some of these 
genes are down-regulated in ise1 and ise2. Perhaps these disparate transcriptional 
profiles are related to the opposing PD phenotypes seen in dse1 and ise1/2.  

dse1 has many phenotypic similarities to the lec mutants, especially to fus3. dse1 
showed a strong transcriptional relationship to each of the lec mutants, with the most 
significant overlap with fus3. Many of the genetic pathways affected in both dse1 and 
fus3 could explain their shared phenotypic characteristics. The synergistic role that 
these two genes play in establishing the proper timing of embryo development and seed 
maturation could be elucidated in further studies of the genes unique or differentially 
regulated between these two mutants.   

ABA response pathway affected in dse1 

The dse1 transcriptome implicates this PD mutant in the ABA response pathway, which 
is generally associated with late stages of embryogenesis. The most highly up-regulated 
genes in the dse1 transcriptome encode LEA and other seed storage proteins, and 
most of these LEA are transcriptionally induced in response to ABA in WT. For instance, 
LATE EMBRYOGENESIS ABUNDANT 1 (EM1), as well as LATE EMBRYOGENESIS 
ABUNDANT 6 (GEA6), are both transcriptionally activated by ABA and ABI5 (Bies et 
al., 1998; Carles et al., 2002; Delseny et al., 2001; Finkelstein, 2010; Lopez-Molina 
et al., 2002). Many of the ABA-related genes induced in dse1 are ABA-signaling or 
response genes, but it is also notable that a key ABA biosynthesis enzyme involved in 
seed dormancy, NCED6, (Finkelstein, 2013; Lefebvre et al., 2006; Seo and Koshiba, 
2002), is also transcriptionally up-regulated in dse1. Our results suggest that, in wild-
type plants, DSE1 restricts the ABA-regulated seed maturation program, perhaps by 
repressing ABI5 expression. In the dse1 mutant, without this repression, ABI5 might 
decrease PD transport, as observed in N. benthamiana leaves.  
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Hormones alter PD function 

While PD are channels that allow hormone movement between cells (reviewed in 
Burch-Smith and Zambryski, 2016; Brunkard et al., 2015a), plant hormones have 
rarely been recognized as regulators of PD themselves, with the exception of recent 
studies on SA and auxin (Benitez-Alfonso et al., 2013; Fitzgibbon et al., 2013, Han 
and Kim, 2016; Wang et al., 2013).  

In this study, sprayed application of ABA to leaves reduced PD transport. ABA has been 
previously indirectly linked to the regulation of PD transport. The kobito1 mutant is an 
ABA insensitive mutant with increased stomatal clustering due to increased PD 
transport (Kong et al., 2012). Furthermore, one study in avocado (Persea americana) 
indicated that ABA affected PD structure, causing increased electron-dense material at 
the opening of PD (Han and Kim 2016; Moore-Gordon et al., 1998). Crosstalk among 
the other plant hormones may be involved in ABA affecting PD transport.  

Here, JA also reduced PD transport when applied to leaves. JA impacts many pathways 
that could, in turn, impact PD transport; as examples, JA is involved in repressing 
growth, initiating defense responses, initiating oxidative stress-tolerance genes, and 
affecting expression of photosynthesis-related genes (Attaran et al., 2014; Creelman 
and Mullet, 1995; Jung et al., 2007). Alternatively, since JA is highly interconnected to 
other plant hormones (Devoto and Turner, 2003; Ellis et al., 2002; Nagpal et al., 
2005; Turner et al., 2002), the decrease in PD transport following JA application may 
be caused by hormone crosstalk. 

We show that key regulators of ABA biosynthesis and downstream signaling are 
induced in dse1 suggesting that alterations in ABA signaling affect PD transport. ABI5 
expression and genes regulated by the ABI5 transcription factor are strongly up-
regulated in the dse1 mutant. Additionally, over-expression or silencing expression of 
ABI5 demonstrate that ABI5 can restrict PD transport in leaves. Several hormones likely 
regulate PD transport and further study of plant hormones, PD, and plant development 
will elucidate the specific roles hormones play in controlling cell-cell communication 
through PD. 

Figure 6 summarizes our results to date on emb mutants that affect PD formation. WT 
embryos undergo a down-regulation in PD transport at the mid-torpedo stage of 
embryogenesis (Kim et al., 2002; Kim et al., 2005a; Kim et al., 2005b) and we 
identified ise1, ise2, and dse1 mutants with increased or decreased PD transport at this 
stage. Previous transcriptome analyses of ise1 and ise2 revealed these mutants were 
immature with a significant lack of expression of genes for chloroplast biogenesis 
(Burch-Smith et al., 2011b). In direct contrast, dse1 prematurely expresses genes 
associated with mature embryos. We hypothesize that dse1 embryos have precocious 
expression of genes involved in the seed maturation process, and concomitant reduced 
PD transport normally associated with later stages of embryogenesis. Thus, the WT 
DSE1 WD40 repeat protein may play an important role(s) either in restricting late 
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Fig. 6. dse1 mutant embryos prematurely express late development genes and 
have precociously restricted PD transport. (A) dse1 transcriptionally expresses an 
abundance of genes associated with late embryo development (brown). In contrast, ise1 
and ise2 are delayed in embryo development, with a strong reduction in gene 
expression associated with chloroplast development (cream). (B) A. thaliana embryos 
develop through stages, with chlorophyll greening (intensity of green color) increasing 
from the heart stage until the mature green stage before the seed enters dormancy 
(brown) (Mansfield and Briarty, 1990; Nambara et al.,1995; Raz et al., 2001). 
Numbers represent the approximate day after fertilization (DAF) of the WT embryo. (C) 
As A. thaliana embryos develop from early torpedo to the green cotyledon stage, PD 
transport becomes increasingly restricted. PD transport in dse1 is strongly reduced, 
whereas, ise1 and ise2 have increased PD transport compared to WT. 
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embryo specific gene expression, or enhancing expression of genes essential for early 
embryo development.  
 
MATERIALS AND METHODS 
 
dse1 transcriptome 
 
Tiling array analysis 
 
The dse1 tissue collection and transcriptome analysis were carried out as described 
(Burch-Smith et al., 2011b). dse1 or sibling WT seeds at the mid-torpedo stage of 
embryogenesis were collected from siliques of dse1/+ heterozygous plants. WT 
embryos were collected ~8 DAF and dse1 embryos were collected at ~12 DAF as 
described (Burch-Smith et al., 2011b). Throughout the text we refer to genes by 
names in the TAIR database, otherwise we give the gene TAIR locus. 
 
Confirmation of transcriptome using RT-qPCR 
 
Expression of a clathrin reference gene and 9 other genes affected in the transcriptome 
were assessed by reverse transcription followed by reverse transcriptase quantitative 
PCR (RT-qPCR) (Fig. S6) as in (Burch-Smith et al., 2011b). The RT-qPCR primers 
were designed using the AtRTPrimer program at http://pombe.kaist.ac.kr/AtRTPrimer/ 
(Han and Kim, 2006) with a target size of 100 base pair (bp) and a melting temperature 
of 65°C (Table S10). Three technical replicates were performed for each reaction. WT 
and dse1 tiling array results were compared to the RT-qPCR results with a Pearson’s 
product-moment correlation. 
 
Analysis of genes and pathways 
 
MapMan (http://mapman.gabipd.org/) software version 10.0, the TAIR9 pathways, and a 
Benjamini Hochberg correction for false discovery were used to identify the significantly 
affected processes in dse1 (Usadel et al., 2005). PANTHER Overrepresentation Test 
for Gene Ontology at http://pantherdb.org/ (release 2015-04-30, GO Ontology database 
released 2016-05-20), complete biological processes, molecular processes, and cellular 
component GO analyses were conducted using Bonferroni correction (Mi et al., 2013; 
Mi et al., 2016). 
 
Comparative transcriptomics 
 
The limma package was used to import the normalized transcriptomes and to calculate 
the differentially expressed genes using GEO2R at 
http://www.ncbi.nlm.nih.gov/geo/geo2r/ (R 3.2.3, Biobase 2.30.0, GEOquery 2.36.0, 
limma 3.26.8, data downloaded on May 20, 2016) with Benjamini & Hochberg correction 
for false discovery rate (Barrett et al., 2013). Only genes that had an adjusted p-value < 
0.05 (identified with one-way ANOVA) and a fold change of ≥ 2 were included in further 
analysis. As the Yamamoto et al. (2014) transcriptomes were analyzed by the ATH1 
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array (ATH1-121501 Annotations, Release 32, http://www.affymetrix.com/), 
comparisons of the lec1, lec2, or fus3 mutants, 12 DAF, or 16 DAF transcriptomes to 
the dse1 or ise transcriptomes included genes only in the ATH1 array. Additional details 
of the methods used for comparative transcriptomics in Supplementary Materials and 
Methods. 

Propidium iodide staining 

A. thaliana plants were grown at 22°C under 16-hours-light/8-hours-dark and 100 µmol
photons m−2s−1. WT and dse1 embryos were extracted from their seed coats, and
stained using 10 µL of 1 mg/mL propidium iodide (ThermoFisher Scientific, 0046880) in
½ Murashige and Skoog (MS) (Caisson Laboratories, MSP01-50LT) liquid medium for 2
minutes, transferred to ½ MS, placed on a slide with ½ MS, and imaged using a Zeiss
LSM 710 confocal microscope, with 543-nm laser, collecting emissions from 592 to 630
nm.

PD movement assays 

Movement assays, Agrobacterium methods, and imaging methods were performed as 
described (Brunkard et al., 2015b). N. benthamiana plants were grown at room 
temperature under 16-hours-light/8-hours-dark and 100 µmol of photons m−2s−1 of light. 
Wilcoxon rank sum tests were performed to compare the treatments and controls. 

Hormone treatments 

The fourth leaf (counting from the most recently emerged leaf downwards) of four-week 
old N. benthamiana plants was infiltrated with Agrobacterium tumefaciens (carrying a 
construct to express 1X-GFP) at an OD600 of 1.0e-4 as described (Brunkard et al., 
2015b). Twenty-four hours later, the plants were randomly assigned to separate 
treatment groups and 5 mL of 100 µM of one hormone (Sigma-Aldrich catalog numbers 
as follows: ABA-A1049, GA-G7645, JA-J2500, SA-S3007) or water control was applied, 
via a spray bottle, to one plant, covering all of the leaves (including the leaf infiltrated to 
express GFP). The spray treatment was repeated 4 hours after the first spray to ensure 
full coverage of the leaves. The hormones were made in 1,000X stock and diluted to 
100 µM in water. After 48 hours, the same region of each leaf was imaged.  

Overexpression of ABI5 

ABI5 was cloned from A. thaliana seedling cDNA (ThermoFisher Scientific/Invitrogen, 
18080051) with the primers, forward: 5’-caccATGGTAACTAGAGAAACGAAGTTGAC-3’ 
and reverse: 5’-GAGTGGACAACTCGGGTTCCTCAT-3’ and Gateway® cloned 
(ThermoFisher Scientific/Invitrogen K240020 and 11791-020) into the pMDC32 
overexpression vector (Curtis and Grossniklaus, 2003) to make pMDC32-AtABI5. As 
a control, pMDC32-GUS was Gateway® cloned from the pENTRTM-GUS plasmid 
(ThermoFisher Scientific/Invitrogen, 11791-020) into the pMDC32 overexpression 
vector. Constructs were confirmed by sequencing, transformed into Agrobacterium 
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(GV3101), and confirmed by colony PCR. The fourth leaf (counting from the most 
recently emerged leaf downwards) of four-week old plants was simultaneously infiltrated 
with A. tumefaciens (carrying a construct to express 1X-GFP) at an OD600 of 1.0e-4 
and A. tumefaciens (carrying a construct to express ABI5 or the control overexpression 
construct) at an OD600 of 0.1. After 48 hours, the same region of each leaf was 
imaged.  

Virus Induced Gene Silencing 

pTRV2-NbDSE1 (Xu et al., 2012) and pTRV2-GUS (pYC1) (Stonebloom et al., 2009) 
were designed previously. Details of NbABI5 Virus Induced Gene Silencing (VIGS) 
construct design in Supplementary Materials and Methods. Movement assays, 
Agrobacterium methods, VIGS, and imaging methods were performed as described 
(Brunkard et al., 2015b). N. benthamiana plants were grown at room temperature 
under 16-hours-light/8-hours-dark under 100 µmol photons m−2s−1. The fourth leaf 
(counting from the most recently emerged leaf downwards) of five week old silenced 
plants was infiltrated with A. tumefaciens (carrying a construct to express 1X-GFP) at an 
OD600 of 1.0e-4. Silencing of NbABI5 was confirmed with RT-qPCR and details of 
these methods are in Supplementary Materials and Methods 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) imaging was carried out as in (Burch-Smith 
and Zambryski, 2010; Xu et al., 2012). Imaging data from one embryo in Xu et al. 
(2012), previously used to find the proportion of twinned/branched PD, and data from a 
second experiment, published here, were used as replicates. The proportion of PD per 
cell wall was calculated for two embryos of each genotype (WT/heterozygous or dse1) 
at the late torpedo stage of embryo development. The area of cells in two embryos of 
each genotype were measured and compared. 
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SUPPLEMENTARY MATERIALS 

Supplementary Figures 

Fig. S1. Leaf primordium on dse1 embryos is similar to the lec mutants. (A) A late 
walking stick stage dse1 mutant embryo with a leaf primordium (white arrow), 
occasionally found on late walking stick and older dse1 embryos. (Scale bar: 100 µm.) 
(B) Close up of leaf primordium on dse1 embryo.
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Fig. S2. The fus3 transcriptome compared to the dse1 and ise transcriptomes. (A) 
Total number of up (green bars) or down-regulated (orange bars) genes in dse1, ise1, 
ise2, and fus3 transcriptomes. The dse1, ise1, and ise2 transcriptomes were limited to 
genes on the ATH1 array, to match the same genes assayed in the fus3 transcriptome 
fus3 data from Yamamoto et al. (2014). (B) There are 20 overlapping genes in the 
Venn diagram of dse1 up-regulated and fus3 down-regulated genes. (C) Venn diagram 
showing 6 overlapping genes between dse1 down-regulated genes and fus3 up-
regulated genes. The 273 similarly regulated genes between dse1 and fus3 are shown 
in Fig. 2. (D) There are 30 similarly up-regulated genes in fus3 and the two ise mutants. 
(E) There are 79 similarly down-regulated genes in fus3 and the two ise mutants. There
are 81 oppositely regulated genes between the two ise mutants and fus3; all individual
genes can be found in Table S7.
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Fig. S3. The dse1 transcriptome compared to the 12 DAF and 16 DAF WT 
transcriptomes. The dse1 transcriptome was limited to genes on the ATH1 array, to 
match the same genes assayed in the 12 DAF and 16 DAF WT embryo transcriptomes 
(12 DAF and 16 DAF data collected by Yamamoto et al. (2014) using the ATH1 array). 
(A) Venn diagram of up-regulated genes in dse1 and 12 DAF and 16 DAF WT embryo 
transcriptomes. (B) Venn diagram of down-regulated genes in dse1 and 12 DAF and 16 
DAF WT embryo transcriptomes. (C) Venn diagram of up-regulated genes in dse1 and 
down-regulated genes in 12 DAF and 16 DAF WT embryo transcriptomes.  (D) Venn 
diagram of down-regulated genes in dse1 and up-regulated genes in 12 DAF and 16 
DAF WT embryo transcriptomes. 
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     .*********.*.*****

NbABI5_VIGS_trigger      gcatgcccatgctgcgcatgggcacggacacgggcacgcgcattctcatgctcatagcca
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Niben101Scf02917g00002.1 ccatgcccatgccgcgcat------------aggcacgcgcattctcatgctcatagcca

 ***********.******            .****************************

NbABI5_VIGS_trigger      ggcaccaagtgcaggggaagccactagcacgccacattttgcaataggacagagcaatgt
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(continued from previous page) 

Fig. S4. VIGS trigger design for ABI5 in N. benthamiana. ABI5 orthologs were found 
through Ensembl Plants, and any N. benthamiana proteins with alignments to the A. 
thaliana ABI5 protein (BLAST through SolGenomics) were identified. Protein sequences 
were aligned by MAFFT (L-INS-i with 100 bootstrap values) to produce gene trees with 
Archaeopteryx. (A) According to this gene tree, there are two ABI5 genes in the N. 
benthamiana genome, which is not surprising, because N. benthamiana is the 
descendent of an allotetraploid, and often has two homeologues of each gene in its 
genome. (B) An alignment of the two genes (cDNA) with the designed pTRV2-NbABI5 
trigger shows that the VIGS construct is highly similar to both copies of the N. 
benthamiana ABI5 gene (Niben101Scf07778g03025 and Niben101Scf02917g00002). 
(C) Gene silencing of NbABI5 was confirmed with RT-qPCR. Three biological replicates
NbABI5 silenced plants and three control plants were each tested with primer set 1 for
each ABI5 ortholog and verified with two separate biological replicates and primer set 2
for each ortholog. Expression level was calculated according to an endogenous
reference gene and relative to the VIGS control calibrator = 2-∆∆Ct. Expression level
shown in bar graph is relative to VIGS control (proportional to 1.0).

Fig. S5. TEM of WT and dse1 embryos. (A) WT image. (B) dse1 image. (Scale bars: 
0.5 µm.) Arrows indicate location of PD in cell wall.  

BA
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Fig. S6. Quantitative PCR confirmed the dse1 tiling array results. Expression levels 
of 10 genes altered in expression in the dse1 transcriptome were assayed 
independently by RT-qPCR and the results from each analysis were plotted against 
each other (Pearson's product-moment correlation, three technical replicates were 
performed for each reaction, t = 2.897, df = 9, p-value < 0.008, cor = 0.69). 
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Supplementary Materials and Methods 

Comparative transcriptomics 

The ATH1 probe annotation was downloaded from Affymetrix at 
http://www.affymetrix.com/catalog/131416/AFFY/Arabidopsis+ATH1+Genome+Array#1
_3 on May 20, 2016.  

The lec1, lec2, or fus3 mutant transcriptomes corresponding to 12 DAF were used for 
comparisons with the corresponding WT 8 DAF; fus3 mutant was in Col-0 background 
and lec1 and lec2 mutants were in Ws background as described (Yamamoto et al., 
2014). The WT 12 DAF or WT 16 DAF transcriptomes compared to the WT 8 DAF 
transcriptome were in the Col-0 background.   

Hypergeometric probabilities for transcriptome comparisons were calculated as 
described (Fury et al., 2006) using R (3.2.3) and were confirmed with a hypergeometric 
probability program that also calculates a gene overlap representation factor for 
transcriptomes (conducted on May 23, 2016, program at 
http://nemates.org/MA/progs/overlap_stats.html and program’s statistics information at 
http://nemates.org/MA/progs/representation.stats.html).  

R (3.2.3) was used to create Venn diagrams and bar graphs in the comparative 
transcriptome studies. 

Virus Induced Gene Silencing 

Details on construct design 

The protein sequence of the A. thaliana ABI5 gene from TAIR 
(http://www.arabidopsis.org/) was used to BLAST the N. benthamiana genome (v1.0.1) 
at https://solgenomics.net/ (Bombarely et al., 2012) using an e-value threshold of 10 
and BLOSUM62 substitution matrix. Any protein matches were used to construct gene 
trees, along with ortholog protein sequences collected from Ensembl Plants (release 30 
- December 2015) at http://plants.ensembl.org/ (Vilella et al., 2009) to identify N.
benthamiana orthologs of the gene of interest (Fig. S4A). Gene trees were made with
MAFFT (v7.273) alignments (Katoh et al., 2005), with the highly accurate L-INS-i
method, with 100 bootstrap values, and the gene tree design program Archaeopteryx
(version 0.9901, 2014-10-14, based on forester 1.038). The VIGS trigger was designed
to silence only the orthologs of ABI5 by selectively finding regions specific to the gene of
interest, but not overlapping with related homologs. The trigger was used as a BLAST
query against the N. benthamiana genome (predicted cDNA v1.0.1) using an e-value
threshold of 10 and BLOSUM62 substitution matrix to check for any off-target genes,
and selected to not have any off-target sequence matches >18 bp. The constructs were
checked again to be orthologs of A. thaliana, with BLAST in TAIR.
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The ABI5 VIGS trigger was cloned from N. benthamiana genotype Nb-1 cDNA (RNA 
extraction: Sigma-Aldrich, STRN250-1KT; DNase treatment: NEB, M0303S; first-strand 
cDNA synthesis: ThermoFisher Scientific/Invitrogen, 18080051; RNase H treatment: 
ThermoFisher Scientific/Invitrogen: 18021071), and restriction cloned (NEB, NcoI and 
XmaI) into pYL156 (empty TRV2 vector). The pTRV2-NbABI5 construct was cloned with 
the primers, forward: 5’-gagccatggCCAAGCCCACACGC-3’ and reverse: 5’-
caacccgggTCCTCGAGTGTCATTTCACC-3’. The VIGS triggers were aligned with the 
N. benthamiana genome (v1.0.1) sequence and the cloned cDNA sequence (Fig. S4B).  
 
The cloned trigger was used as a BLAST query against the N. benthamiana genome 
(predicted cDNA v1.0.1) using an e-value threshold of 10 and BLOSUM62 substitution 
matrix to check for any off-target genes. No off-target sequence matches >18 bp were 
identified with the final cloned pTRV2-NbABI5 construct. 
 
Details of RT-qPCR for VIGS 
 
Silencing of NbABI5 was confirmed with RT-qPCR, with three biological replicates of 
pTRV2-NbABI5 silenced plants and three biological replicates of pTRV2-GUS VIGS 
plants as controls (Fig. S4C). Gene silencing of NbABI5 was tested using two primer 
sets for each N. benthamiana ABI5 ortholog, as well as primers for a verified reference 
gene (primers in Table S10; Liu et al., 2012). Gene silencing was approximately 80 
percent for the N. benthamiana ABI5 ortholog Niben101Scf07778g03025 (relative 
expression level = 2-∆∆Ct = 0.22 for primer set 1 and 0.19 for primer set 2) and 
approximately 30 percent for the ABI5 ortholog Niben101Scf02917g00002 (relative 
expression level = 2-∆∆Ct = 0.64 for primer set 1 and 0.69 for primer set 2).  
 
The fourth leaf of three biological replicates (separate plants) were ground with a mortar 
and pestle in liquid N2. Total RNA was extracted following manufactures protocol 
(Sigma-Aldrich, STRN250-1KT) and genomic DNA was removed with DNase treatment 
(NEB, M0303S). First-strand cDNA was made following manufactures protocol from 3 
µg of RNA (ThermoFisher Scientific/Invitrogen, 18080051), treated with RNaseH 
(ThermoFisher Scientific/Invitrogen: 18021071), and diluted 1:1.  
 
Primers were designed to amplify a sequence less than 150 bp and were synthesized 
by Elim Biopharmaceuticals, Inc. (Table S10). Primers were used at 0.5 µM final 
concentration with DyNAmo HS SYBR Green master mix (ThermoFisher Scientific, 
F410L), 1.5 µL cDNA (~5.5 ng/µL cDNA) in the qPCR reaction. Three biological 
replicates NbABI5 silenced plants and three control plants were each tested with primer 
set 1 for each ABI5 ortholog (Fig. S4; Table S10) and verified with two separate 
biological replicates and primer set 2 for each ortholog. Thermocycling conditions were 
95°C for 15 min, then 40 cycles of 94°C for 10 s, 60°C for 30 s, 72°C for 30 s, and a 
final extension of 72°C for for 2 min. A melt curve was followed starting at 72°C and 
ramping up to 95°C in 0.5°C increments. iCycler and Ct values were calculated with iQ5 
(Bio-Rad; http://www.bio-rad.com). Expression level was calculated according to the 
endogenous reference gene (Liu et al., 2012) and relative to the VIGS control calibrator 
= 2-∆∆Ct. 
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Supplementary Tables 

Note: Supplementary Tables 1 and 7 are in two separate documents due to size, and 
are available upon request. 
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Table S2. Twenty-one of the 51 Late Embryogenesis Abundant (LEA) protein 
encoding genes are up-regulated in the dse1 transcriptome.  

Locus1, 2 Gene symbol2 dse1_Tiling ise1_Tiling ise2_Tiling 

AT1G01470 LATE EMBRYOGENESIS ABUNDANT 14 (LEA14) - - -2.1 

AT1G02820 LATE EMBRYOGENESIS ABUNDANT 3 (LEA3) - - - 

AT1G03120 RESPONSIVE TO ABSCISIC ACID 28 (RAB28) - - -4.6 

AT1G20440 COLD-REGULATED 47 (COR47) - - -2.6 

AT1G20450 EARLY RESPONSIVE TO DEHYDRATION 10 (ERD10) - - -2.2 

AT1G32560 LATE EMBRYOGENESIS ABUNDANT 4-1 (AtLEA4-1) 4.7 -16.5 - 

AT1G52690 LATE EMBRYOGENESIS ABUNDANT 7 (LEA7) 3.2 -3.3 -2.9

AT1G54410 - - -

AT1G72100 12 - - 

AT1G76180 EARLY RESPONSE TO DEHYDRATION 14 (ERD14) - - - 

AT2G03740 - - - 

AT2G03850 - 4.5 5.9 

AT2G18340 4.1 - - 

AT2G21490 DEHYDRIN LEA (LEA) 8.1 - - 

AT2G23110 - - - 

AT2G23120 6.2 - - 

AT2G33690 - - - 

AT2G35300 LATE EMBRYOGENESIS ABUNDANT 18 (LEA18) 24.4 - - 

AT2G36640 EMBRYONIC CELL PROTEIN 63 (ECP63) 5 -7.3 -10.6

AT2G40170 LATE EMBRYOGENESIS ABUNDANT 6 (GEA6) 11.5 - - 

AT2G41260 (M17) - - - 

AT2G41280 (M10) - - - 

AT2G42530 COLD REGULATED 15B (COR15B) - - - 

AT2G42540 COLD-REGULATED 15A (COR15A) - - - 

AT2G42560 19.7 2.3 - 

AT2G44060 - - - 

AT2G46140 - - - 

AT3G02480 74.5 - - 

AT3G15670 108.9 - - 

AT3G17520 114 - - 

AT3G22490 - - - 

AT3G22500 LATE EMBRYOGENESIS ABUNDANT PROTEIN ECP31 
(ATECP31) - - - 

AT3G50970 LOW TEMPERATURE-INDUCED 30 (LTI30) - - 2.8 

AT3G50980 DEHYDRIN XERO 1 (XERO1) 3.8 - 8.9

AT3G51810 LATE EMBRYOGENESIS ABUNDANT 1 (EM1) 213.4 - - 
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AT3G53040 18.8 - - 

AT3G53770 - - - 

AT4G02380 SENESCENCE-ASSOCIATED GENE 21 (SAG21) 3.5 - - 

AT4G13230 - - - 

AT4G13560 UNFERTILIZED EMBRYO SAC 15 (UNE15) - - - 

AT4G15910 DROUGHT-INDUCED 21 (DI21) - - - 

AT4G21020 9.5 - - 

AT4G36600 - - - 

AT4G38410 - - - 

AT4G39130 - - - 

AT5G06760 LATE EMBRYOGENESIS ABUNDANT 4-5 (LEA4-5) 87.6 - - 

AT5G27980 - - - 

AT5G44310 10.7 - -6.3

AT5G53260 - -5.1 -28.6

AT5G53270 - - -

AT5G66400 RESPONSIVE TO ABA 18 (RAB18) 12.9 - - 

1 LEA protein encoding genes in the Arabidopsis genome were identified in 
Hundertmark and Hincha, 2008.  
2 TAIR annotation. 
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GO biological process complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

S-glycoside catabolic process (GO:0016145) 27 5 0.3 up 16.42 3.06E-02

glucosinolate catabolic process (GO:0019762) 27 5 0.3 up 16.42 3.06E-02

glycosinolate catabolic process (GO:0019759) 27 5 0.3 up 16.42 3.06E-02

S-glycoside metabolic process (GO:0016143) 59 8 0.67 up 12.02 9.10E-04

glucosinolate metabolic process (GO:0019760) 59 8 0.67 up 12.02 9.10E-04

glycosinolate metabolic process (GO:0019757) 59 8 0.67 up 12.02 9.10E-04

response to water deprivation (GO:0009414) 168 22 1.9 up 11.61 1.80E-13

response to water (GO:0009415) 171 22 1.93 up 11.41 2.57E-13

response to cold (GO:0009409) 185 16 2.09 up 7.67 1.19E-06

response to temperature stimulus (GO:0009266) 274 20 3.09 up 6.47 1.62E-07

response to abscisic acid (GO:0009737) 302 22 3.41 up 6.46 1.88E-08

response to osmotic stress (GO:0006970) 334 24 3.77 up 6.37 2.77E-09

response to salt stress (GO:0009651) 306 20 3.45 up 5.79 1.07E-06

response to alcohol (GO:0097305) 342 22 3.86 up 5.7 1.94E-07

response to inorganic substance (GO:0010035) 536 30 6.05 up 4.96 2.18E-09

response to lipid (GO:0033993) 417 23 4.7 up 4.89 1.36E-06

response to acid chemical (GO:0001101) 676 37 7.63 up 4.85 8.24E-12

sulfur compound metabolic process (GO:0006790) 260 13 2.93 up 4.43 2.03E-02

secondary metabolic process (GO:0019748) 323 16 3.64 up 4.39 2.23E-03

response to oxygen-containing compound (GO:1901700) 879 40 9.92 up 4.03 2.19E-10

response to abiotic stimulus (GO:0009628) 1121 50 12.65 up 3.95 2.73E-13

response to endogenous stimulus (GO:0009719) 996 37 11.24 up 3.29 5.93E-07

response to hormone (GO:0009725) 924 34 10.42 up 3.26 4.17E-06

response to organic substance (GO:0010033) 1148 41 12.95 up 3.17 1.91E-07

response to chemical (GO:0042221) 1682 54 18.97 up 2.85 7.89E-09

response to stress (GO:0006950) 2171 57 24.49 up 2.33 3.79E-06

multicellular organism development (GO:0007275) 1510 37 17.03 up 2.17 1.72E-02

single-multicellular organism process (GO:0044707) 1552 38 17.51 up 2.17 1.31E-02

multicellular organismal process (GO:0032501) 1652 40 18.63 up 2.15 9.54E-03

anatomical structure development (GO:0048856) 1684 40 19 up 2.11 1.49E-02

single-organism developmental process (GO:0044767) 1732 41 19.54 up 2.1 1.23E-02

developmental process (GO:0032502) 1758 41 19.83 up 2.07 1.75E-02

response to stimulus (GO:0050896) 3894 82 43.92 up 1.87 1.79E-05

Unclassified (UNCLASSIFIED) 8013 90 90.39 down 1 0.00E+00

GO cellular component complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

plasmodesma (GO:0009506) 658 21 7.42 up 2.83 1.06E-02

Table S3. A GO analysis of the up-regulated genes in the dse1_Tiling 
transcriptome.
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symplast (GO:0055044) 658 21 7.42 up 2.83 1.06E-02

cell-cell junction (GO:0005911) 660 21 7.44 up 2.82 1.10E-02

cell junction (GO:0030054) 660 21 7.44 up 2.82 1.10E-02

extracellular region (GO:0005576) 2288 58 25.81 up 2.25 2.18E-06

Unclassified (UNCLASSIFIED) 6192 76 69.85 up 1.09 0.00E+00

intracellular organelle (GO:0043229) 14047 120 158.45 down 0.76 2.49E-03

organelle (GO:0043226) 14047 120 158.45 down 0.76 2.49E-03

intracellular membrane-bounded organelle (GO:0043231) 13824 118 155.94 down 0.76 3.23E-03

membrane-bounded organelle (GO:0043227) 13824 118 155.94 down 0.76 3.23E-03

GO molecular function complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

Unclassified (UNCLASSIFIED) 7768 85 87.62 down 0.97 0.00E+00
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GO biological process complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

protoporphyrinogen IX biosynthetic process (GO:0006782) 9 5 0.15 up 33.69 9.65E-04

protoporphyrinogen IX metabolic process (GO:0046501) 9 5 0.15 up 33.69 9.65E-04

chlorophyll biosynthetic process (GO:0015995) 25 9 0.41 up 21.83 1.13E-06

heme biosynthetic process (GO:0006783) 15 5 0.25 up 20.22 1.14E-02

porphyrin-containing compound biosynthetic process (GO:0006779)31 9 0.51 up 17.61 7.17E-06

heme metabolic process (GO:0042168) 18 5 0.3 up 16.85 2.73E-02

chlorophyll metabolic process (GO:0015994) 33 9 0.54 up 16.54 1.22E-05

tetrapyrrole biosynthetic process (GO:0033014) 33 9 0.54 up 16.54 1.22E-05

porphyrin-containing compound metabolic process (GO:0006778)43 9 0.71 up 12.69 1.15E-04

tetrapyrrole metabolic process (GO:0033013) 44 9 0.73 up 12.4 1.39E-04

photosynthesis (GO:0015979) 133 21 2.19 up 9.58 4.43E-11

photosynthesis, light reaction (GO:0019684) 60 9 0.99 up 9.1 1.80E-03

pigment biosynthetic process (GO:0046148) 74 9 1.22 up 7.38 9.70E-03

pigment metabolic process (GO:0042440) 88 9 1.45 up 6.2 3.77E-02

cofactor biosynthetic process (GO:0051188) 145 13 2.39 up 5.44 2.44E-03

cofactor metabolic process (GO:0051186) 247 18 4.07 up 4.42 4.82E-04

response to light stimulus (GO:0009416) 422 21 6.96 up 3.02 1.98E-02

response to radiation (GO:0009314) 442 21 7.29 up 2.88 3.89E-02

Unclassified (UNCLASSIFIED) 8013 157 132.13 up 1.19 0.00E+00

GO cellular component complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

photosystem II oxygen evolving complex (GO:0009654) 15 5 0.25 up 20.22 2.64E-03

chloroplast thylakoid lumen (GO:0009543) 54 16 0.89 up 17.97 1.08E-12

plastid thylakoid lumen (GO:0031978) 54 16 0.89 up 17.97 1.08E-12

thylakoid lumen (GO:0031977) 60 17 0.99 up 17.18 3.00E-13

photosystem I (GO:0009522) 21 5 0.35 up 14.44 1.31E-02

thylakoid part (GO:0044436) 271 58 4.47 up 12.98 3.98E-42

photosynthetic membrane (GO:0034357) 239 51 3.94 up 12.94 1.04E-36

thylakoid membrane (GO:0042651) 238 50 3.92 up 12.74 1.24E-35

chloroplast thylakoid membrane (GO:0009535) 224 47 3.69 up 12.72 2.37E-33

plastid thylakoid membrane (GO:0055035) 224 47 3.69 up 12.72 2.37E-33

plastoglobule (GO:0010287) 43 9 0.71 up 12.69 2.64E-05

chloroplast thylakoid (GO:0009534) 298 62 4.91 up 12.62 1.70E-44

plastid thylakoid (GO:0031976) 298 62 4.91 up 12.62 1.70E-44

photosystem II (GO:0009523) 39 8 0.64 up 12.44 1.67E-04

thylakoid (GO:0009579) 341 66 5.62 up 11.74 1.28E-45

photosystem (GO:0009521) 54 10 0.89 up 11.23 1.52E-05

Table S4. A GO analysis of the down-regulated genes in the dse1_Tiling 
transcriptome.
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organelle subcompartment (GO:0031984) 521 63 8.59 up 7.33 9.53E-32

chloroplast stroma (GO:0009570) 426 47 7.02 up 6.69 1.65E-21

plastid stroma (GO:0009532) 440 47 7.26 up 6.48 6.16E-21

chloroplast part (GO:0044434) 858 90 14.15 up 6.36 7.27E-42

plastid part (GO:0044435) 874 90 14.41 up 6.24 3.10E-41

chloroplast envelope (GO:0009941) 414 35 6.83 up 5.13 3.51E-12

plastid envelope (GO:0009526) 424 35 6.99 up 5.01 6.98E-12

organelle envelope (GO:0031967) 718 35 11.84 up 2.96 8.77E-06

envelope (GO:0031975) 719 35 11.86 up 2.95 9.07E-06

chloroplast (GO:0009507) 2957 132 48.76 up 2.71 2.01E-24

plastid (GO:0009536) 3002 132 49.5 up 2.67 8.30E-24

intracellular organelle part (GO:0044446) 3101 100 51.13 up 1.96 1.74E-08

organelle part (GO:0044422) 3109 100 51.27 up 1.95 2.00E-08

Unclassified (UNCLASSIFIED) 6192 141 102.1 up 1.38 0.00E+00

cellular_component (GO:0005575) 20492 299 337.9 down 0.88 6.09E-03

nucleus (GO:0005634) 7656 69 126.24 down 0.55 5.19E-08

mitochondrion (GO:0005739) 2913 25 48.03 down 0.52 4.19E-02

GO molecular function complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

Unclassified (UNCLASSIFIED) 7768 155 128.09 up 1.21 0.00E+00

nucleotide binding (GO:0000166) 2516 19 41.49 down 0.46 4.99E-02

nucleoside phosphate binding (GO:1901265) 2516 19 41.49 down 0.46 4.99E-02

small molecule binding (GO:0036094) 2613 19 43.09 down 0.44 1.83E-02

anion binding (GO:0043168) 2322 15 38.29 down 0.39 9.99E-03

carbohydrate derivative binding (GO:0097367) 1996 11 32.91 down 0.33 6.24E-03

purine ribonucleoside triphosphate binding (GO:0035639) 1890 10 31.16 down 0.32 7.09E-03

ATP binding (GO:0005524) 1743 9 28.74 down 0.31 1.32E-02

purine ribonucleoside binding (GO:0032550) 1937 10 31.94 down 0.31 3.97E-03

purine nucleoside binding (GO:0001883) 1937 10 31.94 down 0.31 3.97E-03

ribonucleoside binding (GO:0032549) 1941 10 32.01 down 0.31 3.78E-03

nucleoside binding (GO:0001882) 1941 10 32.01 down 0.31 3.78E-03

purine ribonucleotide binding (GO:0032555) 1954 10 32.22 down 0.31 3.21E-03

purine nucleotide binding (GO:0017076) 1956 10 32.25 down 0.31 3.13E-03

ribonucleotide binding (GO:0032553) 1977 10 32.6 down 0.31 2.41E-03

adenyl ribonucleotide binding (GO:0032559) 1807 9 29.8 down 0.3 5.94E-03

adenyl nucleotide binding (GO:0030554) 1809 9 29.83 down 0.3 5.79E-03

phosphotransferase activity, alcohol group as acceptor (GO:0016773)906 2 14.94 down  < 0.2 4.16E-02

kinase activity (GO:0016301) 1078 2 17.78 down  < 0.2 3.07E-03

transferase activity, transferring phosphorus-containing groups (GO:0016772)1243 2 20.5 down  < 0.2 2.37E-04
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Locus (1) Gene description (1) Gene symbol (1) dse1_Tiling ise1 _Tiling ise2 _Tiling

AT1G08990 plant glycogenin-like starch initiation protein 5 (PGSIP5); FUNCTIONS IN: transferase activity, transferring glycosyl groups; INVOLVED IN: biosynthetic process; LOCATED IN: endomembrane system; EXPRESSED IN: root; CONTAINS InterPro DOMAIN/s: Glycosyl transferase, family 8 (InterPro:IPR002495); BEST Arabidopsis thaliana protein match is: plant glycogenin-like starch initiation protein 4 (TAIR:AT1G54940.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink).PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 5 (PGSIP5)2.8 3.8 3.6

AT1G17030 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT2G47010.2); Has 70 Blast hits to 70 proteins in 13 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 69; Viruses - 0; Other Eukaryotes - 1 (source: NCBI BLink). 2.7 6.2 3.2

AT1G19200 Protein of unknown function (DUF581); CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF581 (InterPro:IPR007650); BEST Arabidopsis thaliana protein match is: Protein of unknown function (DUF581) (TAIR:AT1G74940.1); Has 464 Blast hits to 464 proteins in 20 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 464; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 2.6 4.2 2.6

AT1G23410 Ribosomal protein S27a / Ubiquitin family protein; FUNCTIONS IN: structural constituent of ribosome; INVOLVED IN: protein ubiquitination involved in ubiquitin-dependent protein catabolic process, translation; LOCATED IN: cytosolic small ribosomal subunit, plasma membrane; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: Ubiquitin subgroup (InterPro:IPR019956), Ribosomal protein S27a (InterPro:IPR002906), Ubiquitin conserved site (InterPro:IPR019954), Ubiquitin (InterPro:IPR000626), Ubiquitin supergroup (InterPro:IPR019955); BEST Arabidopsis thaliana protein match is: ubiquitin 6 (TAIR:AT2G47110.2); Has 12704 Blast hits to 7404 proteins in 782 species: Archae - 114; Bacteria - 22; Metazoa - 5540; Fungi - 1414; Plants - 3101; Viruses - 186; Other Eukaryotes - 2327 (source: NCBI BLink). 3.2 9.3 7.6

AT1G28470 NAC domain containing protein 10 (NAC010); CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 73 (TAIR:AT4G28500.1); Has 2334 Blast hits to 2329 proteins in 68 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 2334; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 10 (NAC010)4.1 2.3 2.1

AT2G06850 endoxyloglucan transferase (EXGT-A1) geneXYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 4 (XTH4)6.1 4.8 6.9

AT3G03650 embryo sac development arrest 5 (EDA5); FUNCTIONS IN: catalytic activity; INVOLVED IN: megagametogenesis, pollen tube development; LOCATED IN: membrane; CONTAINS InterPro DOMAIN/s: Exostosin-like (InterPro:IPR004263); BEST Arabidopsis thaliana protein match is: exostosin family protein (TAIR:AT3G45400.1); Has 1124 Blast hits to 1120 proteins in 61 species: Archae - 0; Bacteria - 6; Metazoa - 39; Fungi - 0; Plants - 1020; Viruses - 0; Other Eukaryotes - 59 (source: NCBI BLink).EMBRYO SAC DEVELOPMENT ARREST 5 (EDA5)2.9 6.8 4.5

AT3G07390 isolated from differential screening of a cDNA library from auxin-treated root culture. sequence does not show homology to any known proteins and is predicted to be extracellular.AUXIN-INDUCED IN ROOT CULTURES 12 (AIR12)2.2 3.9 2.8

AT3G10890 Glycosyl hydrolase superfamily protein; FUNCTIONS IN: cation binding, hydrolase activity, hydrolyzing O-glycosyl compounds, catalytic activity; INVOLVED IN: carbohydrate metabolic process; LOCATED IN: endomembrane system; EXPRESSED IN: central cell, petal, embryo, leaf whorl, flower; EXPRESSED DURING: 4 anthesis, C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Glycoside hydrolase, catalytic core (InterPro:IPR017853), Glycoside hydrolase, family 5 (InterPro:IPR001547), Glycoside hydrolase, subgroup, catalytic core (InterPro:IPR013781); BEST Arabidopsis thaliana protein match is: Glycosyl hydrolase superfamily protein (TAIR:AT3G10900.1); Has 765 Blast hits to 758 proteins in 196 species: Archae - 23; Bacteria - 223; Metazoa - 0; Fungi - 184; Plants - 307; Viruses - 0; Other Eukaryotes - 28 (source: NCBI BLink). 5 2.5 3.6

AT3G15950 Similar to TSK-associating protein 1 (TSA1), contains 10 EFE repeats, a novel repeat sequence unique to plants.  Expressed preferentially in the roots.Protein is localized to ER bodies- an endoplasmic reticulum derived structure. Loss of function mutations lack ER bodies. (NAI2) 10 5.1 4.9

AT3G16400 Encodes a nitrile-specifier protein NSP1 responsible for constitutive and herbivore-induced simple nitrile formation in rosette leaves. NSP1 is one out of five (At3g16400/NSP1, At2g33070/NSP2, At3g16390/NSP3, At3g16410/NSP4 and At5g48180/NSP5) A. thaliana epithiospecifier protein (ESP) homologues that promote simple nitrile, but not epithionitrile or thiocyanate formation.NITRILE SPECIFIER PROTEIN 1 (NSP1)8 5 11.5

AT3G22400 Encodes lipoxygenase5 (LOX5). LOX5 activity in roots facilitates green peach aphid colonization of Arabidopsis foliage by promoting green peach aphid feeding from sieve element and water consumption from xylem. (LOX5) 15.5 2 3.6

AT3G23000 Encodes a serine/threonine protein kinase with similarities to CBL-interacting protein kinases, SNF1 and SOS2.CBL-INTERACTING PROTEIN KINASE 7 (CIPK7)2.2 3.1 4

AT4G01070 the glycosyltransferase (UGT72B1) is involved in metabolizing xenobiotica (chloroaniline and chlorophenole). Comparison between wild type and knock-out mutant demonstrates the central role of this gene for metabolizing chloroaniline but significantly less for chlorophenole. The glucosyltransferase preferred UDP-xylose over UDP-glucose indicating its (additional) functioning as a xylosyltransferase in planta (GT72B1) 2.6 2.4 2.3

AT4G16640 Matrixin family protein; FUNCTIONS IN: metallopeptidase activity, metalloendopeptidase activity, zinc ion binding; INVOLVED IN: proteolysis, metabolic process; LOCATED IN: anchored to membrane; EXPRESSED IN: 10 plant structures; EXPRESSED DURING: 4 anthesis, C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Peptidase M10, metallopeptidase (InterPro:IPR001818), Peptidoglycan binding-like (InterPro:IPR002477), Peptidase M10A, matrix metallopeptidase (InterPro:IPR021190), Peptidase, metallopeptidase (InterPro:IPR006026); BEST Arabidopsis thaliana protein match is: Matrixin family protein (TAIR:AT2G45040.1); Has 2701 Blast hits to 2501 proteins in 212 species: Archae - 6; Bacteria - 141; Metazoa - 2219; Fungi - 5; Plants - 183; Viruses - 44; Other Eukaryotes - 103 (source: NCBI BLink). 6.2 2.1 3.2

AT4G21990 Encodes a protein disulfide isomerase-like (PDIL) protein, a member of a multigene family within the thioredoxin (TRX) superfamily.  This protein also belongs to the adenosine 5'-phosphosulfate reductase-like (APRL) group.APS REDUCTASE 3 (APR3) 2.9 4.2 2

AT4G25000 Predicted to be secreted protein based on signalP prediction. Involved in starch mobilization.  Mutants are defective in alpha-amylase activity. (Note: AMY1 has been found in the literature to be referred to as AMY3, which is not to be confused with AMY3/At1g69830).ALPHA-AMYLASE-LIKE (AMY1) 2.7 2.1 2.9

AT4G29110 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: response to chitin; LOCATED IN: vacuole; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT1G52140.1); Has 109 Blast hits to 109 proteins in 16 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 109; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 6.1 7.8 5.7

AT4G30290 Encodes a xyloglucan endotransglucosylase/hydrolase with only only the endotransglucosylase (XET; EC   2.4.1.207) activity towards xyloglucan and non-detectable endohydrolytic (XEH; EC 3.2.1.151) activity. Expressed throughout both the main and the lateral root, with intensive expression at the dividing and elongating regions. Is expressed in lateral root primordia but expression ceases after lateral root begins to grow.XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 19 (XTH19)2.6 50.3 15

AT4G30530 Encodes a gamma-glutamyl peptidase, outside the GGT family, that can hydrolyze gamma-glutamyl peptide bonds.GAMMA-GLUTAMYL PEPTIDASE 1 (GGP1)2.3 3 6.9

AT4G37690 Galactosyl transferase GMA12/MNN10 family protein; CONTAINS InterPro DOMAIN/s: Galactosyl transferase (InterPro:IPR008630); BEST Arabidopsis thaliana protein match is: Galactosyl transferase GMA12/MNN10 family protein (TAIR:AT2G22900.1); Has 507 Blast hits to 506 proteins in 109 species: Archae - 0; Bacteria - 4; Metazoa - 0; Fungi - 185; Plants - 285; Viruses - 4; Other Eukaryotes - 29 (source: NCBI BLink). 3 7 4.2

AT5G01040 putative laccase, knockout mutant showed early floweringLACCASE 8 (LAC8) 2.6 2.1 2.8

AT5G06720 Encodes a peroxidase with diverse roles in the wound response, flower development, and syncytium formation.PEROXIDASE 2 (PA2) 4.8 3.6 4.5

AT5G07530 encodes a glycine-rich protein that has oleosin domain and is expressed specifically during flower stages 10 to 12. Protein is found on mature pollen coat.GLYCINE RICH PROTEIN 17 (GRP17)3.1 8.1 14.6

AT5G14130 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: response to oxidative stress, oxidation reduction; LOCATED IN: endomembrane system; EXPRESSED IN: embryo, hypocotyl, fruit, root; EXPRESSED DURING: C globular stage; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016), Peroxidase, active site (InterPro:IPR019794); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT4G37530.1); Has 4547 Blast hits to 4517 proteins in 291 species: Archae - 0; Bacteria - 4; Metazoa - 2; Fungi - 177; Plants - 4298; Viruses - 0; Other Eukaryotes - 66 (source: NCBI BLink). 2.4 2.9 2

AT5G64060 NAC domain containing protein 103 (NAC103); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: multicellular organismal development, regulation of transcription; LOCATED IN: cellular_component unknown; EXPRESSED IN: 9 plant structures; EXPRESSED DURING: 6 growth stages; CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 82 (TAIR:AT5G09330.4); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 103 (NAC103)2 2.4 3.4

AT1G01320 Tetratricopeptide repeat (TPR)-like superfamily protein; FUNCTIONS IN: binding; LOCATED IN: cellular_component unknown; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Tetratricopeptide-like helical (InterPro:IPR011990), Tetratricopeptide repeat-containing (InterPro:IPR013026), Tetratricopeptide repeat (InterPro:IPR019734); BEST Arabidopsis thaliana protein match is: Tetratricopeptide repeat (TPR)-like superfamily protein (TAIR:AT4G28080.1); Has 12123 Blast hits to 4846 proteins in 494 species: Archae - 106; Bacteria - 3214; Metazoa - 4973; Fungi - 1823; Plants - 555; Viruses - 79; Other Eukaryotes - 1373 (source: NCBI BLink). -2 -4 -3.7

AT1G03130 Encodes a protein predicted by sequence similarity with spinach PsaD to be photosystem I reaction center subunit II (PsaD2)PHOTOSYSTEM I SUBUNIT D-2 (PSAD-2)-2.8 -3.1 -10.4

AT1G03457 RNA-binding (RRM/RBD/RNP motifs) family protein; FUNCTIONS IN: RNA binding, nucleotide binding, nucleic acid binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: RNA recognition motif, RNP-1 (InterPro:IPR000504), Ribonucleoprotein, BRUNO-like (InterPro:IPR015903), Paraneoplastic encephalomyelitis antigen (InterPro:IPR002343), Nucleotide-binding, alpha-beta plait (InterPro:IPR012677); BEST Arabidopsis thaliana protein match is: RNA-binding protein-defense related 1 (TAIR:AT4G03110.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). -2.1 -2.2 -2.3

AT1G03630 Encodes for a protein with protochlorophyllide oxidoreductase activity. The enzyme is NADPH- and light-dependent.PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (POR C)-7.7 -2.4 -6.6

AT1G09750 Eukaryotic aspartyl protease family protein; FUNCTIONS IN: aspartic-type endopeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: apoplast, cell wall, plant-type cell wall; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Peptidase aspartic (InterPro:IPR021109), Peptidase aspartic, catalytic (InterPro:IPR009007), Peptidase A1 (InterPro:IPR001461); BEST Arabidopsis thaliana protein match is: Eukaryotic aspartyl protease family protein (TAIR:AT3G54400.1); Has 2762 Blast hits to 2753 proteins in 256 species: Archae - 0; Bacteria - 2; Metazoa - 415; Fungi - 350; Plants - 1861; Viruses - 0; Other Eukaryotes - 134 (source: NCBI BLink). -2.3 -9.1 -40.5

AT1G12900 glyceraldehyde 3-phosphate dehydrogenase A subunit 2 (GAPA-2); FUNCTIONS IN: NAD or NADH binding, glyceraldehyde-3-phosphate dehydrogenase activity; INVOLVED IN: oxidation reduction, glycolysis, glucose metabolic process; LOCATED IN: apoplast, chloroplast stroma, chloroplast, membrane, chloroplast envelope; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Glyceraldehyde 3-phosphate dehydrogenase subfamily (InterPro:IPR000173), Glyceraldehyde 3-phosphate dehydrogenase family (InterPro:IPR020831), Glyceraldehyde-3-phosphate dehydrogenase, type I (InterPro:IPR006424), Glyceraldehyde 3-phosphate dehydrogenase, active site (InterPro:IPR020830), Glyceraldehyde 3-phosphate dehydrogenase, catalytic domain (InterPro:IPR020829), Glyceraldehyde 3-phosphate dehydrogenase, catalytic domain, subgroup (InterPro:IPR020832), Glyceraldehyde 3-phosphate dehydrogenase, NAD(P) binding domain (InterPro:IPR020828); BEST Arabidopsis thaliana protein match is: glyceraldehyde 3-phosphaGLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A SUBUNIT 2 (GAPA-2)-3.2 -2.8 -13.3

AT1G15820 Lhcb6 protein (Lhcb6), light harvesting complex of photosystem II.LIGHT HARVESTING COMPLEX PHOTOSYSTEM II SUBUNIT 6 (LHCB6)-3.3 -5.5 -3.9

AT1G17810 beta-tonoplast intrinsic protein (beta-TIP) mRNA, completeBETA-TONOPLAST INTRINSIC PROTEIN (BETA-TIP)-2.1 -5.3 -4.2

AT1G19715 Mannose-binding lectin superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Mannose-binding lectin (InterPro:IPR001229); BEST Arabidopsis thaliana protein match is: Mannose-binding lectin superfamily protein (TAIR:AT1G73040.1). -2.1 -3 -2.9

AT1G19720 Pentatricopeptide repeat (PPR-like) superfamily protein; INVOLVED IN: biological_process unknown; LOCATED IN: nucleus, chloroplast, cytoplasm; CONTAINS InterPro DOMAIN/s: Pentatricopeptide repeat (InterPro:IPR002885); BEST Arabidopsis thaliana protein match is: Tetratricopeptide repeat (TPR)-like superfamily protein (TAIR:AT3G57430.1); Has 61333 Blast hits to 15549 proteins in 316 species: Archae - 3; Bacteria - 46; Metazoa - 404; Fungi - 515; Plants - 59134; Viruses - 0; Other Eukaryotes - 1231 (source: NCBI BLink). -2.8 -4.2 -5.7

AT1G20020 Encodes a leaf-type ferredoxin:NADP(H) oxidoreductase.  It is present in both chloroplast stroma and thylakoid membranes but is more abundant in the stromaFERREDOXIN-NADP(+)-OXIDOREDUCTASE 2 (FNR2)-4.6 -3.2 -2.9

Table S5. Genes that are similarly affected in the dse1 , ise1 , and ise2 
transcriptomes.
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AT1G20340 recombination and DNA-damage resistance protein (DRT112)  One of two Arabidopsis plastocyanin genes. Predominant form, expressed 10x higher than PETE1. PETE2 is thought to be post-transcriptionally regulated via copper accumulation and is involved in copper homeostasis. Mutation of this gene does not have obvious effect on photosynthesis.DNA-DAMAGE-REPAIR/TOLERATION PROTEIN 112 (DRT112)-2.3 -15.7 -6.4

AT1G21500 unknown protein; Has 29 Blast hits to 29 proteins in 12 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 2; Plants - 27; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -3.2 -7.5 -5.1

AT1G22430 GroES-like zinc-binding dehydrogenase family protein; FUNCTIONS IN: oxidoreductase activity, zinc ion binding; INVOLVED IN: oxidation reduction; LOCATED IN: cellular_component unknown; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: GroES-like (InterPro:IPR011032), Alcohol dehydrogenase GroES-like (InterPro:IPR013154), Alcohol dehydrogenase, zinc-containing, conserved site (InterPro:IPR002328), Alcohol dehydrogenase, C-terminal (InterPro:IPR013149), Alcohol dehydrogenase superfamily, zinc-containing (InterPro:IPR002085); BEST Arabidopsis thaliana protein match is: GroES-like zinc-binding dehydrogenase family protein (TAIR:AT4G22110.2); Has 33980 Blast hits to 33961 proteins in 3177 species: Archae - 763; Bacteria - 21520; Metazoa - 1242; Fungi - 2509; Plants - 4182; Viruses - 3; Other Eukaryotes - 3761 (source: NCBI BLink). -2.6 -10.2 -2.4

AT1G25440 B-box type zinc finger protein with CCT domain; FUNCTIONS IN: sequence-specific DNA binding transcription factor activity, zinc ion binding; INVOLVED IN: regulation of transcription; LOCATED IN: membrane; EXPRESSED IN: leaf; CONTAINS InterPro DOMAIN/s: CCT domain (InterPro:IPR010402), Zinc finger, B-box (InterPro:IPR000315); BEST Arabidopsis thaliana protein match is: B-box type zinc finger protein with CCT domain (TAIR:AT1G68520.1); Has 3476 Blast hits to 2333 proteins in 129 species: Archae - 0; Bacteria - 2; Metazoa - 0; Fungi - 0; Plants - 3380; Viruses - 0; Other Eukaryotes - 94 (source: NCBI BLink). -3.2 -4.3 -5.3

AT1G26680 transcriptional factor B3 family protein; FUNCTIONS IN: DNA binding, sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription, DNA-dependent; LOCATED IN: chloroplast; EXPRESSED IN: ovule, embryo; EXPRESSED DURING: D bilateral stage; CONTAINS InterPro DOMAIN/s: Transcriptional factor B3 (InterPro:IPR003340); BEST Arabidopsis thaliana protein match is: Transcriptional factor B3 family protein (TAIR:AT2G24645.1); Has 880 Blast hits to 315 proteins in 21 species: Archae - 0; Bacteria - 2; Metazoa - 2; Fungi - 0; Plants - 864; Viruses - 0; Other Eukaryotes - 12 (source: NCBI BLink). -4 -2.9 -3.1

AT1G31920 Tetratricopeptide repeat (TPR)-like superfamily protein; CONTAINS InterPro DOMAIN/s: Pentatricopeptide repeat (InterPro:IPR002885); BEST Arabidopsis thaliana protein match is: Tetratricopeptide repeat (TPR)-like superfamily protein (TAIR:AT5G66520.1); Has 36071 Blast hits to 13961 proteins in 258 species: Archae - 0; Bacteria - 3; Metazoa - 83; Fungi - 93; Plants - 35305; Viruses - 0; Other Eukaryotes - 587 (source: NCBI BLink). -2.3 -5.2 -3.8

AT1G32060 phosphoribulokinase (PRK); FUNCTIONS IN: protein binding, phosphoribulokinase activity, ATP binding; INVOLVED IN: response to cold, defense response to bacterium, biosynthetic process, peptidyl-cysteine S-nitrosylation; LOCATED IN: in 8 components; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 15 growth stages; CONTAINS InterPro DOMAIN/s: Phosphoribulokinase/uridine kinase (InterPro:IPR006083), Phosphoribulokinase (InterPro:IPR006082); BEST Arabidopsis thaliana protein match is: uridine kinase-like 5 (TAIR:AT3G27440.1); Has 6197 Blast hits to 6197 proteins in 2200 species: Archae - 37; Bacteria - 4118; Metazoa - 341; Fungi - 129; Plants - 1120; Viruses - 2; Other Eukaryotes - 450 (source: NCBI BLink).PHOSPHORIBULOKINASE (PRK) -2.4 -3.1 -6.4

AT1G32470 Single hybrid motif superfamily protein; FUNCTIONS IN: glycine dehydrogenase (decarboxylating) activity; INVOLVED IN: glycine catabolic process, glycine decarboxylation via glycine cleavage system; LOCATED IN: mitochondrion, glycine cleavage complex, chloroplast; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: 2-oxo acid dehydrogenase, lipoyl-binding site (InterPro:IPR003016), Single hybrid motif (InterPro:IPR011053), Glycine cleavage H-protein (InterPro:IPR002930), Glycine cleavage H-protein, subgroup (InterPro:IPR017453); BEST Arabidopsis thaliana protein match is: glycine decarboxylase complex H (TAIR:AT2G35370.1); Has 7097 Blast hits to 7097 proteins in 2175 species: Archae - 168; Bacteria - 4510; Metazoa - 187; Fungi - 126; Plants - 207; Viruses - 0; Other Eukaryotes - 1899 (source: NCBI BLink). -11.4 -4.3 -3.2

AT1G60970 SNARE-like superfamily protein; INVOLVED IN: intracellular protein transport, transport; LOCATED IN: clathrin vesicle coat; EXPRESSED IN: leaf whorl, sperm cell, pedicel; EXPRESSED DURING: 4 anthesis; CONTAINS InterPro DOMAIN/s: Longin-like (InterPro:IPR011012); BEST Arabidopsis thaliana protein match is: SNARE-like superfamily protein (TAIR:AT3G09800.1); Has 621 Blast hits to 621 proteins in 219 species: Archae - 0; Bacteria - 0; Metazoa - 227; Fungi - 139; Plants - 149; Viruses - 0; Other Eukaryotes - 106 (source: NCBI BLink). -2.8 -2.3 -3.1

AT1G76110 HMG (high mobility group) box protein with ARID/BRIGHT DNA-binding domain; FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription; LOCATED IN: intracellular, nucleus; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: High mobility group, superfamily (InterPro:IPR009071), High mobility group, HMG1/HMG2 (InterPro:IPR000910), ARID/BRIGHT DNA-binding domain (InterPro:IPR001606); BEST Arabidopsis thaliana protein match is: HMG (high mobility group) box protein with ARID/BRIGHT DNA-binding domain (TAIR:AT1G04880.1); Has 3338 Blast hits to 2805 proteins in 278 species: Archae - 0; Bacteria - 0; Metazoa - 2430; Fungi - 276; Plants - 321; Viruses - 0; Other Eukaryotes - 311 (source: NCBI BLink). -2.7 -5.2 -5

AT2G03590 Encodes a member of a class of allantoin transporters.UREIDE PERMEASE 1 (UPS1) -3.8 -2.4 -6.7

AT2G03750 P-loop containing nucleoside triphosphate hydrolases superfamily protein; FUNCTIONS IN: sulfotransferase activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Sulfotransferase domain (InterPro:IPR000863); BEST Arabidopsis thaliana protein match is: P-loop containing nucleoside triphosphate hydrolases superfamily protein (TAIR:AT3G45070.1); Has 2643 Blast hits to 2603 proteins in 174 species: Archae - 0; Bacteria - 153; Metazoa - 1676; Fungi - 1; Plants - 545; Viruses - 0; Other Eukaryotes - 268 (source: NCBI BLink). -10.7 -3.7 -3.3

AT2G05160 CCCH-type zinc fingerfamily protein with RNA-binding domain; FUNCTIONS IN: RNA binding, nucleotide binding, zinc ion binding, nucleic acid binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 6 plant structures; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Zinc finger, CCCH-type (InterPro:IPR000571), RNA recognition motif, RNP-1 (InterPro:IPR000504), Nucleotide-binding, alpha-beta plait (InterPro:IPR012677); BEST Arabidopsis thaliana protein match is: Zinc finger (CCCH-type) family protein / RNA recognition motif (RRM)-containing protein (TAIR:AT3G52980.1); Has 286 Blast hits to 218 proteins in 21 species: Archae - 0; Bacteria - 0; Metazoa - 6; Fungi - 0; Plants - 277; Viruses - 0; Other Eukaryotes - 3 (source: NCBI BLink). -3.6 -5.3 -10.6

AT2G05310 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT4G13500.1); Has 50 Blast hits to 50 proteins in 20 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 50; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -2.2 -2.2 -2.1

AT2G23260 UDP-glucosyl transferase 84B1 (UGT84B1); FUNCTIONS IN: indole-3-acetate beta-glucosyltransferase activity, UDP-glycosyltransferase activity, quercetin 7-O-glucosyltransferase activity, transferase activity, transferring glycosyl groups, abscisic acid glucosyltransferase activity; INVOLVED IN: metabolic process; LOCATED IN: cellular_component unknown; CONTAINS InterPro DOMAIN/s: UDP-glucuronosyl/UDP-glucosyltransferase (InterPro:IPR002213); BEST Arabidopsis thaliana protein match is: UDP-glucosyl transferase 84B2 (TAIR:AT2G23250.1); Has 8287 Blast hits to 8221 proteins in 529 species: Archae - 0; Bacteria - 658; Metazoa - 2389; Fungi - 60; Plants - 4987; Viruses - 124; Other Eukaryotes - 69 (source: NCBI BLink).UDP-GLUCOSYL TRANSFERASE 84B1 (UGT84B1)-4 -57.8 -7.9

AT3G01480 Encodes a chloroplast cyclophilin functioning in the assembly and maintenance of photosystem II (PSII) supercomplexes.CYCLOPHILIN 38 (CYP38) -3.9 -3.4 -3.5

AT3G05625 Tetratricopeptide repeat (TPR)-like superfamily protein; FUNCTIONS IN: binding; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast, chloroplast stroma; EXPRESSED IN: cotyledon; CONTAINS InterPro DOMAIN/s: Tetratricopeptide-like helical (InterPro:IPR011990), Tetratricopeptide repeat-containing (InterPro:IPR013026), Tetratricopeptide repeat (InterPro:IPR019734); Has 330 Blast hits to 328 proteins in 146 species: Archae - 14; Bacteria - 241; Metazoa - 0; Fungi - 0; Plants - 43; Viruses - 0; Other Eukaryotes - 32 (source: NCBI BLink). -3.2 -2.3 -3.6

AT3G08940 Lhcb4.2 protein (Lhcb4.2, protein involved in the light harvesting complex of photosystem IILIGHT HARVESTING COMPLEX PHOTOSYSTEM II (LHCB4.2)-3.5 -6.9 -8.3

AT3G09580 FAD/NAD(P)-binding oxidoreductase family protein; LOCATED IN: chloroplast, chloroplast envelope; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Amine oxidase (InterPro:IPR002937); BEST Arabidopsis thaliana protein match is: Flavin containing amine oxidoreductase family (TAIR:AT5G14220.1); Has 2908 Blast hits to 2906 proteins in 704 species: Archae - 36; Bacteria - 1433; Metazoa - 261; Fungi - 51; Plants - 352; Viruses - 0; Other Eukaryotes - 775 (source: NCBI BLink). -3.2 -2.9 -3.6

AT3G10200 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF248, methyltransferase putative (InterPro:IPR004159); BEST Arabidopsis thaliana protein match is: S-adenosyl-L-methionine-dependent methyltransferases superfamily protein (TAIR:AT5G04060.1); Has 1192 Blast hits to 1180 proteins in 187 species: Archae - 1; Bacteria - 301; Metazoa - 2; Fungi - 2; Plants - 876; Viruses - 0; Other Eukaryotes - 10 (source: NCBI BLink). -3.9 -2.3 -4.2

AT3G10405 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: pollen development; LOCATED IN: chloroplast; Has 44 Blast hits to 44 proteins in 20 species: Archae - 0; Bacteria - 4; Metazoa - 0; Fungi - 0; Plants - 39; Viruses - 0; Other Eukaryotes - 1 (source: NCBI BLink). -4.3 -2.4 -4.1

AT3G13790 Encodes a protein with invertase activity. (ATBFRUCT1) -2.6 -4 -2.7

AT3G14415 Aldolase-type TIM barrel family protein; FUNCTIONS IN: glycolate oxidase activity, oxidoreductase activity, FMN binding, catalytic activity; INVOLVED IN: oxidation reduction, metabolic process; LOCATED IN: peroxisome; EXPRESSED IN: guard cell, leaf; CONTAINS InterPro DOMAIN/s: Aldolase-type TIM barrel (InterPro:IPR013785), FMN-dependent alpha-hydroxy acid dehydrogenase, active site (InterPro:IPR008259), FMN-dependent dehydrogenase (InterPro:IPR000262), Alpha-hydroxy acid dehydrogenase, FMN-dependent (InterPro:IPR012133); BEST Arabidopsis thaliana protein match is: Aldolase-type TIM barrel family protein (TAIR:AT3G14420.2). -3.7 -2.1 -2.2

AT3G14420 Aldolase-type TIM barrel family protein; FUNCTIONS IN: glycolate oxidase activity; INVOLVED IN: oxidation reduction, metabolic process; LOCATED IN: in 7 components; EXPRESSED IN: cotyledon, fruit, guard cell, juvenile leaf, leaf; EXPRESSED DURING: seedling growth; CONTAINS InterPro DOMAIN/s: Aldolase-type TIM barrel (InterPro:IPR013785), FMN-dependent alpha-hydroxy acid dehydrogenase, active site (InterPro:IPR008259), FMN-dependent dehydrogenase (InterPro:IPR000262), Alpha-hydroxy acid dehydrogenase, FMN-dependent (InterPro:IPR012133); BEST Arabidopsis thaliana protein match is: Aldolase-type TIM barrel family protein (TAIR:AT3G14415.3); Has 11706 Blast hits to 11682 proteins in 1857 species: Archae - 148; Bacteria - 5438; Metazoa - 369; Fungi - 697; Plants - 266; Viruses - 0; Other Eukaryotes - 4788 (source: NCBI BLink). -3.7 -2.2 -2.2

AT3G18890 NAD(P)-binding Rossmann-fold superfamily protein; FUNCTIONS IN: binding, catalytic activity; INVOLVED IN: metabolic process; LOCATED IN: chloroplast thylakoid membrane, chloroplast, chloroplast envelope; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: NAD(P)-binding domain (InterPro:IPR016040), NmrA-like (InterPro:IPR008030); BEST Arabidopsis thaliana protein match is: NAD(P)-binding Rossmann-fold superfamily protein (TAIR:AT2G34460.1); Has 26348 Blast hits to 17063 proteins in 1661 species: Archae - 97; Bacteria - 5228; Metazoa - 9723; Fungi - 4680; Plants - 1695; Viruses - 652; Other Eukaryotes - 4273 (source: NCBI BLink).TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 62 (Tic62)-3.7 -2.6 -2.1

AT3G21055 Encodes photosystem II 5 kD protein subunit PSII-T. This is a nuclear-encoded gene (PsbTn) which also has a plastid-encoded paralog (PsbTc).PHOTOSYSTEM II SUBUNIT T (PSBTN)-2.2 -2.8 -3.8

AT3G23700 Nucleic acid-binding proteins superfamily; FUNCTIONS IN: RNA binding; INVOLVED IN: response to cold; LOCATED IN: chloroplast stroma, nucleus, chloroplast; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Nucleic acid-binding, OB-fold-like (InterPro:IPR016027), Nucleic acid-binding, OB-fold (InterPro:IPR012340), Ribosomal protein S1, RNA-binding domain (InterPro:IPR003029); BEST Arabidopsis thaliana protein match is: ribosomal protein S1 (TAIR:AT5G30510.1); Has 30347 Blast hits to 20342 proteins in 2814 species: Archae - 227; Bacteria - 22388; Metazoa - 193; Fungi - 227; Plants - 347; Viruses - 0; Other Eukaryotes - 6965 (source: NCBI BLink). -3.4 -4.1 -2.2

AT3G25690 actin binding protein required for normal chloroplast positioningCHLOROPLAST UNUSUAL POSITIONING 1 (CHUP1)-3.1 -2.7 -2.3

AT3G26650 Encodes one of the two subunits forming the photosynthetic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and as such a constituent of the supramolecular complex with phosphoribulokinase (PRK) thought to be linked by a small peptide encoded by CP12-2. GapA-1 is coordinately expressed by light with PRK and CP12-2. The enzyme activity, tested in leaf protein extracts dropped significantly after external sucrose treatment for the photosynthetic GAPDH (NADPH-dependent) but not for the cytosolic GAPDH (NADH-dependent).GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A SUBUNIT (GAPA)-2.5 -2.4 -4.7

AT3G29030 Encodes an expansin. Naming convention from the Expansin Working Group (Kende et al, 2004. Plant Mol Bio)EXPANSIN A5 (EXPA5) -2.3 -3 -2.7

AT3G54090 Encodes a fructokinase-like protein (AT3G54090/FLN1, AT1G69200/FLN2), a member of the pfkB-carbohydrate kinase family.  FLN1 and FLN2 are potential plastidial thioredoxin z (TRX z) targets.FRUCTOKINASE-LIKE 1 (FLN1) -3.1 -3.5 -2.6

AT4G03050 Transcriptional silent in leaf tissues of ecotype Col. The transcribed allele in ecotype Ler encodes a 2-oxoglutarate-dependent dioxygenase which is involved in glucosinolate biosynthesis. The natural variation in this locus explains the diversification of hydroxyalkyl glucosinolates among different ecotypes of Arabidopsis. (AOP3) -2.7 -2.5 -2.2

AT4G04640 One of two genes (with ATPC2) encoding the gamma subunit of Arabidopsis chloroplast ATP synthase. (ATPC1) -2.3 -2.4 -2.7

AT4G09010 Encodes a thylakoid lumen protein that was initially believed to act as a microsomal ascorbate peroxidase APX4 but to date, no evidence of enzymatic activity has been found.THYLAKOID LUMEN 29 (TL29) -3.4 -4.5 -4.6

AT4G09160 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein; FUNCTIONS IN: transporter activity; INVOLVED IN: transport; LOCATED IN: chloroplast; CONTAINS InterPro DOMAIN/s: Cellular retinaldehyde-binding/triple function, C-terminal (InterPro:IPR001251), Cellular retinaldehyde-binding/triple function, N-terminal (InterPro:IPR008273), GOLD (InterPro:IPR009038), Phosphatidylinositol transfer protein-like, N-terminal (InterPro:IPR011074); BEST Arabidopsis thaliana protein match is: Sec14p-like phosphatidylinositol transfer family protein (TAIR:AT1G72160.1); Has 12185 Blast hits to 8606 proteins in 820 species: Archae - 53; Bacteria - 1604; Metazoa - 4851; Fungi - 2300; Plants - 1007; Viruses - 130; Other Eukaryotes - 2240 (source: NCBI BLink). -2.1 -2.3 -3.1

AT4G14540 nuclear factor Y, subunit B3 (NF-YB3); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription, DNA-dependent; LOCATED IN: nucleus, intracellular; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Transcription factor, CBFA/NFYB, DNA topoisomerase (InterPro:IPR003957), Transcription factor CBF/NF-Y/archaeal histone (InterPro:IPR003958), Histone-fold (InterPro:IPR009072), Transcription factor, NFYB/HAP3, conserved site (InterPro:IPR003956); BEST Arabidopsis thaliana protein match is: nuclear factor Y, subunit B2 (TAIR:AT5G47640.1); Has 1532 Blast hits to 1532 proteins in 250 species: Archae - 0; Bacteria - 1; Metazoa - 503; Fungi - 375; Plants - 529; Viruses - 0; Other Eukaryotes - 124 (source: NCBI BLink).NUCLEAR FACTOR Y, SUBUNIT B3 (NF-YB3)-9.2 -3.3 -4.9

AT4G16980 arabinogalactan-protein family; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; Has 61554 Blast hits to 29210 proteins in 1485 species: Archae - 170; Bacteria - 11775; Metazoa - 21955; Fungi - 6238; Plants - 10828; Viruses - 2421; Other Eukaryotes - 8167 (source: NCBI BLink). -8.2 -8.5 -7.9

AT4G17810 C2H2 and C2HC zinc fingers superfamily protein; FUNCTIONS IN: sequence-specific DNA binding transcription factor activity, zinc ion binding, nucleic acid binding; INVOLVED IN: regulation of transcription; LOCATED IN: intracellular; EXPRESSED IN: 8 plant structures; EXPRESSED DURING: 7 growth stages; CONTAINS InterPro DOMAIN/s: Zinc finger, C2H2-like (InterPro:IPR015880), Zinc finger, C2H2-type (InterPro:IPR007087); BEST Arabidopsis thaliana protein match is: zinc-finger protein 10 (TAIR:AT2G37740.1); Has 1054 Blast hits to 1054 proteins in 39 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 1054; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -4.7 -5.5 -12.7

AT4G21280 Encodes the PsbQ subunit of the oxygen evolving complex of photosystem II.PHOTOSYSTEM II SUBUNIT QA (PSBQA)-3.3 -3.2 -3

AT4G24660 homeobox protein 22 (HB22); CONTAINS InterPro DOMAIN/s: Homeobox domain, ZF-HD class (InterPro:IPR006455), ZF-HD homeobox protein, Cys/His-rich dimerisation domain (InterPro:IPR006456), Homeodomain-related (InterPro:IPR012287); BEST Arabidopsis thaliana protein match is: homeobox protein 25 (TAIR:AT5G65410.1); Has 493 Blast hits to 471 proteins in 34 species: Archae - 0; Bacteria - 0; Metazoa - 3; Fungi - 0; Plants - 490; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).HOMEOBOX PROTEIN 22 (HB22) -2.9 -5.6 -10.3
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AT4G25080 Encodes a protein with methyltransferase activity responsible for the methylation of magnesium protoporphyrin IX. Mutants defective in this gene are affected in chlorophyll biosynthesis and show a reduction in the accumulation of a number of major thylakoid-associated proteins including components of PSI (LHCI), PSII (LHCII, D1, CP43) and the cytochrome b6f complex (Cytf). By contrast, no significant changes were detected for the proteins of the stroma and the chloroplast envelope.MAGNESIUM-PROTOPORPHYRIN IX METHYLTRANSFERASE (CHLM)-3.8 -3.1 -4

AT4G27440 light-dependent NADPH:protochlorophyllide oxidoreductase BPROTOCHLOROPHYLLIDE OXIDOREDUCTASE B (PORB)-4 -18.5 -18.6

AT4G27700 Rhodanese/Cell cycle control phosphatase superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: aging; LOCATED IN: chloroplast thylakoid membrane, chloroplast; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Rhodanese-like (InterPro:IPR001763); BEST Arabidopsis thaliana protein match is: Rhodanese/Cell cycle control phosphatase superfamily protein (TAIR:AT3G08920.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -3.6 -4 -4.2

AT4G29060 embryo defective 2726 (emb2726); FUNCTIONS IN: RNA binding, translation elongation factor activity; INVOLVED IN: translational elongation, response to cadmium ion, embryo development ending in seed dormancy; LOCATED IN: chloroplast stroma, chloroplast, chloroplast envelope; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Nucleic acid-binding, OB-fold (InterPro:IPR012340), Ubiquitin-associated/translation elongation factor EF1B, N-terminal (InterPro:IPR000449), Ribosomal protein S1, RNA-binding domain (InterPro:IPR003029), Translation elongation factor EFTs/EF1B (InterPro:IPR001816), Translation elongation factor EFTs/EF1B, dimerisation (InterPro:IPR014039), Nucleic acid-binding, OB-fold-like (InterPro:IPR016027), Translation elongation factor Ts, conserved site (InterPro:IPR018101), UBA-like (InterPro:IPR009060); BEST Arabidopsis thaliana protein match is: translation elongation factor Ts (EF-Ts), putative (TAIR:AT4G11120.1); Has 30201 Blast hits to 17322 proEMBRYO DEFECTIVE 2726 (emb2726)-2.8 -3.2 -2.2

AT4G31760 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: oxidation reduction, response to oxidative stress; LOCATED IN: endomembrane system; EXPRESSED IN: shoot apex, embryo, flower, seed; EXPRESSED DURING: petal differentiation and expansion stage, E expanded cotyledon stage, D bilateral stage; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT2G24800.1); Has 4890 Blast hits to 4865 proteins in 330 species: Archae - 0; Bacteria - 4; Metazoa - 8; Fungi - 452; Plants - 4339; Viruses - 0; Other Eukaryotes - 87 (source: NCBI BLink). -3 -2.2 -4.4

AT4G34830 Encodes MRL1, a conserved pentatricopeptide repeat protein, required for stabilization of rbcL mRNA.MATURATION OF RBCL 1 (MRL1) -2.2 -2.5 -2.6

AT5G01530 light harvesting complex photosystem II (LHCB4.1); FUNCTIONS IN: chlorophyll binding; INVOLVED IN: response to blue light, response to red light, response to far red light, photosynthesis; LOCATED IN: in 6 components; EXPRESSED IN: 27 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Chlorophyll A-B binding protein (InterPro:IPR001344); BEST Arabidopsis thaliana protein match is: light harvesting complex photosystem II (TAIR:AT3G08940.2); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink).LIGHT HARVESTING COMPLEX PHOTOSYSTEM II (LHCB4.1)-2 -6 -3.4

AT5G02160 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast thylakoid membrane; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; Has 121 Blast hits to 121 proteins in 17 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 121; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -5.6 -3.9 -4.3

AT5G06690 Encodes a thioredoxin (WCRKC1) localized in chloroplast stroma.  Contains a WCRKC motif.WCRKC THIOREDOXIN 1 (WCRKC1)-6.4 -3 -4.4

AT5G08030 Encodes a member of the glycerophosphodiester phosphodiesterase (GDPD) family.GLYCEROPHOSPHODIESTER PHOSPHODIESTERASE 6 (GDPD6)-3 -4.5 -9.5

AT5G08050 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: response to karrikin; LOCATED IN: thylakoid, chloroplast thylakoid membrane, chloroplast; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF1118 (InterPro:IPR009500), Uncharacterised conserved protein UCP022207 (InterPro:IPR016801); Has 78 Blast hits to 78 proteins in 19 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 74; Viruses - 0; Other Eukaryotes - 4 (source: NCBI BLink). -4.4 -5.4 -4.5

AT5G08280 Encodes a protein with porphobilinogen deaminase activity. This protein is targeted to the chloroplast.HYDROXYMETHYLBILANE SYNTHASE (HEMC)-2 -3.2 -4.5

AT5G09640 encodes a serine carboxypeptidase-like (SCPL) protein. Mutants accumulate sinapoylglucose instead of sinapoylcholine, and have increased levels of choline and decreased activity of the enzyme sinapoylglucose:choline sinapoyltransferase.SERINE CARBOXYPEPTIDASE-LIKE 19 (SCPL19)-2.3 -2.9 -2.1

AT5G09660 encodes a microbody NAD-dependent malate dehydrogenase  encodes an peroxisomal NAD-malate dehydrogenase that is involved in fatty acid beta-oxidation through providing NAD to the process of converting fatty acyl CoA to acetyl CoA.PEROXISOMAL NAD-MALATE DEHYDROGENASE 2 (PMDH2)-4.9 -3.5 -2.8

AT5G13630 Encodes magnesium chelatase involved in plastid-to-nucleus signal transduction.GENOMES UNCOUPLED 5 (GUN5)-2.1 -2.3 -4.7

AT5G14910 Heavy metal transport/detoxification superfamily protein ; FUNCTIONS IN: metal ion binding; INVOLVED IN: metal ion transport; LOCATED IN: thylakoid, chloroplast thylakoid membrane, chloroplast stroma, chloroplast; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Heavy metal transport/detoxification protein (InterPro:IPR006121); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -2.1 -2.3 -2.7

AT5G15240 Transmembrane amino acid transporter family protein; CONTAINS InterPro DOMAIN/s: Amino acid transporter, transmembrane (InterPro:IPR013057); BEST Arabidopsis thaliana protein match is: Transmembrane amino acid transporter family protein (TAIR:AT3G28960.1); Has 5045 Blast hits to 4985 proteins in 317 species: Archae - 15; Bacteria - 153; Metazoa - 1796; Fungi - 1055; Plants - 1275; Viruses - 9; Other Eukaryotes - 742 (source: NCBI BLink). -2.6 -2.9 -4

AT5G16370 acyl activating enzyme 5 (AAE5); FUNCTIONS IN: catalytic activity; INVOLVED IN: metabolic process; LOCATED IN: peroxisome; EXPRESSED IN: leaf; CONTAINS InterPro DOMAIN/s: AMP-binding, conserved site (InterPro:IPR020845), AMP-dependent synthetase/ligase (InterPro:IPR000873); BEST Arabidopsis thaliana protein match is: AMP-dependent synthetase and ligase family protein (TAIR:AT5G16340.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink).ACYL ACTIVATING ENZYME 5 (AAE5)-2 -9.8 -2.1

AT5G18660 Encodes a protein with 3,8-divinyl protochlorophyllide a 8-vinyl reductase activity. Mutants accumulate divinyl chlorophyll rather than monovinyl chlorophyll.PALE-GREEN AND CHLOROPHYLL B REDUCED 2 (PCB2)-3.1 -2.2 -2.8

AT5G19220 Encodes the large subunit of ADP-glucose pyrophosphorylase which catalyzes the first, rate limiting step in starch biosynthesis.  The large subunit plays a regulatory role whereas the small subunit (ApS) is the catalytic isoform. Four isoforms (ApL1-4) have been identified. ApL1 is the major large subunit isoform present in leaves. Mutational analysis of APS1 suggests that APL1 and APL2 can compensate for loss of APS1 catalytic activity,suggesting both have catalytic as well as regulatory functions.ADP GLUCOSE PYROPHOSPHORYLASE LARGE SUBUNIT 1 (APL1)-8.4 -2.2 -4

AT5G19940 Plastid-lipid associated protein PAP / fibrillin family protein; FUNCTIONS IN: structural molecule activity; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast, chloroplast envelope; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Plastid lipid-associated protein/fibrillin (InterPro:IPR006843); BEST Arabidopsis thaliana protein match is: Plastid-lipid associated protein PAP / fibrillin family protein (TAIR:AT3G26070.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). -2.6 -8.5 -9

AT5G22300 encodes a nitrilase isomer. The purified enzyme shows a strong substrate specificity for beta-cyano-L-alanine, a intermediate product of the cyanide detoxification pathway.NITRILASE 4 (NIT4) -2.1 -2.8 -2.8

AT5G23060 Encodes a  chloroplast-localized protein that modulates cytoplasmic Ca2+ concentration and is crucial for proper stomatal regulation in response to elevations of external Ca2+. Phosphorylation of this protein is dependent on calcium.CALCIUM SENSING RECEPTOR (CaS)-2.6 -2.3 -4.6

(1) TAIR annotation.
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Table S6. Phenotypic similarities among dse1 and lec mutants.  
Phenotype1 WT dse1 fus3 lec1 lec2 

Chlorophyll accumulation in dry seed no no no yes yes 

Area of anthocyanin accumulation in embryo none 
shoot apical 

meristem 
shoot apical 

meristem 
cotyledon 
margins  

top half of 
cotyledons 

Embryo hypocotyl shape normal normal normal shortened  shortened 

Ectopic trichomes on cotyledons of embryo no yes yes yes yes 

Leaf primordia on embryo2 no yes yes yes yes 

Highest expression of WT gene in embryo3 - 
mature green 

~16 DAF 
walking stick 

~9 DAF 
heart 

~5 DAF 
heart 

~5 DAF 
 

1 Phenotypes of the lec and dse1 mutant alleles (Keith et al., 1994; Meinke et al., 
1994; Stone et al., 2001; To et al., 2006; West et al., 1994; Xu et al., 2012; 
Yamagishi et al., 2005). 
2 dse1 mutant embryos can form leaf primordia, as shown here (Fig. S1).  
3 The approximate embryo stage when LEC1, LEC2, and FUS3 gene expression 
(Yamamoto et al., 2014) or DSE1 gene expression (Yamagishi et al., 2005) is highest 
in WT embryos.  
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Locus (1) Gene description (1) Gene symbol (1) dse1_ATH1 fus3_ATH1

AT1G03880 Protein is tyrosine-phosphorylated and its phosphorylation state is modulated in response to ABA in Arabidopsis thaliana seeds.CRUCIFERIN 2 (CRU2) 2.9 -3.6

AT1G07440 NAD(P)-binding Rossmann-fold superfamily protein; FUNCTIONS IN: oxidoreductase activity, binding, catalytic activity; INVOLVED IN: response to cadmium ion, response to karrikin; LOCATED IN: cellular_component unknown; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Short-chain dehydrogenase/reductase, conserved site (InterPro:IPR020904), NAD(P)-binding domain (InterPro:IPR016040), Glucose/ribitol dehydrogenase (InterPro:IPR002347), Short-chain dehydrogenase/reductase SDR (InterPro:IPR002198); BEST Arabidopsis thaliana protein match is: NAD-dependent epimerase/dehydratase family protein (TAIR:AT2G29340.1); Has 123507 Blast hits to 123216 proteins in 3599 species: Archae - 988; Bacteria - 81523; Metazoa - 5145; Fungi - 6175; Plants - 2670; Viruses - 5; Other Eukaryotes - 27001 (source: NCBI BLink). -3.2 2

AT1G72230 Cupredoxin superfamily protein; FUNCTIONS IN: electron carrier activity, copper ion binding; LOCATED IN: anchored to membrane; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 9 growth stages; CONTAINS InterPro DOMAIN/s: Plastocyanin-like (InterPro:IPR003245), Cupredoxin (InterPro:IPR008972), Blue (type 1) copper domain (InterPro:IPR000923); BEST Arabidopsis thaliana protein match is: Cupredoxin superfamily protein (TAIR:AT1G22480.1); Has 1425 Blast hits to 1386 proteins in 65 species: Archae - 0; Bacteria - 2; Metazoa - 0; Fungi - 0; Plants - 1420; Viruses - 0; Other Eukaryotes - 3 (source: NCBI BLink). 4.2 -2.8

AT1G73290 serine carboxypeptidase-like 5 (scpl5); FUNCTIONS IN: serine-type carboxypeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: endomembrane system; EXPRESSED IN: hypocotyl, root; CONTAINS InterPro DOMAIN/s: Peptidase S10, serine carboxypeptidase (InterPro:IPR001563); BEST Arabidopsis thaliana protein match is: serine carboxypeptidase-like 3 (TAIR:AT1G73280.1); Has 4100 Blast hits to 3987 proteins in 474 species: Archae - 0; Bacteria - 591; Metazoa - 640; Fungi - 845; Plants - 1580; Viruses - 0; Other Eukaryotes - 444 (source: NCBI BLink).SERINE CARBOXYPEPTIDASE-LIKE 5 (scpl5)3.4 -3.5

AT1G78860 curculin-like (mannose-binding) lectin family protein, low similarity to Ser/Thr protein kinase (Zea mays) GI:2598067; contains Pfam profile PF01453: Lectin (probable mannose binding) but not the protein kinase domain of the Z. mays protein -2.7 4.4

AT2G24762 Encodes a member of the GDU (glutamine dumper) family proteins involved in amino acid export: At4g31730 (GDU1), At4g25760 (GDU2), At5g57685 (GDU3), At2g24762 (GDU4), At5g24920 (GDU5), At3g30725 (GDU6) and At5g38770 (GDU7).GLUTAMINE DUMPER 4 (GDU4) 8 -2.1

AT2G38380 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: response to zinc ion, response to salt stress; LOCATED IN: plant-type cell wall; EXPRESSED IN: stem, root; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Peroxidase, active site (InterPro:IPR019794), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT2G38390.1); Has 4386 Blast hits to 4361 proteins in 262 species: Archae - 0; Bacteria - 0; Metazoa - 1; Fungi - 86; Plants - 4250; Viruses - 0; Other Eukaryotes - 49 (source: NCBI BLink). 11.4 -2.3

AT2G38390 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: response to salt stress; LOCATED IN: endomembrane system; EXPRESSED IN: root; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Peroxidase, active site (InterPro:IPR019794), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT2G38380.1); Has 4338 Blast hits to 4309 proteins in 248 species: Archae - 0; Bacteria - 0; Metazoa - 4; Fungi - 52; Plants - 4237; Viruses - 0; Other Eukaryotes - 45 (source: NCBI BLink). 2.9 -2.3

AT2G48130 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid binding; INVOLVED IN: lipid transport; LOCATED IN: anchored to membrane; EXPRESSED IN: hypocotyl, root, flower; EXPRESSED DURING: petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/seed storage/trypsin-alpha amylase inhibitor (InterPro:IPR003612), Plant lipid transfer protein/Par allergen (InterPro:IPR000528), Plant lipid transfer protein/hydrophobic protein, helical domain (InterPro:IPR013770); BEST Arabidopsis thaliana protein match is: Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein (TAIR:AT3G22600.1); Has 1201 Blast hits to 1197 proteins in 63 species: Archae - 0; Bacteria - 8; Metazoa - 1; Fungi - 0; Plants - 1190; Viruses - 0; Other Eukaryotes - 2 (source: NCBI BLink). 4.8 -3.2

AT2G48140 embryo sac development arrest 4 (EDA4); CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/seed storage/trypsin-alpha amylase inhibitor (InterPro:IPR003612); BEST Arabidopsis thaliana protein match is: Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein (TAIR:AT1G05450.2); Has 541 Blast hits to 526 proteins in 56 species: Archae - 0; Bacteria - 35; Metazoa - 27; Fungi - 2; Plants - 459; Viruses - 2; Other Eukaryotes - 16 (source: NCBI BLink).EMBRYO SAC DEVELOPMENT ARREST 4 (EDA4)3.5 -2.3

AT3G02940 Encodes a putative transcription factor (MYB107).MYB DOMAIN PROTEIN 107 (MYB107) 6.7 -3.1

AT3G22600 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid binding; INVOLVED IN: lipid transport; LOCATED IN: anchored to membrane; EXPRESSED IN: 14 plant structures; EXPRESSED DURING: 10 growth stages; CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/seed storage/trypsin-alpha amylase inhibitor (InterPro:IPR003612), Plant lipid transfer protein/Par allergen (InterPro:IPR000528), Plant lipid transfer protein/hydrophobic protein, helical domain (InterPro:IPR013770); BEST Arabidopsis thaliana protein match is: Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein (TAIR:AT4G14815.1); Has 1019 Blast hits to 1015 proteins in 49 species: Archae - 0; Bacteria - 4; Metazoa - 1; Fungi - 0; Plants - 1010; Viruses - 0; Other Eukaryotes - 4 (source: NCBI BLink). 12.4 -3.1

AT3G22620 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid binding; INVOLVED IN: lipid transport; LOCATED IN: chloroplast envelope; EXPRESSED IN: 9 plant structures; EXPRESSED DURING: 4 anthesis, C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/seed storage/trypsin-alpha amylase inhibitor (InterPro:IPR003612); BEST Arabidopsis thaliana protein match is: Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein (TAIR:AT1G05450.2); Has 884 Blast hits to 840 proteins in 101 species: Archae - 0; Bacteria - 84; Metazoa - 49; Fungi - 31; Plants - 622; Viruses - 18; Other Eukaryotes - 80 (source: NCBI BLink). 10 -3

AT3G24220 A member of gene NCED-related gene family, encodes 9-cis-epoxycarotenoid dioxygenase, a key enzyme in the biosynthesis of abscisic acid. The expression of this gene declines during the first 12h of imbibition.NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 6 (NCED6)2.3 -3.6

AT3G50770 calmodulin-like 41 (CML41); FUNCTIONS IN: calcium ion binding; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: EF-Hand 1, calcium-binding site (InterPro:IPR018247), EF-HAND 2 (InterPro:IPR018249), EF-hand-like domain (InterPro:IPR011992), Calcium-binding EF-hand (InterPro:IPR002048), EF-hand (InterPro:IPR018248); BEST Arabidopsis thaliana protein match is: calmodulin-like 38 (TAIR:AT1G76650.3); Has 18492 Blast hits to 11277 proteins in 1402 species: Archae - 0; Bacteria - 68; Metazoa - 6531; Fungi - 4523; Plants - 4805; Viruses - 0; Other Eukaryotes - 2565 (source: NCBI BLink).CALMODULIN-LIKE 41 (CML41) 3.7 -3.6

AT3G57240 encodes a member of glycosyl hydrolase family 17BETA-1,3-GLUCANASE 3 (BG3) 2.4 -5.1

AT3G63160 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast outer membrane, thylakoid, chloroplast thylakoid membrane, chloroplast, chloroplast envelope; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; BEST Arabidopsis thaliana protein match is: outer envelope membrane protein 7 (TAIR:AT3G52420.1); Has 26 Blast hits to 26 proteins in 8 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 26; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).OUTER ENVELOPE PROTEIN 6 (OEP6) -2.5 3

AT4G26370 antitermination NusB domain-containing protein; FUNCTIONS IN: RNA binding; INVOLVED IN: regulation of transcription, DNA-dependent; LOCATED IN: chloroplast; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: NusB/RsmB/TIM44 (InterPro:IPR006027); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -2.4 2.4

AT4G36610 alpha/beta-Hydrolases superfamily protein; FUNCTIONS IN: hydrolase activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 8 growth stages; CONTAINS InterPro DOMAIN/s: Alpha/beta hydrolase fold-1 (InterPro:IPR000073); BEST Arabidopsis thaliana protein match is: alpha/beta-Hydrolases superfamily protein (TAIR:AT2G18360.1); Has 7159 Blast hits to 7154 proteins in 1280 species: Archae - 79; Bacteria - 4806; Metazoa - 419; Fungi - 48; Plants - 467; Viruses - 0; Other Eukaryotes - 1340 (source: NCBI BLink). 5.7 -3.7

AT5G01870 Predicted to encode a PR (pathogenesis-related) protein.  Belongs to the lipid transfer protein (PR-14) family with the following members:   At2g38540/LTP1, At2g38530/LTP2, At5g59320/LTP3, At5g59310/LTP4, At3g51600/LTP5, At3g08770/LTP6, At2g15050/LTP7, At2g18370/LTP8, At2g15325/LTP9, At5g01870/LTP10, At4g33355/LTP11, At3g51590/LTP12, At5g44265/LTP13, At5g62065/LTP14, At4g08530/LTP15. 3.6 -2.8

AT5G04340 putative c2h2 zinc finger transcription factor mRNA,ZINC FINGER OF ARABIDOPSIS THALIANA 6 (ZAT6)6 -2.6

AT5G08250 Cytochrome P450 superfamily protein; FUNCTIONS IN: electron carrier activity, monooxygenase activity, iron ion binding, oxygen binding, heme binding; INVOLVED IN: oxidation reduction; LOCATED IN: cellular_component unknown; EXPRESSED IN: male gametophyte, flower; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Cytochrome P450 (InterPro:IPR001128), Cytochrome P450, E-class, group I (InterPro:IPR002401), Cytochrome P450, conserved site (InterPro:IPR017972); BEST Arabidopsis thaliana protein match is: cytochrome P450, family 86, subfamily B, polypeptide 1 (TAIR:AT5G23190.1); Has 27212 Blast hits to 27118 proteins in 1435 species: Archae - 44; Bacteria - 2429; Metazoa - 9998; Fungi - 5788; Plants - 7920; Viruses - 3; Other Eukaryotes - 1030 (source: NCBI BLink). 2.2 -2.2

AT5G13220 Plants overexpressing At5g13220.3, but not At5g13220.1 showed enhanced insensitivity to MeJa.JASMONATE-ZIM-DOMAIN PROTEIN 10 (JAZ10)-2.5 2.4

AT5G39210 Encodes a protein of the chloroplastic NAD(P)H dehydrogenase complex (NDH Complex) involved in respiration, photosystem I (PSI) cyclic electron transport and CO2 uptake. The product of this gene appears to be essential for the stable formation of the NDH Complex.CHLORORESPIRATORY REDUCTION 7 (CRR7)-2.9 3

AT5G41040 Encodes a feruloyl-CoA transferase required for suberin synthesis. Has feruloyl-CoA-dependent feruloyl transferase activity towards substrates with a primary alcohol. 23.1 -2.2

AT5G43770 proline-rich family protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast; Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). 3.3 -2

(1) TAIR annotation.

Table S8. Differentially regulated genes in dse1  and fus3  transcriptomes.
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Locus (1) Gene description (1) Gene symbol (1) ise1 _ATH1 ise2_ATH1 fus3_ATH1

AT1G03457 RNA-binding (RRM/RBD/RNP motifs) family protein; FUNCTIONS IN: RNA binding, nucleotide binding, nucleic acid binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: RNA recognition motif, RNP-1 (InterPro:IPR000504), Ribonucleoprotein, BRUNO-like (InterPro:IPR015903), Paraneoplastic encephalomyelitis antigen (InterPro:IPR002343), Nucleotide-binding, alpha-beta plait (InterPro:IPR012677); BEST Arabidopsis thaliana protein match is: RNA-binding protein-defense related 1 (TAIR:AT4G03110.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). -2.2 -2.3 -2.7

AT1G03880 Protein is tyrosine-phosphorylated and its phosphorylation state is modulated in response to ABA in Arabidopsis thaliana seeds.CRUCIFERIN 2 (CRU2) -2.5 -2.3 -3.6

AT1G03890 RmlC-like cupins superfamily protein; FUNCTIONS IN: nutrient reservoir activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: leaf, seed; EXPRESSED DURING: seed development stages; CONTAINS InterPro DOMAIN/s: Cupin, RmlC-type (InterPro:IPR011051), Cupin 1 (InterPro:IPR006045), RmlC-like jelly roll fold (InterPro:IPR014710), 11-S seed storage protein, plant (InterPro:IPR006044); BEST Arabidopsis thaliana protein match is: RmlC-like cupins superfamily protein (TAIR:AT5G44120.3); Has 1003 Blast hits to 963 proteins in 175 species: Archae - 0; Bacteria - 136; Metazoa - 2; Fungi - 2; Plants - 862; Viruses - 0; Other Eukaryotes - 1 (source: NCBI BLink). -3.5 -5.7 -2.7

AT1G09500 similar to Eucalyptus gunnii alcohol dehydrogenase of unknown physiological function (GI:1143445), Vigna unguiculata (gi:1854445), NOT a cinnamyl-alcohol dehydrogenase -3.9 -2.6 -5

AT1G10640 Pectin lyase-like superfamily protein; FUNCTIONS IN: polygalacturonase activity; INVOLVED IN: carbohydrate metabolic process; LOCATED IN: cellular_component unknown; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: Pectin lyase fold/virulence factor (InterPro:IPR011050), Parallel beta-helix repeat (InterPro:IPR006626), Glycoside hydrolase, family 28 (InterPro:IPR000743), Pectin lyase fold (InterPro:IPR012334); BEST Arabidopsis thaliana protein match is: Pectin lyase-like superfamily protein (TAIR:AT1G60590.1); Has 4327 Blast hits to 4306 proteins in 507 species: Archae - 6; Bacteria - 1323; Metazoa - 14; Fungi - 1302; Plants - 1545; Viruses - 0; Other Eukaryotes - 137 (source: NCBI BLink). -3.3 -7.6 -4.3

AT1G11580 methylesterase PCR A (PMEPCRA); FUNCTIONS IN: enzyme inhibitor activity, pectinesterase activity; INVOLVED IN: cell wall modification; LOCATED IN: cell wall, plasma membrane, plant-type cell wall; EXPRESSED IN: 25 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Pectinesterase, active site (InterPro:IPR018040), Pectin lyase fold/virulence factor (InterPro:IPR011050), Pectinesterase inhibitor (InterPro:IPR006501), Pectinesterase, catalytic (InterPro:IPR000070), Pectin lyase fold (InterPro:IPR012334); BEST Arabidopsis thaliana protein match is: Plant invertase/pectin methylesterase inhibitor superfamily (TAIR:AT1G11590.1); Has 3127 Blast hits to 3075 proteins in 484 species: Archae - 6; Bacteria - 913; Metazoa - 1; Fungi - 197; Plants - 1984; Viruses - 0; Other Eukaryotes - 26 (source: NCBI BLink).METHYLESTERASE PCR A (PMEPCRA)2.4 2.3 5

AT1G12600 UDP-N-acetylglucosamine (UAA) transporter family; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: transmembrane transport; LOCATED IN: cellular_component unknown; EXPRESSED IN: petal, leaf whorl, male gametophyte, flower, pollen tube; EXPRESSED DURING: L mature pollen stage, 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: UAA transporter (InterPro:IPR013657); BEST Arabidopsis thaliana protein match is: UDP-galactose transporter 2 (TAIR:AT4G23010.1); Has 1283 Blast hits to 1283 proteins in 272 species: Archae - 2; Bacteria - 86; Metazoa - 575; Fungi - 206; Plants - 224; Viruses - 0; Other Eukaryotes - 190 (source: NCBI BLink). -2.1 -2.3 -4.1

AT1G12900 glyceraldehyde 3-phosphate dehydrogenase A subunit 2 (GAPA-2); FUNCTIONS IN: NAD or NADH binding, glyceraldehyde-3-phosphate dehydrogenase activity; INVOLVED IN: oxidation reduction, glycolysis, glucose metabolic process; LOCATED IN: apoplast, chloroplast stroma, chloroplast, membrane, chloroplast envelope; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Glyceraldehyde 3-phosphate dehydrogenase subfamily (InterPro:IPR000173), Glyceraldehyde 3-phosphate dehydrogenase family (InterPro:IPR020831), Glyceraldehyde-3-phosphate dehydrogenase, type I (InterPro:IPR006424), Glyceraldehyde 3-phosphate dehydrogenase, active site (InterPro:IPR020830), Glyceraldehyde 3-phosphate dehydrogenase, catalytic domain (InterPro:IPR020829), Glyceraldehyde 3-phosphate dehydrogenase, catalytic domain, subgroup (InterPro:IPR020832), Glyceraldehyde 3-phosphate dehydrogenase, NAD(P) binding domain (InterPro:IPR020828); BEST Arabidopsis thaliana protein match is: glyceraldehyde 3-phosphaGLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A SUBUNIT 2 (GAPA-2)-2.8 -13.3 -2.1

AT1G16490 Member of the R2R3 factor gene family.MYB DOMAIN PROTEIN 58 (MYB58) -11.5 -3.4 -3.8

AT1G19330 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT1G75060.1). -3.7 -2.1 -4

AT1G21500 unknown protein; Has 29 Blast hits to 29 proteins in 12 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 2; Plants - 27; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -7.5 -5.1 -2.4

AT1G22170 Phosphoglycerate mutase family protein; FUNCTIONS IN: intramolecular transferase activity, phosphotransferases, catalytic activity; INVOLVED IN: glycolysis, metabolic process; LOCATED IN: chloroplast; EXPRESSED IN: 19 plant structures; EXPRESSED DURING: 8 growth stages; CONTAINS InterPro DOMAIN/s: Histidine phosphatase superfamily, clade-1 (InterPro:IPR013078), Phosphoglycerate/bisphosphoglycerate mutase, active site (InterPro:IPR001345), Phosphoglycerate mutase 1 (InterPro:IPR005952); BEST Arabidopsis thaliana protein match is: phosphoglycerate/bisphosphoglycerate mutase (TAIR:AT1G78050.1); Has 12525 Blast hits to 12398 proteins in 2288 species: Archae - 62; Bacteria - 8805; Metazoa - 605; Fungi - 308; Plants - 169; Viruses - 0; Other Eukaryotes - 2576 (source: NCBI BLink). -2.5 -3.2 -3.6

AT1G22710 Encodes for a high-affinity  transporter essential for phloem loading and long-distance transport. A major sucrose transporter, AtSUC2 can also transport a wide range of physiological and synthetic glucose conjugates with both &#945;- or &#946;-linkage.SUCROSE-PROTON SYMPORTER 2 (SUC2)-2.1 -3.6 -3.6

AT1G23410 Ribosomal protein S27a / Ubiquitin family protein; FUNCTIONS IN: structural constituent of ribosome; INVOLVED IN: protein ubiquitination involved in ubiquitin-dependent protein catabolic process, translation; LOCATED IN: cytosolic small ribosomal subunit, plasma membrane; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: Ubiquitin subgroup (InterPro:IPR019956), Ribosomal protein S27a (InterPro:IPR002906), Ubiquitin conserved site (InterPro:IPR019954), Ubiquitin (InterPro:IPR000626), Ubiquitin supergroup (InterPro:IPR019955); BEST Arabidopsis thaliana protein match is: ubiquitin 6 (TAIR:AT2G47110.2); Has 12704 Blast hits to 7404 proteins in 782 species: Archae - 114; Bacteria - 22; Metazoa - 5540; Fungi - 1414; Plants - 3101; Viruses - 186; Other Eukaryotes - 2327 (source: NCBI BLink). 9.3 7.6 2.8

AT1G25510 Eukaryotic aspartyl protease family protein; FUNCTIONS IN: aspartic-type endopeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: endomembrane system; EXPRESSED IN: 13 plant structures; EXPRESSED DURING: 6 growth stages; CONTAINS InterPro DOMAIN/s: Peptidase aspartic (InterPro:IPR021109), Peptidase aspartic, catalytic (InterPro:IPR009007), Peptidase A1 (InterPro:IPR001461); BEST Arabidopsis thaliana protein match is: Eukaryotic aspartyl protease family protein (TAIR:AT3G18490.1); Has 4139 Blast hits to 4120 proteins in 342 species: Archae - 0; Bacteria - 0; Metazoa - 1183; Fungi - 740; Plants - 2035; Viruses - 0; Other Eukaryotes - 181 (source: NCBI BLink). -3.1 -2.8 -3.2

AT1G26680 transcriptional factor B3 family protein; FUNCTIONS IN: DNA binding, sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription, DNA-dependent; LOCATED IN: chloroplast; EXPRESSED IN: ovule, embryo; EXPRESSED DURING: D bilateral stage; CONTAINS InterPro DOMAIN/s: Transcriptional factor B3 (InterPro:IPR003340); BEST Arabidopsis thaliana protein match is: Transcriptional factor B3 family protein (TAIR:AT2G24645.1); Has 880 Blast hits to 315 proteins in 21 species: Archae - 0; Bacteria - 2; Metazoa - 2; Fungi - 0; Plants - 864; Viruses - 0; Other Eukaryotes - 12 (source: NCBI BLink). -2.9 -3.1 -5.9

AT1G30515 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 16 plant structures; EXPRESSED DURING: 6 growth stages; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT4G21740.1); Has 20 Blast hits to 20 proteins in 4 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 20; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -4.6 -4.6 -3.4

AT1G32060 phosphoribulokinase (PRK); FUNCTIONS IN: protein binding, phosphoribulokinase activity, ATP binding; INVOLVED IN: response to cold, defense response to bacterium, biosynthetic process, peptidyl-cysteine S-nitrosylation; LOCATED IN: in 8 components; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 15 growth stages; CONTAINS InterPro DOMAIN/s: Phosphoribulokinase/uridine kinase (InterPro:IPR006083), Phosphoribulokinase (InterPro:IPR006082); BEST Arabidopsis thaliana protein match is: uridine kinase-like 5 (TAIR:AT3G27440.1); Has 6197 Blast hits to 6197 proteins in 2200 species: Archae - 37; Bacteria - 4118; Metazoa - 341; Fungi - 129; Plants - 1120; Viruses - 2; Other Eukaryotes - 450 (source: NCBI BLink).PHOSPHORIBULOKINASE (PRK) -3.1 -6.4 -3

AT1G33700 Beta-glucosidase, GBA2 type family protein; FUNCTIONS IN: catalytic activity, glucosylceramidase activity; INVOLVED IN: glucosylceramide catabolic process, sphingolipid metabolic process; LOCATED IN: vacuole; EXPRESSED IN: 8 plant structures; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Glucosylceramidase (InterPro:IPR006775), Six-hairpin glycosidase-like (InterPro:IPR008928), Beta-glucosidase, GBA2 type (InterPro:IPR014551); BEST Arabidopsis thaliana protein match is: Beta-glucosidase, GBA2 type family protein (TAIR:AT4G10060.1); Has 876 Blast hits to 742 proteins in 181 species: Archae - 75; Bacteria - 301; Metazoa - 144; Fungi - 1; Plants - 263; Viruses - 0; Other Eukaryotes - 92 (source: NCBI BLink). -3.1 -2.8 -5.7

AT1G54740 Protein of unknown function (DUF3049); CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF3049 (InterPro:IPR021410); BEST Arabidopsis thaliana protein match is: Protein of unknown function (DUF3049) (TAIR:AT5G22390.1); Has 534 Blast hits to 376 proteins in 66 species: Archae - 0; Bacteria - 26; Metazoa - 75; Fungi - 14; Plants - 157; Viruses - 0; Other Eukaryotes - 262 (source: NCBI BLink). -4.9 -4.7 -2.4

AT1G60970 SNARE-like superfamily protein; INVOLVED IN: intracellular protein transport, transport; LOCATED IN: clathrin vesicle coat; EXPRESSED IN: leaf whorl, sperm cell, pedicel; EXPRESSED DURING: 4 anthesis; CONTAINS InterPro DOMAIN/s: Longin-like (InterPro:IPR011012); BEST Arabidopsis thaliana protein match is: SNARE-like superfamily protein (TAIR:AT3G09800.1); Has 621 Blast hits to 621 proteins in 219 species: Archae - 0; Bacteria - 0; Metazoa - 227; Fungi - 139; Plants - 149; Viruses - 0; Other Eukaryotes - 106 (source: NCBI BLink). -2.3 -3.1 -6.2

AT1G74310 Encodes ClpB1, which belongs to the Casein lytic proteinase/heat shock protein 100 (Clp/Hsp100) family.  Involved in refolding of proteins which form aggregates under heat stress. Also known as AtHsp101.  AtHsp101 is a cytosolic heat shock protein required for acclimation to high temperature.HEAT SHOCK PROTEIN 101 (HSP101) -6.4 -2.5 -2.2

AT1G76110 HMG (high mobility group) box protein with ARID/BRIGHT DNA-binding domain; FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription; LOCATED IN: intracellular, nucleus; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: High mobility group, superfamily (InterPro:IPR009071), High mobility group, HMG1/HMG2 (InterPro:IPR000910), ARID/BRIGHT DNA-binding domain (InterPro:IPR001606); BEST Arabidopsis thaliana protein match is: HMG (high mobility group) box protein with ARID/BRIGHT DNA-binding domain (TAIR:AT1G04880.1); Has 3338 Blast hits to 2805 proteins in 278 species: Archae - 0; Bacteria - 0; Metazoa - 2430; Fungi - 276; Plants - 321; Viruses - 0; Other Eukaryotes - 311 (source: NCBI BLink). -5.2 -5 -3.7

AT2G01210 Leucine-rich repeat protein kinase family protein; FUNCTIONS IN: protein serine/threonine kinase activity, kinase activity, ATP binding; INVOLVED IN: transmembrane receptor protein tyrosine kinase signaling pathway, protein amino acid phosphorylation; LOCATED IN: chloroplast stroma, chloroplast, plasma membrane, plant-type cell wall; EXPRESSED IN: 11 plant structures; EXPRESSED DURING: 6 growth stages; CONTAINS InterPro DOMAIN/s: Protein kinase, catalytic domain (InterPro:IPR000719), Leucine-rich repeat-containing N-terminal domain, type 2 (InterPro:IPR013210), Leucine-rich repeat (InterPro:IPR001611), Serine/threonine-protein kinase-like domain (InterPro:IPR017442), Protein kinase-like domain (InterPro:IPR011009), Serine/threonine-protein kinase, active site (InterPro:IPR008271); BEST Arabidopsis thaliana protein match is: Leucine-rich repeat protein kinase family protein (TAIR:AT1G25320.1); Has 133812 Blast hits to 98087 proteins in 4104 species: Archae - 103; Bacteria - 11207; Metazoa - 34549; Fungi - 6957 -2.7 -3.8 -2.3

AT2G01770 Encodes an iron transporter required for iron sequestration into vacuoles. Expressed in developing embryo and seed. Localized in the vacuolar membrane.VACUOLAR IRON TRANSPORTER 1 (VIT1)-6.4 -4.3 -4.8

AT2G03750 P-loop containing nucleoside triphosphate hydrolases superfamily protein; FUNCTIONS IN: sulfotransferase activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Sulfotransferase domain (InterPro:IPR000863); BEST Arabidopsis thaliana protein match is: P-loop containing nucleoside triphosphate hydrolases superfamily protein (TAIR:AT3G45070.1); Has 2643 Blast hits to 2603 proteins in 174 species: Archae - 0; Bacteria - 153; Metazoa - 1676; Fungi - 1; Plants - 545; Viruses - 0; Other Eukaryotes - 268 (source: NCBI BLink). -3.7 -3.3 -2.8

AT2G03980 GDSL-like Lipase/Acylhydrolase superfamily protein; FUNCTIONS IN: hydrolase activity, acting on ester bonds, carboxylesterase activity; INVOLVED IN: lipid metabolic process; LOCATED IN: endomembrane system; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 15 growth stages; CONTAINS InterPro DOMAIN/s: Lipase, GDSL (InterPro:IPR001087); BEST Arabidopsis thaliana protein match is: GDSL-like Lipase/Acylhydrolase superfamily protein (TAIR:AT2G04020.1); Has 3198 Blast hits to 3166 proteins in 143 species: Archae - 0; Bacteria - 189; Metazoa - 0; Fungi - 13; Plants - 2979; Viruses - 0; Other Eukaryotes - 17 (source: NCBI BLink). 2.9 3.8 2.3

AT2G06850 endoxyloglucan transferase (EXGT-A1) geneXYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 4 (XTH4)4.8 6.9 5.5

AT2G21510 DNAJ heat shock N-terminal domain-containing protein; FUNCTIONS IN: unfolded protein binding, heat shock protein binding; INVOLVED IN: protein folding; LOCATED IN: cellular_component unknown; EXPRESSED IN: 8 plant structures; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Molecular chaperone, heat shock protein, Hsp40, DnaJ (InterPro:IPR015609), Heat shock protein DnaJ, N-terminal (InterPro:IPR001623), Heat shock protein DnaJ (InterPro:IPR003095), Heat shock protein DnaJ, conserved site (InterPro:IPR018253); BEST Arabidopsis thaliana protein match is: DNAJ heat shock N-terminal domain-containing protein (TAIR:AT4G39150.2); Has 23338 Blast hits to 23238 proteins in 3239 species: Archae - 174; Bacteria - 9334; Metazoa - 4020; Fungi - 2231; Plants - 2394; Viruses - 20; Other Eukaryotes - 5165 (source: NCBI BLink). -11.7 -12.6 -2.3

AT2G23010 serine carboxypeptidase-like 9 (SCPL9); FUNCTIONS IN: serine-type carboxypeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: Peptidase S10, serine carboxypeptidase (InterPro:IPR001563); BEST Arabidopsis thaliana protein match is: sinapoylglucose 1 (TAIR:AT2G22990.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink).SERINE CARBOXYPEPTIDASE-LIKE 9 (SCPL9)9.4 3.9 5

AT2G23260 UDP-glucosyl transferase 84B1 (UGT84B1); FUNCTIONS IN: indole-3-acetate beta-glucosyltransferase activity, UDP-glycosyltransferase activity, quercetin 7-O-glucosyltransferase activity, transferase activity, transferring glycosyl groups, abscisic acid glucosyltransferase activity; INVOLVED IN: metabolic process; LOCATED IN: cellular_component unknown; CONTAINS InterPro DOMAIN/s: UDP-glucuronosyl/UDP-glucosyltransferase (InterPro:IPR002213); BEST Arabidopsis thaliana protein match is: UDP-glucosyl transferase 84B2 (TAIR:AT2G23250.1); Has 8287 Blast hits to 8221 proteins in 529 species: Archae - 0; Bacteria - 658; Metazoa - 2389; Fungi - 60; Plants - 4987; Viruses - 124; Other Eukaryotes - 69 (source: NCBI BLink).UDP-GLUCOSYL TRANSFERASE 84B1 (UGT84B1)-57.8 -7.9 -2.9

AT2G23600 Encodes a protein shown to have carboxylesterase activity, methyl salicylate esterase activity, methyl jasmonate esterase activity, and methyl IAA esterase activity in vitro. MES2 appears to be involved in MeSA hydrolysis in planta. This protein does not act on MeGA4, or MEGA9 in vitro.ACETONE-CYANOHYDRIN LYASE (ACL)-6 -7.9 -2.2

AT2G30580 Encodes a C3HC4 RING-domain-containing ubiquitin E3 ligase capable of interacting with DREB2A. DRIP2 seems to be involved in regulating stress-related transcriptional changes and drought tolerance.DREB2A-INTERACTING PROTEIN 2 (DRIP2)-2.3 -2.6 -2.9

AT2G34710 Dominant PHB mutations cause transformation of abaxial leaf fates into adaxial leaf fates. Encodes a member of HD-Zip family which contains homeodomain-leucine zipper domains and domain similar to a mammalian sterol binding domain. Has overlapping functions with PHAVOLUTA, REVOLUTA and CORONA.PHABULOSA (PHB) -3.2 -2.3 -2.5

AT2G36190 cwINV4 appears to function as a cell wall-localized invertase (that can catalyze the hydrolysis of sucrose into fructose and glucose) based on the phenotype of cwinv4 mutants. cwINV4 transcripts are expressed at high levels in lateral and median nectaries and this enzyme plays an important role in nectar production.CELL WALL INVERTASE 4 (cwINV4) -5.8 -2.4 -2.3

AT2G41400 Pollen Ole e 1 allergen and extensin family protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: Pollen Ole e 1 allergen/extensin (InterPro:IPR006041); BEST Arabidopsis thaliana protein match is: Pollen Ole e 1 allergen and extensin family protein (TAIR:AT2G41390.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). 9.7 8.2 4.5

AT2G44460 beta glucosidase 28 (BGLU28); FUNCTIONS IN: cation binding, hydrolase activity, hydrolyzing O-glycosyl compounds, catalytic activity; INVOLVED IN: response to karrikin; LOCATED IN: membrane; EXPRESSED IN: 10 plant structures; EXPRESSED DURING: 7 growth stages; CONTAINS InterPro DOMAIN/s: Glycoside hydrolase, family 1 (InterPro:IPR001360), Glycoside hydrolase, family 1, active site (InterPro:IPR018120), Glycoside hydrolase, catalytic core (InterPro:IPR017853), Glycoside hydrolase, subgroup, catalytic core (InterPro:IPR013781); BEST Arabidopsis thaliana protein match is: beta glucosidase 29 (TAIR:AT2G44470.3); Has 11295 Blast hits to 10946 proteins in 1460 species: Archae - 142; Bacteria - 7777; Metazoa - 711; Fungi - 201; Plants - 1461; Viruses - 0; Other Eukaryotes - 1003 (source: NCBI BLink).BETA GLUCOSIDASE 28 (BGLU28) 2.7 2.5 3.2

AT3G01540 RNA HELICASE DRH1 DEAD BOX RNA HELICASE 1 (DRH1) 2.4 2.1 2.2

Table S9. Similarly regulated genes in ise  and fus3  transcriptomes.
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AT3G02730 thioredoxin F-type 1 (TRXF1); FUNCTIONS IN: enzyme activator activity; INVOLVED IN: positive regulation of catalytic activity; LOCATED IN: chloroplast, chloroplast stroma; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Thioredoxin fold (InterPro:IPR012335), Thioredoxin-like subdomain (InterPro:IPR006662), Thioredoxin, core (InterPro:IPR015467), Thioredoxin-like (InterPro:IPR017936), Thioredoxin domain (InterPro:IPR013766), Thioredoxin-like fold (InterPro:IPR012336), Thioredoxin, conserved site (InterPro:IPR017937); BEST Arabidopsis thaliana protein match is: thioredoxin F2 (TAIR:AT5G16400.1); Has 15154 Blast hits to 14708 proteins in 2900 species: Archae - 210; Bacteria - 7832; Metazoa - 1846; Fungi - 908; Plants - 1556; Viruses - 3; Other Eukaryotes - 2799 (source: NCBI BLink).THIOREDOXIN F-TYPE 1 (TRXF1) -2.4 -3.2 -2.2

AT3G03590 SWIB/MDM2 domain superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: SWIB/MDM2 domain (InterPro:IPR003121), SWIB domain (InterPro:IPR019835); BEST Arabidopsis thaliana protein match is: SWIB/MDM2 domain superfamily protein (TAIR:AT2G35605.1); Has 1268 Blast hits to 1165 proteins in 257 species: Archae - 0; Bacteria - 219; Metazoa - 186; Fungi - 200; Plants - 424; Viruses - 10; Other Eukaryotes - 229 (source: NCBI BLink). -2.7 -2.4 -3.1

AT3G03770 Leucine-rich repeat protein kinase family protein; FUNCTIONS IN: protein serine/threonine kinase activity, protein kinase activity, ATP binding; INVOLVED IN: transmembrane receptor protein tyrosine kinase signaling pathway, protein amino acid phosphorylation; LOCATED IN: endomembrane system; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Protein kinase, catalytic domain (InterPro:IPR000719), Leucine-rich repeat (InterPro:IPR001611), Serine/threonine-protein kinase-like domain (InterPro:IPR017442), Protein kinase-like domain (InterPro:IPR011009); BEST Arabidopsis thaliana protein match is: Leucine-rich repeat protein kinase family protein (TAIR:AT5G14210.1); Has 99971 Blast hits to 58260 proteins in 1687 species: Archae - 62; Bacteria - 4595; Metazoa - 21933; Fungi - 2176; Plants - 63736; Viruses - 96; Other Eukaryotes - 7373 (source: NCBI BLink). -4.5 -2.5 -2.3

AT3G10010 Encodes a protein with DNA glycosylase activity that is involved in maintaining methylation marks.DEMETER-LIKE 2 (DML2) -2.5 -2.2 -3.5

AT3G10190 Calcium-binding EF-hand family protein; FUNCTIONS IN: calcium ion binding; INVOLVED IN: biological_process unknown; LOCATED IN: plasma membrane; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 8 growth stages; CONTAINS InterPro DOMAIN/s: EF-Hand 1, calcium-binding site (InterPro:IPR018247), EF-HAND 2 (InterPro:IPR018249), EF-hand-like domain (InterPro:IPR011992), Calcium-binding EF-hand (InterPro:IPR002048), EF-hand (InterPro:IPR018248); BEST Arabidopsis thaliana protein match is: Calcium-binding EF-hand family protein (TAIR:AT2G41410.1); Has 18786 Blast hits to 12756 proteins in 1414 species: Archae - 1; Bacteria - 149; Metazoa - 7817; Fungi - 3299; Plants - 4581; Viruses - 0; Other Eukaryotes - 2939 (source: NCBI BLink). 2.3 3.7 2.5

AT3G10200 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF248, methyltransferase putative (InterPro:IPR004159); BEST Arabidopsis thaliana protein match is: S-adenosyl-L-methionine-dependent methyltransferases superfamily protein (TAIR:AT5G04060.1); Has 1192 Blast hits to 1180 proteins in 187 species: Archae - 1; Bacteria - 301; Metazoa - 2; Fungi - 2; Plants - 876; Viruses - 0; Other Eukaryotes - 10 (source: NCBI BLink). -2.3 -4.2 -2.2

AT3G12060 Encodes a member of the TBL (TRICHOME BIREFRINGENCE-LIKE) gene family containing a plant-specific DUF231 (domain of unknown function) domain. TBL gene family has 46 members, two of which (TBR/AT5G06700 and TBL3/AT5G01360) have been shown to be involved in the synthesis and deposition of secondary wall cellulose, presumably by influencing the esterification state of pectic polymers. A nomenclature for this gene family has been proposed (Volker Bischoff & Wolf Scheible, 2010, personal communication).TRICHOME BIREFRINGENCE-LIKE 1 (TBL1)-2.7 -3.4 -2.9

AT3G12203 serine carboxypeptidase-like 17 (scpl17); FUNCTIONS IN: serine-type carboxypeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: Peptidase S10, serine carboxypeptidase (InterPro:IPR001563); BEST Arabidopsis thaliana protein match is: serine carboxypeptidase-like 16 (TAIR:AT3G12220.1); Has 3617 Blast hits to 3541 proteins in 365 species: Archae - 0; Bacteria - 182; Metazoa - 630; Fungi - 840; Plants - 1564; Viruses - 0; Other Eukaryotes - 401 (source: NCBI BLink).SERINE CARBOXYPEPTIDASE-LIKE 17 (scpl17)-4.9 -2.2 -3.1

AT3G13510 Protein of Unknown Function (DUF239); INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF239, plant (InterPro:IPR004314); BEST Arabidopsis thaliana protein match is: Protein of Unknown Function (DUF239) (TAIR:AT1G55360.1); Has 759 Blast hits to 705 proteins in 28 species: Archae - 0; Bacteria - 15; Metazoa - 0; Fungi - 10; Plants - 734; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).  -2.7 -2.2 -2.4

AT3G15680 Ran BP2/NZF zinc finger-like superfamily protein; FUNCTIONS IN: binding, zinc ion binding; INVOLVED IN: biological_process unknown; LOCATED IN: intracellular; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Zinc finger, RanBP2-type (InterPro:IPR001876); BEST Arabidopsis thaliana protein match is: Ran BP2/NZF zinc finger-like superfamily protein (TAIR:AT5G25490.1); Has 1825 Blast hits to 997 proteins in 170 species: Archae - 0; Bacteria - 2; Metazoa - 978; Fungi - 140; Plants - 475; Viruses - 0; Other Eukaryotes - 230 (source: NCBI BLink). -2.3 -2.2 -2

AT3G15820 Functions as phosphatidylcholine:diacylglycerol cholinephosphotransferase, a major reaction for the transfer of 18:1 into phosphatidylcholine for desaturation  and also for the reverse transfer of 18:2 and 18:3 into the triacylglycerols  synthesis pathwayREDUCED OLEATE DESATURATION 1 (ROD1)-2.9 -2.1 -5.2

AT3G15950 Similar to TSK-associating protein 1 (TSA1), contains 10 EFE repeats, a novel repeat sequence unique to plants.  Expressed preferentially in the roots.Protein is localized to ER bodies- an endoplasmic reticulum derived structure. Loss of function mutations lack ER bodies. (NAI2) 5.1 4.9 7.3

AT3G16400 Encodes a nitrile-specifier protein NSP1 responsible for constitutive and herbivore-induced simple nitrile formation in rosette leaves. NSP1 is one out of five (At3g16400/NSP1, At2g33070/NSP2, At3g16390/NSP3, At3g16410/NSP4 and At5g48180/NSP5) A. thaliana epithiospecifier protein (ESP) homologues that promote simple nitrile, but not epithionitrile or thiocyanate formation.NITRILE SPECIFIER PROTEIN 1 (NSP1) 5 11.5 4.4

AT3G16470 JA-responsive gene JASMONATE RESPONSIVE 1 (JR1) 9 8.5 5.7

AT3G16950 encodes a plastid lipoamide dehydrogenase, subunit of the pyruvate dehydrogenase complex which provides acetyl-CoA for de novo fatty acid biosynthesis. The gene is highly expressed in developing seeds.LIPOAMIDE DEHYDROGENASE 1 (LPD1)-7.4 -2.8 -3.3

AT3G18890 NAD(P)-binding Rossmann-fold superfamily protein; FUNCTIONS IN: binding, catalytic activity; INVOLVED IN: metabolic process; LOCATED IN: chloroplast thylakoid membrane, chloroplast, chloroplast envelope; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: NAD(P)-binding domain (InterPro:IPR016040), NmrA-like (InterPro:IPR008030); BEST Arabidopsis thaliana protein match is: NAD(P)-binding Rossmann-fold superfamily protein (TAIR:AT2G34460.1); Has 26348 Blast hits to 17063 proteins in 1661 species: Archae - 97; Bacteria - 5228; Metazoa - 9723; Fungi - 4680; Plants - 1695; Viruses - 652; Other Eukaryotes - 4273 (source: NCBI BLink).TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 62 (Tic62)-2.6 -2.1 -2.4

AT3G21055 Encodes photosystem II 5 kD protein subunit PSII-T. This is a nuclear-encoded gene (PsbTn) which also has a plastid-encoded paralog (PsbTc).PHOTOSYSTEM II SUBUNIT T (PSBTN)-2.8 -3.8 -2.1

AT3G21250 member of MRP subfamilyATP-BINDING CASSETTE C8 (ABCC8) 5.8 2.9 2.3

AT3G25160 ER lumen protein retaining receptor family protein; FUNCTIONS IN: ER retention sequence binding, receptor activity; INVOLVED IN: protein retention in ER lumen, protein transport; LOCATED IN: integral to membrane; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 12 growth stages; CONTAINS InterPro DOMAIN/s: ER lumen protein retaining receptor (InterPro:IPR000133); BEST Arabidopsis thaliana protein match is: ER lumen protein retaining receptor family protein (TAIR:AT4G38790.1); Has 889 Blast hits to 889 proteins in 227 species: Archae - 0; Bacteria - 0; Metazoa - 314; Fungi - 182; Plants - 232; Viruses - 0; Other Eukaryotes - 161 (source: NCBI BLink). -2.9 -3.1 -7.4

AT3G25690 actin binding protein required for normal chloroplast positioningCHLOROPLAST UNUSUAL POSITIONING 1 (CHUP1)-2.7 -2.3 -2.2

AT3G25930 Adenine nucleotide alpha hydrolases-like superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: response to stress; LOCATED IN: cellular_component unknown; EXPRESSED IN: 7 plant structures; EXPRESSED DURING: petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: UspA (InterPro:IPR006016), Rossmann-like alpha/beta/alpha sandwich fold (InterPro:IPR014729); BEST Arabidopsis thaliana protein match is: Adenine nucleotide alpha hydrolases-like superfamily protein (TAIR:AT1G68300.1); Has 150 Blast hits to 150 proteins in 15 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 150; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -3.7 -2.3 -4.3

AT3G29030 Encodes an expansin. Naming convention from the Expansin Working Group (Kende et al, 2004. Plant Mol Bio)EXPANSIN A5 (EXPA5) -3 -2.7 -6.4

AT3G49260 IQ-domain 21 (iqd21); FUNCTIONS IN: calmodulin binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 19 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: IQ calmodulin-binding region (InterPro:IPR000048); BEST Arabidopsis thaliana protein match is: IQ-domain 2 (TAIR:AT5G03040.3).IQ-DOMAIN 21 (iqd21) -5.5 -4.1 -2.4

AT4G00260 maternal effect embryo arrest 45 (MEE45); FUNCTIONS IN: DNA binding, sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription, DNA-dependent, embryo development ending in seed dormancy; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: Transcriptional factor B3 (InterPro:IPR003340); BEST Arabidopsis thaliana protein match is: Transcriptional factor B3 family protein (TAIR:AT2G24645.1); Has 539 Blast hits to 263 proteins in 14 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 539; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).MATERNAL EFFECT EMBRYO ARREST 45 (MEE45)-4.9 -2.6 -2.4

AT4G02330 Encodes a pectin methylesterase that is sensitive to chilling stress and brassinosteroid regulation. (ATPMEPCRB) 4.2 3.6 2.6

AT4G03050 Transcriptional silent in leaf tissues of ecotype Col. The transcribed allele in ecotype Ler encodes a 2-oxoglutarate-dependent dioxygenase which is involved in glucosinolate biosynthesis. The natural variation in this locus explains the diversification of hydroxyalkyl glucosinolates among different ecotypes of Arabidopsis. (AOP3) -2.5 -2.2 -6.3

AT4G05180 Encodes the PsbQ subunit of the oxygen evolving complex of photosystem II.PHOTOSYSTEM II SUBUNIT Q-2 (PSBQ-2)-3.7 -6.4 -2.6

AT4G09160 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein; FUNCTIONS IN: transporter activity; INVOLVED IN: transport; LOCATED IN: chloroplast; CONTAINS InterPro DOMAIN/s: Cellular retinaldehyde-binding/triple function, C-terminal (InterPro:IPR001251), Cellular retinaldehyde-binding/triple function, N-terminal (InterPro:IPR008273), GOLD (InterPro:IPR009038), Phosphatidylinositol transfer protein-like, N-terminal (InterPro:IPR011074); BEST Arabidopsis thaliana protein match is: Sec14p-like phosphatidylinositol transfer family protein (TAIR:AT1G72160.1); Has 12185 Blast hits to 8606 proteins in 820 species: Archae - 53; Bacteria - 1604; Metazoa - 4851; Fungi - 2300; Plants - 1007; Viruses - 130; Other Eukaryotes - 2240 (source: NCBI BLink). -2.3 -3.1 -2.5

AT4G14540 nuclear factor Y, subunit B3 (NF-YB3); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription, DNA-dependent; LOCATED IN: nucleus, intracellular; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Transcription factor, CBFA/NFYB, DNA topoisomerase (InterPro:IPR003957), Transcription factor CBF/NF-Y/archaeal histone (InterPro:IPR003958), Histone-fold (InterPro:IPR009072), Transcription factor, NFYB/HAP3, conserved site (InterPro:IPR003956); BEST Arabidopsis thaliana protein match is: nuclear factor Y, subunit B2 (TAIR:AT5G47640.1); Has 1532 Blast hits to 1532 proteins in 250 species: Archae - 0; Bacteria - 1; Metazoa - 503; Fungi - 375; Plants - 529; Viruses - 0; Other Eukaryotes - 124 (source: NCBI BLink).NUCLEAR FACTOR Y, SUBUNIT B3 (NF-YB3)-3.3 -4.9 -2.9

AT4G14770 TESMIN/TSO1-like CXC 2 (TCX2); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: regulation of transcription; LOCATED IN: chloroplast; EXPRESSED IN: 16 plant structures; EXPRESSED DURING: 9 growth stages; CONTAINS InterPro DOMAIN/s: Tesmin/TSO1-like, CXC (InterPro:IPR005172); BEST Arabidopsis thaliana protein match is: Tesmin/TSO1-like CXC domain-containing protein (TAIR:AT3G22780.1); Has 1250 Blast hits to 741 proteins in 97 species: Archae - 0; Bacteria - 6; Metazoa - 464; Fungi - 8; Plants - 353; Viruses - 0; Other Eukaryotes - 419 (source: NCBI BLink).TESMIN/TSO1-LIKE CXC 2 (TCX2) -6.7 -2.1 -2.6

AT4G15160 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid binding; INVOLVED IN: lipid transport; LOCATED IN: endomembrane system; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 9 growth stages; CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/hydrophobic protein, helical domain (InterPro:IPR013770); BEST Arabidopsis thaliana protein match is: cell wall-plasma membrane linker protein (TAIR:AT3G22120.1); Has 1006 Blast hits to 1001 proteins in 148 species: Archae - 2; Bacteria - 66; Metazoa - 65; Fungi - 24; Plants - 812; Viruses - 10; Other Eukaryotes - 27 (source: NCBI BLink).  4.8 2.3 2

AT4G15620 Uncharacterised protein family (UPF0497); CONTAINS InterPro DOMAIN/s: Uncharacterised protein family UPF0497, trans-membrane plant (InterPro:IPR006702), Uncharacterised protein family UPF0497, trans-membrane plant subgroup (InterPro:IPR006459); BEST Arabidopsis thaliana protein match is: Uncharacterised protein family (UPF0497) (TAIR:AT4G15630.1); Has 622 Blast hits to 622 proteins in 21 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 622; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -4.1 -14.2 -4.4

AT4G16480 Encodes a high affinity H+:<i>myo</i>-inositol symporter. The only other compound shown to be transported was pinitol, a methylated derivative of <i>myo</i>-inositol.INOSITOL TRANSPORTER 4 (INT4) -2.6 -2.9 -2.1

AT4G24480 Protein kinase superfamily protein; FUNCTIONS IN: protein serine/threonine/tyrosine kinase activity, kinase activity; INVOLVED IN: protein amino acid phosphorylation; LOCATED IN: cellular_component unknown; EXPRESSED IN: 10 plant structures; EXPRESSED DURING: 4 anthesis, LP.10 ten leaves visible, petal differentiation and expansion stage, LP.12 twelve leaves visible; CONTAINS InterPro DOMAIN/s: Protein kinase, ATP binding site (InterPro:IPR017441), Protein kinase, catalytic domain (InterPro:IPR000719), Serine/threonine-protein kinase domain (InterPro:IPR002290), Serine-threonine/tyrosine-protein kinase (InterPro:IPR001245), Tyrosine-protein kinase, catalytic domain (InterPro:IPR020635), Serine/threonine-protein kinase, active site (InterPro:IPR008271), Protein kinase-like domain (InterPro:IPR011009); BEST Arabidopsis thaliana protein match is: Protein kinase superfamily protein (TAIR:AT5G03730.1); Has 116789 Blast hits to 115063 proteins in 4587 species: Archae - 100; Bacteria - 12435; Metazoa - 44447; Fungi  3.2 2.1 3.6

AT4G27460 Cystathionine beta-synthase (CBS) family protein; CONTAINS InterPro DOMAIN/s: Cystathionine beta-synthase, core (InterPro:IPR000644); BEST Arabidopsis thaliana protein match is: CBS domain-containing protein (TAIR:AT5G53750.1); Has 145 Blast hits to 145 proteins in 17 species: Archae - 0; Bacteria - 0; Metazoa - 1; Fungi - 0; Plants - 144; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).CBS DOMAIN CONTAINING PROTEIN 5 (CBSX5)-3.4 -8.5 -3.8

AT4G27560 UDP-Glycosyltransferase superfamily protein; FUNCTIONS IN: transferase activity, transferring glycosyl groups; INVOLVED IN: response to salt stress, N-terminal protein myristoylation; LOCATED IN: cellular_component unknown; EXPRESSED IN: guard cell; CONTAINS InterPro DOMAIN/s: UDP-glucuronosyl/UDP-glucosyltransferase (InterPro:IPR002213); BEST Arabidopsis thaliana protein match is: UDP-Glycosyltransferase superfamily protein (TAIR:AT4G27570.1); Has 5043 Blast hits to 5008 proteins in 241 species: Archae - 0; Bacteria - 56; Metazoa - 380; Fungi - 15; Plants - 4575; Viruses - 3; Other Eukaryotes - 14 (source: NCBI BLink). 3.4 3.9 3.3

AT4G27700 Rhodanese/Cell cycle control phosphatase superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: aging; LOCATED IN: chloroplast thylakoid membrane, chloroplast; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Rhodanese-like (InterPro:IPR001763); BEST Arabidopsis thaliana protein match is: Rhodanese/Cell cycle control phosphatase superfamily protein (TAIR:AT3G08920.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -4 -4.2 -2.2

AT4G28570 Long-chain fatty alcohol dehydrogenase family protein; FUNCTIONS IN: electron carrier activity, oxidoreductase activity, acting on CH-OH group of donors, FAD binding; LOCATED IN: endoplasmic reticulum; EXPRESSED IN: 25 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Glucose-methanol-choline oxidoreductase, N-terminal (InterPro:IPR000172), Glucose-methanol-choline oxidoreductase, C-terminal (InterPro:IPR007867), Long-chain fatty alcohol dehydrogenase (InterPro:IPR012400); BEST Arabidopsis thaliana protein match is: Long-chain fatty alcohol dehydrogenase family protein (TAIR:AT1G03990.1); Has 3734 Blast hits to 3404 proteins in 773 species: Archae - 46; Bacteria - 2451; Metazoa - 41; Fungi - 246; Plants - 166; Viruses - 0; Other Eukaryotes - 784 (source: NCBI BLink). 2.2 2.1 2.5

AT4G29240 Leucine-rich repeat (LRR) family protein; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 19 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Leucine-rich repeat-containing N-terminal domain, type 2 (InterPro:IPR013210), Leucine-rich repeat (InterPro:IPR001611); BEST Arabidopsis thaliana protein match is: Leucine-rich repeat (LRR) family protein (TAIR:AT2G19780.1); Has 63461 Blast hits to 20951 proteins in 903 species: Archae - 14; Bacteria - 2781; Metazoa - 8815; Fungi - 480; Plants - 47912; Viruses - 34; Other Eukaryotes - 3425 (source: NCBI BLink). -2.5 -3.3 -2.2

AT4G30290 Encodes a xyloglucan endotransglucosylase/hydrolase with only only the endotransglucosylase (XET; EC   2.4.1.207) activity towards xyloglucan and non-detectable endohydrolytic (XEH; EC 3.2.1.151) activity. Expressed throughout both the main and the lateral root, with intensive expression at the dividing and elongating regions. Is expressed in lateral root primordia but expression ceases after lateral root begins to grow.XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 19 (XTH19)50.3 15 6.4
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AT4G30520 Encodes SARK (SENESCENCE-ASSOCIATED RECEPTOR-LIKE KINASE). Regulates leaf senescence through synergistic actions of auxin and ethylene.SENESCENCE-ASSOCIATED RECEPTOR-LIKE KINASE (SARK)-2.9 -6 -2.6

AT4G31760 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: oxidation reduction, response to oxidative stress; LOCATED IN: endomembrane system; EXPRESSED IN: shoot apex, embryo, flower, seed; EXPRESSED DURING: petal differentiation and expansion stage, E expanded cotyledon stage, D bilateral stage; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT2G24800.1); Has 4890 Blast hits to 4865 proteins in 330 species: Archae - 0; Bacteria - 4; Metazoa - 8; Fungi - 452; Plants - 4339; Viruses - 0; Other Eukaryotes - 87 (source: NCBI BLink). -2.2 -4.4 -2.6

AT4G34131 UDP-glucosyl transferase 73B3 (UGT73B3); FUNCTIONS IN: transferase activity, transferring hexosyl groups, quercetin 3-O-glucosyltransferase activity, UDP-glycosyltransferase activity, UDP-glucosyltransferase activity; INVOLVED IN: response to cyclopentenone, response to other organism; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: UDP-glucuronosyl/UDP-glucosyltransferase (InterPro:IPR002213); BEST Arabidopsis thaliana protein match is: UDP-glucosyltransferase 73B2 (TAIR:AT4G34135.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink).UDP-GLUCOSYL TRANSFERASE 73B3 (UGT73B3)2.1 2.6 3.6

AT4G34135 The At4g34135 gene encodes a flavonol 7-O-glucosyltransferase (EC 2.4.1.237) that glucosylates also with a 20 fold lower activity flavonols (kaempferol and quercetin) at the 3-O-position.UDP-GLUCOSYLTRANSFERASE 73B2 (UGT73B2)3.7 2.3 3.6

AT4G34520 Encodes KCS18, a member of the 3-ketoacyl-CoA synthase family involved in the biosynthesis of VLCFA (very long chain fatty acids).3-KETOACYL-COA SYNTHASE 18 (KCS18)-6.7 -2.2 -4.3

AT4G36250 Encodes a putative aldehyde dehydrogenase. The gene is not responsive to osmotic stress and is expressed constitutively at a low level in plantlets and root cultures.ALDEHYDE DEHYDROGENASE 3F1 (ALDH3F1)2.9 6.5 5.1

AT4G36280 Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase family protein; FUNCTIONS IN: ATP binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 12 growth stages; CONTAINS InterPro DOMAIN/s: ATPase-like, ATP-binding domain (InterPro:IPR003594); BEST Arabidopsis thaliana protein match is: compromised recognition of TCV 1 (TAIR:AT4G36290.1); Has 498 Blast hits to 482 proteins in 78 species: Archae - 0; Bacteria - 36; Metazoa - 219; Fungi - 0; Plants - 206; Viruses - 0; Other Eukaryotes - 37 (source: NCBI BLink). -6.8 -4.1 -3.5

AT4G38370 Phosphoglycerate mutase family protein; CONTAINS InterPro DOMAIN/s: Histidine phosphatase superfamily, clade-1 (InterPro:IPR013078); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -2.4 -2.2 -2.2

AT4G39500 member of CYP96A CYTOCHROME P450, FAMILY 96, SUBFAMILY A, POLYPEPTIDE 11 (CYP96A11)3.7 9 2.5

AT5G01040 putative laccase, knockout mutant showed early floweringLACCASE 8 (LAC8) 2.1 2.8 3.7

AT5G02160 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: chloroplast thylakoid membrane; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; Has 121 Blast hits to 121 proteins in 17 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 121; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). -3.9 -4.3 -2.3

AT5G03795 Exostosin family protein; LOCATED IN: membrane; EXPRESSED IN: embryo, sepal, flower; EXPRESSED DURING: C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Exostosin-like (InterPro:IPR004263); BEST Arabidopsis thaliana protein match is: Exostosin family protein (TAIR:AT3G07620.1); Has 1413 Blast hits to 1401 proteins in 109 species: Archae - 0; Bacteria - 9; Metazoa - 310; Fungi - 4; Plants - 989; Viruses - 0; Other Eukaryotes - 101 (source: NCBI BLink). -2.1 -3 -5.2

AT5G04660 encodes a protein with cytochrome P450 domainCYTOCHROME P450, FAMILY 77, SUBFAMILY A, POLYPEPTIDE 4 (CYP77A4)-4.1 -3.4 -3.2

AT5G07030 Eukaryotic aspartyl protease family protein; FUNCTIONS IN: aspartic-type endopeptidase activity; INVOLVED IN: proteolysis; LOCATED IN: cell wall, plant-type cell wall; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Peptidase aspartic, catalytic (InterPro:IPR009007), Peptidase aspartic (InterPro:IPR021109), Peptidase A1 (InterPro:IPR001461); BEST Arabidopsis thaliana protein match is: Eukaryotic aspartyl protease family protein (TAIR:AT3G54400.1); Has 3400 Blast hits to 3386 proteins in 327 species: Archae - 0; Bacteria - 0; Metazoa - 917; Fungi - 461; Plants - 1890; Viruses - 0; Other Eukaryotes - 132 (source: NCBI BLink).  -3.8 -5 -3.1

AT5G07190 Gene is expressed preferentially in the embryo and encodes a unique protein of unknown function.SEED GENE 3 (ATS3) -2.7 -3.6 -4.8

AT5G07530 encodes a glycine-rich protein that has oleosin domain and is expressed specifically during flower stages 10 to 12. Protein is found on mature pollen coat.GLYCINE RICH PROTEIN 17 (GRP17) 8.1 14.6 2.1

AT5G08030 Encodes a member of the glycerophosphodiester phosphodiesterase (GDPD) family.GLYCEROPHOSPHODIESTER PHOSPHODIESTERASE 6 (GDPD6)-4.5 -9.5 -4.4

AT5G09640 encodes a serine carboxypeptidase-like (SCPL) protein. Mutants accumulate sinapoylglucose instead of sinapoylcholine, and have increased levels of choline and decreased activity of the enzyme sinapoylglucose:choline sinapoyltransferase.SERINE CARBOXYPEPTIDASE-LIKE 19 (SCPL19)-2.9 -2.1 -5.8

AT5G13330 encodes a member of the ERF (ethylene response factor) subfamily B-4 of ERF/AP2 transcription factor family. The protein contains one AP2 domain. There are 7 members in this subfamily.RELATED TO AP2 6L (Rap2.6L) 2.9 6 2.6

AT5G15240 Transmembrane amino acid transporter family protein; CONTAINS InterPro DOMAIN/s: Amino acid transporter, transmembrane (InterPro:IPR013057); BEST Arabidopsis thaliana protein match is: Transmembrane amino acid transporter family protein (TAIR:AT3G28960.1); Has 5045 Blast hits to 4985 proteins in 317 species: Archae - 15; Bacteria - 153; Metazoa - 1796; Fungi - 1055; Plants - 1275; Viruses - 9; Other Eukaryotes - 742 (source: NCBI BLink). -2.9 -4 -3

AT5G16240 Plant stearoyl-acyl-carrier-protein desaturase family protein; FUNCTIONS IN: acyl-[acyl-carrier-protein] desaturase activity, oxidoreductase activity, transition metal ion binding; INVOLVED IN: oxidation reduction, fatty acid metabolic process, fatty acid biosynthetic process; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Ribonucleotide reductase-related (InterPro:IPR012348), Ferritin/ribonucleotide reductase-like (InterPro:IPR009078), Fatty acid desaturase, type 2 (InterPro:IPR005067); BEST Arabidopsis thaliana protein match is: Plant stearoyl-acyl-carrier-protein desaturase family protein (TAIR:AT3G02630.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). -3.3 -3.1 -3.2

AT5G16400 Encodes an f-type thioredoxin (Trx-f2) localized in chloroplast stroma.THIOREDOXIN F2 (TRXF2) -2.2 -2.4 -2

AT5G19220 Encodes the large subunit of ADP-glucose pyrophosphorylase which catalyzes the first, rate limiting step in starch biosynthesis.  The large subunit plays a regulatory role whereas the small subunit (ApS) is the catalytic isoform. Four isoforms (ApL1-4) have been identified. ApL1 is the major large subunit isoform present in leaves. Mutational analysis of APS1 suggests that APL1 and APL2 can compensate for loss of APS1 catalytic activity,suggesting both have catalytic as well as regulatory functions.ADP GLUCOSE PYROPHOSPHORYLASE LARGE SUBUNIT 1 (APL1)-2.2 -4 -2.6

AT5G19580 glyoxal oxidase-related protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 10 plant structures; EXPRESSED DURING: L mature pollen stage, M germinated pollen stage, 4 anthesis, C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Galactose oxidase/kelch, beta-propeller (InterPro:IPR011043), Galactose oxidase, beta-propeller (InterPro:IPR015916), Immunoglobulin-like fold (InterPro:IPR013783), Immunoglobulin E-set (InterPro:IPR014756), Glyoxal oxidase, N-terminal (InterPro:IPR009880), Domain of unknown function DUF1929 (InterPro:IPR015202); BEST Arabidopsis thaliana protein match is: glyoxal oxidase-related protein (TAIR:AT1G67290.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). 3 3.8 2.4

AT5G20420 chromatin remodeling 42 (CHR42); FUNCTIONS IN: helicase activity, DNA binding, ATP binding, nucleic acid binding; EXPRESSED IN: shoot apex, embryo, flower, seed; EXPRESSED DURING: F mature embryo stage, petal differentiation and expansion stage, E expanded cotyledon stage, D bilateral stage; CONTAINS InterPro DOMAIN/s: DEAD-like helicase, N-terminal (InterPro:IPR014001), DNA/RNA helicase, C-terminal (InterPro:IPR001650), Helicase, superfamily 1/2, ATP-binding domain (InterPro:IPR014021), SNF2-related (InterPro:IPR000330); BEST Arabidopsis thaliana protein match is: chromatin remodeling 38 (TAIR:AT3G42670.1); Has 13786 Blast hits to 12302 proteins in 1638 species: Archae - 85; Bacteria - 4157; Metazoa - 3202; Fungi - 3141; Plants - 1285; Viruses - 57; Other Eukaryotes - 1859 (source: NCBI BLink).CHROMATIN REMODELING 42 (CHR42)-2.8 -4.4 -2.4

AT5G22300 encodes a nitrilase isomer. The purified enzyme shows a strong substrate specificity for beta-cyano-L-alanine, a intermediate product of the cyanide detoxification pathway.NITRILASE 4 (NIT4) -2.8 -2.8 -2.7

AT5G25110 member of AtCIPKs CBL-INTERACTING PROTEIN KINASE 25 (CIPK25)2.6 3.4 2.1

AT5G25190 encodes a member of the ERF (ethylene response factor) subfamily B-6 of ERF/AP2 transcription factor family. The protein contains one AP2 domain. There are 12 members in this subfamily including RAP2.11.ETHYLENE AND SALT INDUCIBLE 3 (ESE3)6.9 10 4.9

AT5G27360 Encodes a sugar-porter family protein that unlike the closely related gene, SFP1, is not induced during leaf senescence. (SFP2) -11.3 -2.1 -4.4

AT5G64080 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid binding; INVOLVED IN: lipid transport; LOCATED IN: anchored to plasma membrane, anchored to membrane; EXPRESSED IN: 25 plant structures; EXPRESSED DURING: 14 growth stages; CONTAINS InterPro DOMAIN/s: Bifunctional inhibitor/plant lipid transfer protein/seed storage (InterPro:IPR016140), Plant lipid transfer protein/seed storage/trypsin-alpha amylase inhibitor (InterPro:IPR003612), Plant lipid transfer protein/Par allergen (InterPro:IPR000528), Plant lipid transfer protein/hydrophobic protein, helical domain (InterPro:IPR013770); BEST Arabidopsis thaliana protein match is: Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein (TAIR:AT2G13820.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink).XYLOGEN PROTEIN 1 (XYP1) -2.9 -3.5 -2.5

AT5G64100 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: oxidation reduction, response to oxidative stress; LOCATED IN: cell wall; EXPRESSED IN: hypocotyl, root, callus; EXPRESSED DURING: seedling growth; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016), Peroxidase, active site (InterPro:IPR019794); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT5G64110.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). 6.8 5.4 5.1

(1) TAIR annotation.
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Name Gene Locus (F/R) Sequence 5' - 3' Purpose Notes

AR_001 At1g70070_R CAACCAGCTAATTCATCCGGATTTG dse1 transcriptome 

AR_002 At1g70070_F TGCCATTGTTTTGGATGAGGTTCAC dse1 transcriptome 

AR_003 At5g22330_R TGTCACGGCCATTCATTTTCGCTAC dse1 transcriptome 

AR_004 At5g22330_F ATAGCCATTCGTGCGCAAGTTGAAG dse1 transcriptome 

AR_005 At5g67630_R CAATTTGTTCCCGGACTTCTGATCG dse1 transcriptome 

AR_006 At5g67630_F CAGTGCCCTGAAGGTGAGTTGC dse1 transcriptome 

AR_007 At2g39190_R TGGGCCCAAATGTAGCATGGTTT dse1 transcriptome 

AR_008 At2g39190_F TGTCGTTGCCTTTAGGCTTCTCG dse1 transcriptome 

AR_009 At2g29940_R GTGACAAGTCCCACAAATCCAACCT dse1 transcriptome 

AR_010 At2g29940_F TGCGGATCCTTCAGCTTTATGCAG dse1 transcriptome 

AR_011 At3g54210_R CCACCACCGTCAACAATTTTGAATC dse1 transcriptome 

AR_012 At3g54210_F TTCTCGCCGTCCGGTTACTCTTC dse1 transcriptome 

AR_013 At1g76470_R GGGCCTATAATGACAGACGGACAGA dse1 transcriptome 

AR_014 At1g76470_F GGACGAGGATTGTTGGTCAGACAC dse1 transcriptome 

AR_015 At1g12900_R GTGGCTCGCATCTAACAACCTTTG dse1 transcriptome 

AR_016 At1g12900_F AGCCATGAAGATACGATCATCAGCA dse1 transcriptome 

AR_017 At1g61520_R ATGCTAGCCATCTTGGCTCAATGAA dse1 transcriptome 

AR_018 At1g61520_F GCAAGGAGCCAACAGACCATTGTG dse1 transcriptome 

AR_019 At1g54010_R ACCGCAACCATAAGCATCATGTGTC dse1 transcriptome 

AR_020 At1g54010_F TGCATCAGCTCCTTTCCAATTCACC dse1 transcriptome 

AR_021 At5g57920_R GCAACACTGAATCATTCTCCGCATT dse1 transcriptome 

AR_022 At5g57920_F TTCTGGTGGGAGGCAAATCTAACAC dse1 transcriptome 

AR_023 At5g58250_R CACGCTCACCGAAGTAACGGAGA dse1 transcriptome 

AR_024 At5g58250_F CAGCTACCTCCATCGAGCAACAGT dse1 transcriptome 

AR_025 At4g33600_R  CGTGATTTTGATGTCTCGGACAAGC dse1 transcriptome 

AR_026 At4g33600_F ATCACAGCGACTTACGGTCAGAACA dse1 transcriptome 

AR_027 At3g26650_R TAAGCTTGGCCTCAGTCACACCTTT dse1 transcriptome 

AR_028 At3g26650_F CTGAATTCTCAGGATTGCGAAGCTC dse1 transcriptome 

AR_029 At5g46630_R TCTGACGCACAGGACAATTCCCTA dse1 transcriptome 

AR_030 At5g46630_F TGGCTGCTTCCGCCATCTATTTTC dse1 transcriptome 

AR_031 At1g13320_R GGCCGTATCATGTTCTCCACAACC dse1 transcriptome 

AR_032 At1g13320_F GGGATCCGAGATCACATGTTCCA dse1 transcriptome 

AR_298 Niben101Scf04495g02005_F GGCACTCACAAACGTCTATTTC VIGS gene silencing (Liu et al., 2012)

AR_299 Niben101Scf04495g02005_R ACCTGGGAGGCATCCTGCTTAT VIGS gene silencing (Liu et al., 2012)

AR_300 Niben101Scf07778g03025_F GGGATGAGGAGGAGTTTGAGTTG VIGS gene silencing primer set 1

AR_301 Niben101Scf07778g03025_R CGGACATTTGTTCTTCGCTGGTC VIGS gene silencing primer set 1

AR_302 Niben101Scf02917g00002_F GAGAGGGATGAGGAGAAGTTTGAG VIGS gene silencing primer set 1

Table S10. Quantitative PCR primers used for verification of the dse1 
transcriptome or VIGS gene silencing.
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AR_303 Niben101Scf02917g00002_R CCGATGAGCTACTTCTGTCTTTG VIGS gene silencing primer set 1

AR_304 Niben101Scf07778g03025_F CACGGGTAATTCCGCTCAACG VIGS gene silencing primer set 2

AR_305 Niben101Scf07778g03025_R GTACAGGGGCAGTTGCATTCTCC VIGS gene silencing primer set 2

AR_306 Niben101Scf02917g00002_F CAGAATAATGGGAGCAGTGTCCAG VIGS gene silencing primer set 2

AR_307 Niben101Scf02917g00002_R CTGTTGAGGAGGTGCAGGGG VIGS gene silencing primer set 2

75



Chapter 3:  Loss of ISE3, a mitochondrial SEL1-like protein, increases plant 
cell-cell communication 

Content in prep for publication as:  

Runkel AM†, Xu M†, Goodman HM, and Zambryski PC (in prep, 2016) 
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ABSTRACT 

An embryo defective mutant of Arabidopsis thaliana, increased size exclusion limit 3 
(ise3), causes increased plasmodesmata (PD) transport during the mid-torpedo stage of 
embryogenesis. The ise3 mutation occurs in AT2G25570 and results in a single amino 
acid change from glycine to glutamic acid in a predicted SEL1-like repeat protein. ISE3 
is localized in the mitochondria and interacts with a mitochondrial pentatricopeptide 
repeat (PPR) domain protein, ISE3 INTERACTING PROTEIN 1 (IPR1), encoded by 
AT1G04590. ISE3 affects PD transport in adult plants, as silencing the expression of 
the Nicotiana benthamiana ISE3 ortholog (NbISE3) also causes increased PD transport 
in leaves. Silencing the gene encoding IPR1 in N. benthamiana (NbIPR1) also 
increases cell-cell transport. To discover the genetic pathways affected in ise3, we 
analyzed its transcriptome. ise3 exhibits changes in gene expression related to cell wall 
restructuring, phenylpropanoid biosynthesis, and reactive oxygen species (ROS) 
homeostasis. Loss of ISE3 likely alters cellular homeostasis and retrograde signaling 
that ultimately affects cell-cell transport, perhaps through ROS signaling. Silencing of 
NbISE3 and NbIPR1 causes excessive production of hydrogen peroxide (H2O2), a ROS 
that has previously been shown to affect PD transport.  

INTRODUCTION 

Organelle-nucleus communication is essential for regulating myriad processes in the 
plant cell, and recent findings implicate intercellular communication in a pathway called 
‘organelle-nucleus-plasmodesmata signaling’ (ONPS) (Burch-Smith et al., 2011a; 
Burch-Smith et al., 2011b; Burch-Smith and Zambryski, 2012; Brunkard et al., 
2013; Brunkard et al., 2015a). Mitochondrial and chloroplast proteins can affect the 
transport of molecules from cell-to-cell via plasmodesmata (PD) (Benitez-Alfonso et 
al., 2009; Botha et al., 2000; Burch-Smith et al., 2011b; Provencher et al., 2001; 
Stonebloom et al., 2009), and changes in the redox status of either of these organelles 
can also affect PD transport (Stonebloom et al., 2012).  

PD are small channels that span the cellulosic wall of plant cells and allow signaling and 
movement of micro and macromolecules among neighboring cells (Brunkard et al., 
2015a; Calderwood et al., 2016; Rim et al., 2011; Wu and Gallagher, 2012; Xu et al., 
2011). PD are composed of membranes; the outer limits of PD are plasma membranes 
(PM), and the axial center of PD contains tightly compressed strands of endoplasmic 
reticulum (ER). The space between the PM and ER membranes is the “cytosolic sleeve" 
that forms a direct conduit between the cytoplasts of adjacent cells, and functions as the 
major passageway for molecules to move cell-to-cell through PD. 

PD transport is driven by PD number, PD aperture, and the size and characteristics of 
potential transportable molecules. To date, our lab has studied three Arabidopsis 
thaliana mutants increased size exclusion limit (ise)1, ise2, and decreased size 
exclusion limit (dse1) that either increase or decrease PD transport, respectively; 
notably, these mutants all alter PD formation (Burch-Smith and Zambryski, 2010; 
Burch-Smith et al., 2011b; Kim et al., 2002; Stonebloom et al., 2009; Xu et al., 
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2012). PD aperture, and consequent transport, is proposed to be modified by callose 
deposition in the cell wall surrounding PD (De Storme and Geelen, 2014; Levy et al., 
2007; Vatén et al., 2011; Zavaliev et al., 2011), but the ise1, ise2, and dse1 mutants 
do not seem to affect callose at PD. 

Due to the integral nature of PD in cell-cell signaling, the regulation of PD is deeply 
connected to developmental and physiological processes in the plant. PD transport is 
highly regulated during embryo development, transitioning from extensive 
macromolecular transport in early stages to minimal transport in later stages (Brunkard 
et al., 2013; Burch-Smith and Zambryski, 2010; Kim et al., 2002; Kim et al., 2005a; 
Kim et al., 2005b; Stonebloom et al., 2009; Xu et al., 2012). PD transport undergoes 
precisely timed increases or decreases during the formation of new organs, cell types, 
and the development of the meristem (Benitez-Alfonso et al., 2013; Brunkard et al., 
2015a; Daum et al., 2014; Giannoutsou et al., 2013; Gisel et al., 1999; Gisel et al., 
2002; Maule et al., 2013; Rinne and van der Schoot, 1998; Sanger and Lee, 2014; 
Vatén et al., 2011). Further, physiological processes such as the exchange of energy 
and metabolites as well as plant defense responses are regulated by the transport of 
molecules via PD (Bilska and Sowinski, 2010; Burch-Smith and Zambryski, 2016; 
Faulkner et al., 2013; Lee et al., 2011; Tilsner et al., 2016).  

Communication among PD, plastids, and mitochondria is required, as energy 
metabolism must be coordinated with intercellular signaling. Signaling between 
mitochondria and/or plastids to the nucleus, called “retrograde signaling”, is essential to 
control the expression of nuclear-encoded organellar proteins (Kleine et al., 2009). The 
nucleus then controls gene expression of the organelles through “anterograde signaling” 
(Kleine and Leister, 2016). Retrograde signaling can involve many different pathways 
and molecules, including reactive oxygen species (ROS) (Kleine and Leister, 2016). 

Mitochondria produce ROS, which primarily include hydrogen peroxide (H2O2) and 
superoxide made during ATP synthesis (Apel and Hirt, 2004). ROS affect the function 
of the mitochondrial electron transport chain (mETC) as well as many other processes 
in the cell. ROS generated by the mitochondria affect other intracellular compartments 
via retrograde signaling, hormone signaling, pathogen response, and the cell death 
response (Dietz et al., 2016; Huang et al., 2016; Kleine and Leister, 2016). Notably, 
increasing mitochondrial ROS leads to increased intercellular transport (Stonebloom et 
al., 2012).  

In mutant screens to identify genes regulating PD transport, none of the genes 
recovered encode proteins that localize to PD. Instead, the proteins localize to 
mitochondria (ISE1), chloroplasts (ISE2 and GFP ARRESTED TRAFFICKING (GAT1)), 
and the nucleus/cytoplasm (DSE1 and CHAPERONIN CONTAINING TCP1 8 (CCT8)) 
(Benitez-Alfonso et al., 2009; Burch-Smith et al., 2011b; Fichtenbauer et al., 2012; 
Kim et al., 2002; Stonebloom et al., 2009; Xu et al., 2011; Xu et al., 2012). ISE1, 
ISE2, and GAT1 all affect ROS production and/or the oxidation state of the chloroplasts 
or mitochondria. Here we characterize another A. thaliana mutant ise3 that exhibits 
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increased cell-to-cell transport and encodes a small mitochondrial localized protein with 
SEL1-like repeats.  

RESULTS 

ise3 exhibits increased PD transport 

ise3 is an Arabidopsis thaliana embryo defective (emb) mutant (McElver et al., 2001; 
Patton et al., 1991) that we identified using a previous screen for altered PD transport 
(Kim et al., 2002). ise3 continues to transport 10 kDa fluorescent dextrans during the 
torpedo stage of embryo development compared to WT embryos (Fig. 1A-B). The ise3-
1 mutation was identified with mapped-based cloning and sequencing to the genetic 
locus AT2G25570 and confirmed with complementation. A single nucleotide mutation 
causes an amino acid change from a glycine to glutamic acid at amino acid position 134 
in the ISE3 protein (Fig. 1C-E). ISE3 is a predicted SEL1-like repeat (SLR) protein with 
four SEL1 domains (Alva et al., 2016; Karpenahalli et al., 2007), and the ise3-1 
mutation occurs in the third SEL1 repeat (Fig. 1E). To our knowledge, ISE3 has never 
been studied in plants. In other organisms, SLR proteins often form macromolecular 
complexes that act in signal transduction pathways (Mittl and Schneider-Brachert, 
2007), but little is known about their roles in plants. 

ISE3 is located in the mitochondria and interacts with another mitochondrial 
protein 

ISE3 is a predicted mitochondrial protein, and when ISE3 is tagged with the fluorescent 
protein GFP, it localizes to the mitochondria (Figs. 2 and S1A) (Emanuelsson et al., 
2000). Since SLR proteins can act as protein adaptors, we searched for mitochondrial 
proteins that might interact with ISE3 and have a necessary role in embryo 
development. We identified emb mutants (emb database: http://www.seedgenes.org/) 
that encode mitochondrial localized proteins, and studied several candidates: 
COENZYME Q 3 (EMB 3002), SURF1 (EMB 3121), ATCCMH, and a PPR domain 
containing protein (AT1G04590, of which the emb phenotype was confirmed with exon 
insertion lines). We also tested a predicted ClpP protease family protein (AT4G16800) 
for interaction with ISE3, which is not classified as an EMB, but may be involved in 
mitochondrial protein quality control. These mitochondrial WT encoded proteins were 
tested with WT ISE3 using a Bimolecular Fluorescence Complementation (BiFC) assay 
for possible interaction. As mitochondrial targeting requires an N-terminal signal 
sequence, all constructs had the fluorescent tags at the C-terminus. ISE3 produced a 
BiFC with only one of the tested candidate proteins, AT1G04590, which we name ISE3 
INTERACTING PROTEIN 1 (IPR1) (Fig. 3A-B).  

TargetP (Emanuelsson et al., 2000) predicts IPR1 is a mitochondrial protein (Fig. S1B) 
and the RNA expression profile of ISE3 and IPR1 are similar according to 
AtGenExpress annotation (Schmid et al., 2005), indicating that these proteins may be 
co-expressed. In control experiments, neither protein (with its respective half of YFP) 
induced fluorescence when expressed alone (Fig. 3C-F). We tested if the single amino 
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Fig. 1. A mutation in AT2G25570 causes increased PD transport. (A) WT embryos 
at the mid-to-late torpedo stage of embryo development cannot load a 10-kDa 
fluorescein (F)-conjugated dextran dye, by contrast, (B) ise3 mutant embryos can move 
this dye from cell-to-cell. (Scale bars: 100 µm.) (C) ise3 was mapped to the gene 
AT2G25570, (D) and was identified as a G to A mutation (black arrow), which would 
cause a single amino acid change from glycine (G) at amino acid position 134 to 
glutamic acid (E). (E) TPRpred (Alva et al., 2016; Karpenahalli et al., 2007) predicts 
ISE3 is a SEL1-like protein with a probability of 100% (p = 5.1e-24). The ise3 mutation 
falls within the third SEL1-like repeat (black arrow). 
  

A B

C

G/A

  WT   ACATGGGTAATGCAGATGCTCAATATGAGCTAGGGTGTCGTTTAAGAGTCGAGgtcaggct
  ise3 ACATGGGTAATGCAGATGCTCAATATGAGCTAGAGTGTCGTTTAAGAGTCGAGgtcaggct
       *********************************.***************************

D

Repeat Begin            Alignment from ISE3          End    P-value
-------------------------------------------------------------------
SEL1   54      EVERVIDYCELNDRRLIPLLRGAKENFELALEADNL  89     4.0e-03

SEL1   92      HARYWLSKLHLKYHVPGACKAVGAALLVEAADMGNA  127    6.7e-04

SEL1   128     DAQYELGCRLRVENDHVQSDQQAFHYIENAVDQLHP  163    2.1e-09

SEL1   164     GALYLLGIVYLTGDCVKQDVDSAIWCFHRASEKGHA  199    6.7e-15

E
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Fig. 2. ISE3 is localized in the mitochondria. (A) Composite image of transmitted 
light, GFP fluorescence from ISE3-GFP (green), and mitoCFP (red). Co-localization 
examples indicated by white arrows. (B) GFP fluorescence (green) from ISE3-GFP 
alone. (C) mitoCFP fluorescence (red) alone. (Scale bars: 25 µm.) 

A

B

C
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Fig. 3. ISE3 interacts with AT1G04590, ISE3 INTERACTING PROTEIN 1 (IPR1), but 
does not interact with ISE1. (A) Composite image of transmitted light and YFP 
fluorescence from BiFC interaction between ISE3-cYFP and IPR1-nYFP. (B) YFP 
fluorescence from BiFC interaction between ISE3-cYFP and IPR1-nYFP. (C) Composite 
image of transmitted light and no YFP fluorescence from ISE3-cYFP alone. (D) no YFP 
fluorescence from ISE3-cYFP alone. (E) Composite image of transmitted light and no 
YFP fluorescence from IPR1-nYFP alone. (F) no YFP fluorescence from IPR1-nYFP 
alone. (G) Composite image of transmitted light and YFP fluorescence from BiFC 
interaction between ISE3-G134E-cYFP and IPR1-nYFP. (H) YFP fluorescence from 
BiFC interaction between ISE3-G134E-cYFP and IPR1-nYFP. (I) Composite image of 
transmitted light and no YFP fluorescence from ISE3-cYFP and ISE1-nYFP alone. (J) 
no YFP fluorescence from ISE3-cYFP and ISE1-nYFP. (Scale bars: 25 µm.) 
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D

E
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G

H

I

J

82



acid change in ise3-1 affected the BiFC of ISE3 with IPR1. The mutation, however, did 
not eliminate the BiFC reaction (Fig. 3G-H). We also tested if ISE3 interacted with the 
mitochondrial localized ISE1; however, no BiFC was observed (Fig. 3I-J).  
 
ISE3 and IPR1 contain similar protein domains. TPRpred (Karpenahalli et al., 2007; 
Mitchell et al. 2015) predicts that IPR1 contains four PPR motifs in the C-terminal half 
of the protein (Fig. S1C). PPR and SLR and tetratricopeptide repeat (TPR) proteins are 
solenoid proteins with alpha-helical repeat structures containing either 34 (TRP), 35 
(PPR) or 36 (SLR) amino acid repeats (Karpenahalli et al., 2007; Mittl and Schneider-
Brachert, 2007).  
 
Virus Induced Gene Silencing of N. benthamiana ISE3 or IPR1 increase PD 
transport  
 
To identify orthologs of ISE3 and IPR1 in N. benthamiana, gene trees were made from 
available genomes (Bombarely et al., 2012; Kersey et al., 2016). Orthologs of ISE3 
and IPR1 can be found in land plants (Figs. S2A and S3A), but not in organisms 
outside of plants in the Ensembl Genomes database (Kersey et al., 2016). Silencing 
the expression of the N. benthamiana ISE3 (Fig. S2) or IPR1 (Fig. S3) with Virus 
Induced Gene Silencing (VIGS) causes increased PD transport of transiently expressed 
GFP compared to the VIGS GUS control (Wilcoxon rank sum two-tailed test, n ≥ 59, p-
value < 1.0e-5) (Fig. 4).  
 
Transcriptome analysis of ise3 
 
The transcriptome of ise3 reveals 638 up-regulated and 123 down-regulated genetic loci 
(Fig. 5A, Table S1) These changes in gene expression were assessed with Gene 
Ontology (GO) and MapMan (Klie and Nikoloski, 2012; Usadel et al., 2005) to identify 
their affected biological pathways. In particular, we found alterations in gene expression 
of nuclear-encoded mitochondrial proteins, proteins related to oxidative stress (likely 
related to ROS), cell wall restructuring, phenylpropanoid biosynthesis, and 
photosynthesis (Tables S2, S3, and S4).  
 
Upregulated nuclear-encoded mitochondrial proteins include genes that encode 
proteins involved in the mETC: NAD(P)H DEHYDROGENASE B3 (NDB3), NDB4, 
ALTERNATIVE OXIDASE 1A (AOX1A), ALTERNATIVE NAD(P)H DEHYDROGENASE 
1 (NDA1), and SUCCINATE DEHYDROGENASE 2-3 (SDH2-3) (Table S1). A gene 
encoding a key mitochondrial import protein, TRANSLOCASE OF INNER 
MITOCHONDRIAL MEMBRANE 23-3 (TIM23-3) is also up-regulated in ise3 (Table S1). 
 
As ISE3 is a mitochondrial protein that affects the expression of nuclear-encoded 
mitochondrial genes, we were interested if changes in expression of proteins involved in 
retrograde signaling pathways might be affected in the ise3 mutant. Indeed, the 
transcriptome suggests ise3 over expresses genes that encode proteins involved in 
ROS response (Table S1). Six genes encoding PEROXIDASE family proteins are up-
regulated in ise3 (PA2, PER64, AT5G14130, AT2G38380, AT1G68850, and 
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Fig. 4. VIGS of NbISE3 or NbIPR1 increases PD transport in leaves. (A) Silencing N. 
benthamiana ISE3 or IPR1 cause increased PD transport of transiently expressed GFP 
compared to the VIGS GUS control (Wilcoxon rank sum two-tailed test, GUS: n = 93, 
NbISE3: n = 71, NbIPR1: n = 59, ≥7; plants per treatment; 3 separate experiments; *p-
value < 1.0e-5). Error bars indicate ± SE. (B) GFP movement following silencing of 
NbISE3 and (C) GFP movement following silencing of GUS control. PD transport is 
assessed by the number of rings of cells expressing GFP that move away from the 
initially transfected cell in the middle. (Scale bars = 100 µm.)  
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Fig. 5. Comparison of the ise3 transcriptome to ise1 and ise2 transcriptomes. 
Transcriptomes include genes that have twofold or greater altered expression compared 
with WT samples and a p-value < 0.05. (A) In total, the ise3 transcriptome has 638 up-
regulated (green bar) and 123 down-regulated genetic loci (orange bar). The ise1 and 
ise2 transcriptome data is from Burch-Smith et al. (2011b). The transcriptome of ise1 
has altered expression of 1,382 up-regulated and 1,558 down-regulated genetic loci. 
The ise2 transcriptome has 2,087 up-regulated and 1,491 down-regulated genetic loci 
with altered expression (B) ise1, ise2, and ise3 share 43 similarly up-regulated genes, 
and (C) 6 similarly down-regulated genes. (D) Comparing the differentially expressed 
genes in the ise mutants, 18 genes are up-regulated in ise3 and down-regulated in the 
ise1 and ise2 mutants and (E) no down-regulated genes in ise3 are up-regulated in both 
the ise1 and ise2 mutants.  
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AT4G36430), with another one down-regulated (AT2G24800). Three PURPLE ACID 
PHOSPHATASE proteins (PAP8, PAP21, and PAP22), which are part of a gene family 
implicated in ROS metabolism (Kaija et al., 2002; Ravichandran et al., 2015; 
Veljanovski et al., 2006) are also induced in ise3. RESPIRATORY BURST OXIDASE 
HOMOLOG A (RBOHA), involved in H2O2 production (Yoshioka et al., 2003), is also 
strongly induced (+11 fold). The transcriptome also shows induced expression of genes 
that encode proteins of a gene family involved in another retrograde signaling pathway, 
the WRKY DNA-BINDING PROTEINS (Kleine and Leister, 2016; Van Aken et al., 
2009; Van Aken et al., 2013): WRKY23, 24, 25, 26, 28, 33, 43, 47, 48, 56, and 70.  

Other genes that might affect PD transport in ise3 encode proteins involved in cell wall 
biosynthesis or restructuring; a number of extensin family genes show induced 
transcription in ise3: EXTENSIN 3 (EXT3), AT2G41400, AT2G41390, AT5G05020, and 
EXTENSIN PROLINE-RICH 1 (EPR1). The ise3 transcriptome also has four 
ARABINOGALACTAN PROTEIN genes with altered expression, three up-regulated 
(AGP2, 5, 14) and one down-regulated (AGP19) (Table S1).  

The other up-regulated genes in ise3 suggest an enrichment in the phenylpropanoid 
biosynthesis and secondary metabolite pathways (Tables S1 and S2). The 
phenylpropanoid pathway is required for the production of monolignols – the basic 
components of lignins – as well as hydroxycinnamic acids, flavonoids, and coumarins 
(Boerjan et al., 2003; D’Auria and Gershenzon 2005; Fraser and Chapple, 2011). 
Genes up-regulated in ise3 encode proteins likely involved in the lignin biosynthetic 
process, which include: PHENYLALANINE AMMONIA-LYASE 4 (PAL4) that encodes a 
protein with possible involvement in lignin and salicylic acid (SA) accumulation, as well 
as PINORESINOL REDUCTASE 2 (PRR2), CINNAMOYL COA REDUCTASE (CCR2), 
4-COUMARATE:COA LIGASE 2 (4CL2), BETA-GLUCOSIDASE 45 (BGLU45), four
LACCASE genes (LAC3, 5, 12, and 16), and the PEROXIDASE family protein genes
mentioned earlier (Barros et al., 2015; Chapelle et al., 2012; Huang et al. 2010;
Nakatsubo et al., 2008; Vogt, 2010; Zhou et al., 2010). Lignins and these other
secondary metabolites might be involved in signaling pathways and/or affecting the cell
wall structure (Hückelhoven, 2007; Pollastri and Tattini, 2011) to alter PD transport.
Alternatively, these transcriptional effects, like the others mentioned here, could be the
side effect of, or feedback caused by, altered PD transport in ise3.

In terms of other known proteins that affect PD transport, the ise3 transcriptome does 
not indicate a change in expression of CALLOSE SYNTHASES (CalS) or β-1,3-
GLUCANASES (BG) involved in callose deposition at PD (Table S1) (De Storme and 
Geelen, 2014; Levy et al., 2007; Vatén et al., 2011; Zavaliev et al., 2011). Perhaps of 
interest, PLASMODESMATA-LOCATED PROTEIN 4 (PDLP4), a gene that encodes a 
PD localized protein that promotes the movement of viruses is strongly induced (+9.8 
fold) in ise3 (Amari et al., 2010).  

There are a number of processes that affect transcriptional regulation of the 
mitochondrial genome (Millar et al., 2008), such as RNA editing, so a transcriptome 
study on RNA abundance may not entirely reflect the mitochondrial transcriptional 
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profile of ise3; however, it is notable that 10 genes encoded by the mitochondria are up-
regulated in ise3: ORF143, 106E, 105E, 105A, 105B, 116, 110B, 122C, 240B, 
CYTOCHROME C BIOGENESIS 382 (CCB382), and ATP SYNTHASE SUBUNIT 1 
(ATP1) (Table S1). ATP1 is part of the ATP synthase complex and responds to 
oxidative stress (Busi et al., 2011; Moghadam et al., 2013). 

Comparison of ise3 to PD mutant transcriptomes 

We compared the previously published ise1, ise2, and dse1 transcriptomes, which were 
analyzed using A. thaliana Tiling microarrays (Burch-Smith et al., 2011b; Runkel et 
al., submitted and under review), to the ise3 transcriptome, which was analyzed with 
RNA-sequencing (herein) to find shared misexpressed genes that may be involved in 
PD regulation (the entire ise1, ise2, ise3, and dse1 transcriptomes are shown in Table 
S1 and similarly regulated genes among ise1, ise2, and ise3 are in Table S5). While 
RNA sequencing and tiling arrays will introduce slightly different biases, most gene 
expression levels are well correlated with these two methods (Agarwal et al., 2010).  

If there was an obvious transcriptional change that explained the PD transport 
phenotype in all four of the PD mutants, we might find genes that were similarly up- or 
down-regulated in all three of the ise mutants and expressed oppositely in dse1, 
however, no genes fit this pattern (Table S5). Generally, the ise3 transcriptome shows 
some overlap with ise1 and ise2 (Fig. 5B-C) with very few oppositely expressed genes 
(Fig. 5D-E). While ise1 and ise2 have a statistically significant transcriptional overlap (p 
< 1.0e-300, representation factor = 3.1), however, ise3 does not significantly overlap 
with ise1 or ise2 (p > 0.4, representation factor = 1). While there was not significant 
overlap of individual genes among the ise mutants, three similarly regulated genetic 
pathways were observed among the three ise mutant transcriptomes: cell wall 
restructuring, photosynthesis, and ROS metabolism. 

The ise1, ise2, and ise3 transcriptomes misexpress a number of genes that encode 
proteins involved in cell wall restructuring (Burch-Smith et al., 2011b; Cosgrove, 
2005; Wolf et al., 2012; results herein). The ise1 and ise2 transcriptomes generally 
show a down-regulation of genes encoding expansin proteins, and ise3 also follows this 
trend with a down-regulation of EXPANSIN A3 (EXP3) and EXPANSIN B1 (EXPB1). 
Also shared among the ise mutants is a down-regulation of many genes that encode 
proteins involved in pectin synthesis and metabolism. In the ise3 transcriptome, the 
genes encoding PECTIN METHYLESTERASE 5 (PME5), a pectin methylesterase 
inhibitor superfamily protein (AT1G11590), and three pectin lyase-like superfamily 
proteins (AT1G10640, AT1G11590, AT4G00872) are down-regulated. An extensin 
family protein gene (AT2G41400) is strongly up-regulated in all three ise mutants (+9.7, 
+8.2, and +12.3 fold in ise1, 2, and 3 respectively); other EXTENSIN genes affected in
ise3 were mentioned earlier. Many genes encoding XYLOGLUCAN
ENDOTRANSGLYCOSYLASE/HYDROLASE (XTH) or XTH-related (XTR) proteins are
induced in expression in ise1 and ise2. In ise3 XTR6 is up-regulated, although, this
particular XTR is down-regulated in ise1 and ise2.

87



Like ise1, ise2, and dse1, many of the down-regulated genes in the ise3 transcriptome, 
are connected to photosynthesis, which is not surprising as most emb mutants are 
chlorotic (McElver et al., 2001; Patton et al., 1991). Some of the key photosynthesis 
genes affected in ise3 include: PHOTOSYNTHETIC NDH SUBCOMPLEX B 3 (PnsB3), 
PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE 6 (LHCA6), 
PHOTOSYSTEM II LIGHT HARVESTING COMPLEX GENE 2.3 (LHCB2.3), 
PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (POR C), RUBISCO SMALL 
SUBUNIT 2B (RBCS2B), RUBISCO SMALL SUBUNIT 3B (RBCS3B), 
CHLORORESPIRATORY REDUCTION 7 (CRR7), and NON-PHOTOTROPIC 
HYPOCOTYL 3 (NPH3).  

Finally, some of the similarly regulated genes among the three ise mutant 
transcriptomes are involved in ROS metabolism. PAP8 and PAP21, mentioned earlier, 
are up-regulated in all three ise mutants. Additionally, the peroxidase superfamily 
protein AT5G14130 and PEROXIDASE 2 (PA2) are up-regulated in the ise and dse1 
mutants. AOX1A, NDB3, and NDB4 are induced in both ise2 and ise3. Loss of ISE1 or 
ISE2 produces altered oxidation states in the mitochondria and plastid (Stonebloom et 
al., 2009; Stonebloom et al., 2012). Burch-Smith et al. (2011b) describes the ROS 
metabolism genes affected specifically in ise1 and ise2 in more detail. Here we also 
show that more H2O2 was detected using a 3,3-diaminobenzidine (DAB) stain in N. 
benthamaina leaves silenced for NbISE3 or NbIPR1 compared to the control (Fig. 6). 

DISCUSSION 

The ise3 mutation affects the A. thaliana gene AT2G25570 and causes increased PD 
transport in embryos. Loss of the N. benthamiana ISE3 ortholog also causes increased 
PD transport in leaves indicating that ISE3 is necessary for restricting PD transport not 
only in developing embryos but also in leaves of a distantly related eudicot species.  

ISE3 is a mitochondrial protein; it is predicted to localize to the mitochondria using 
cellular localization prediction software (Emanuelsson et al., 2000) and co-localizes 
with a mitochondrial marker in transient expression assays. SLR proteins, like ISE3, are 
often involved in forming macromolecular complexes, so we tested if five mitochondrial 
proteins, which are involved in critical aspects of mitochondrial function, interacted with 
ISE3. ISE3 produced a BiFC with an EMB-mitochondrial-PPR-domain-containing 
protein, we name IPR1.  

PPR proteins generally bind protein ligands or nucleic acids (Barkan and Small, 2014; 
Prikryl et al., 2011; Zhang et al., 2015). In plants, there has been a dramatic 
expansion of these proteins, and most are involved in RNA regulation in the chloroplast 
or the mitochondria (Barkan and Small, 2014; Bentolila et al., 2013; Lurin et al., 
2004). One well known PPR is required for plastid-to-nucleus retrograde regulation: 
GENOMES UNCOUPLED 1 (GUN1). The loss of GUN1, however, does not appear to 
affect the expression of specific plastid transcripts but rather plays a more general role 
in retrograde signaling (Barkan and Small, 2014; Koussevitzky et al., 2007; 
Woodson et al., 2013). Potentially, IPR1 along with ISE3 regulate the expression of 
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Fig. 6. H2O2 is higher in leaves silenced for NbISE3 and NbIPR1. (A) NbISE3. (B) 
NbAT1G04590. (C) control.  
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specific mitochondrial RNAs. The ise3 transcriptome did not indicate any mitochondrial 
encoded genes with reduced expression, but did identify a number with induced 
expression. Alternatively, ISE3 and IPR1 might have a more generalized retrograde 
signaling role, like GUN1.  

ISE1 is found in the mitochondria and loss of ISE1 induces an oxidative shift within the 
mitochondria and a reductive shift in plastids (Stonebloom et al., 2009; Stonebloom et 
al., 2012). Salicylhydroxamic acid (SHAM), which produces mitochondrial-generated 
ROS, increases PD transport (Stonebloom et al., 2012). SHAM specifically inhibits 
mitochondrial alternative oxidase (AOX), an enzyme that stabilizes the redox state of 
the cell (Keunen et al., 2013; Keunen et al., 2015; Maxwell et al., 1999; Purvis and 
Shewfelt 1993). Genes encoding proteins involved in retrograde signaling, including 
AOX1A, are induced in the ise3 transcriptome. Further, ise3 has altered expression of 
mETC proteins, proteins associated with ROS response (peroxidase, peroxisomal 
membrane, and PAP proteins), and other proteins with known involvement in ROS 
production, including RBOHA (Keunen et al., 2013; Keunen et al., 2015; Maxwell et 
al., 1999; Purvis and Shewfelt 1993; Torres and Dangl, 2005; Torres et al., 2002; 
Yoshioka et al., 2003). ROS are known retrograde signals and perhaps ROS can direct 
gene expression changes in the nucleus to affect PD transport in ise3. The cellular 
signals produced in the mitochondria that affect PD likely are part of retrograde 
signaling through ONPS. Alternatively, the mitochondria could play a more direct role in 
affecting PD by producing ROS near the cell wall, as ROS may induce cell wall 
loosening (Cosgrove, 2005; Jones et al., 2006; Wolf et al., 2012), or signaling 
between the ER and the mitochondria (English and Voeltz, 2013), which might 
influence the desmotuble to affect PD transport.  

ROS have been implicated in PD transport. An emerging hypothesis is that the amount, 
type, and/or origin of the ROS that are generated influence PD differently. gat1 is a 
mutation in the gene that encodes the THIOREDOXIN-m3 (TRX-m3) protein. Without 
TRX-m3, PD transport is restricted and H2O2 accumulates in the plant (Benitez-
Alfonso et al., 2009). In contrast, ise1 affects a mitochondrial protein and also over 
accumulates H2O2, but has increased PD transport (Stonebloom et al., 2009). 
Stonebloom et al. (2012) demonstrated that ROS produced by the mitochondria, 
through treatment with SHAM, increases PD transport, while ROS produced primarily in 
the plastid, through treatment with paraquat (PQ) reduces PD transport. Further, 
Rutschow et al. (2011) tested the effect of direct application of H2O2 on PD transport 
and found that small concentrations (0.6 mM) increases PD transport while ten times 
the concentration (6 mM) reduces PD transport. Here, we report that more H2O2 was 
detected in leaves silenced for NbISE3 or NbIPR1 compared to the control. This result 
is correlated with the increased PD transport observed in NbISE3 or NbIPR1 silenced 
tissues, and further suggests that H2O2 can affect PD transport (Stonebloom et al., 
2009; Stonebloom et al., 2012).  

Phenotypically, ise3 has many similarities with ise1 and ise2. All three mutants are 
embryo defective, cause increased PD transport in A. thaliana embryos, and loss of 
their encoded gene results in increased PD transport in leaves of a distantly related 
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eudicot species (Stonebloom et al., 2009; Burch-Smith et al., 2011a; Burch-Smith et 
al., 2011b). ISE1 and ISE3, along with its interactor IPR1, are proteins found in the 
mitochondria that may be involved in mitochondrial RNA processing and when ISE1, 
ISE3, or IPR1 are silenced, they over accumulate H2O2 (results herein and in 
Stonebloom et al. (2009)). The ise3 transcriptome indicates, however, that the 
individual genes affected by ise3 do not strongly overlap with those affected by ise1 or 
ise2. While the genes are not the same, some of the downstream processes and 
pathways are similar among the ise mutants. All three mutants exhibit changes to 
photosynthesis genes, cell wall restructuring, and ROS homeostasis.  

Cell-cell transport is driven by many proteins that do not localize at PD (Fig. 7). We 
again show that retrograde signaling likely affects PD transport, further supporting the 
ONPS pathway (Burch-Smith et al, 2011b). Future studies will continue to dissect how 
processes critical to cellular homeostasis can alter cell-cell transport via PD. 

MATERIALS AND METHODS 

ise3 identified as a plasmodesmata mutant 

ise3 was identified in a screen for mutants with increased PD transport as described 
(Kim et al., 2002). The ise3 mutation was found at the genetic locus AT2G25570 using 
mapped-based cloning and sequencing as described (Xu et al., 2012). 
Complementation was verified by transforming ise3 heterozygous plants with a 
construct containing the native ISE3 promoter and the ISE3 coding sequence. The 
construct was cloned from A. thaliana seedling cDNA (ThermoFisher 
Scientific/Invitrogen, 18080051) using the primers in Table S6 and restriction cloned 
into the promoter-modified pCAMBIA3300 binary vector (http://www.cambia.org/). 
Constructs were confirmed by sequencing, transformed into Agrobacterium (GV3101), 
and A. thaliana plants were transformed using the floral dip method as described 
(Weigel and Glazebrook, 2006).  

Orthologs of ISE3 and IPR1 were identified with Ensembl Plants, release 32 - August 
2016; http://plants.ensembl.org/) (Kersey et al., 2016). N. benthamiana orthologs of 
ISE3 and IPR1 were identified at Sol Genomics (https://solgenomics.net/) (Bombarely 
et al., 2012) for virus induced gene silencing (VIGS) constructs, and described in more 
detail below.  

Localization and Bimolecular Fluorescence Complementation studies of ISE3 

ISE3 was tagged with the fluorescent protein GFP and transiently expressed along with 
a mitochondria-targeted CFP (mitoCFP) (Niwa et al. 1999) as described in 
(Stonebloom et al., 2009). The ISE3 coding sequence was cloned from A. thaliana 
seedling cDNA (ThermoFisher Scientific/Invitrogen, 18080051) with the primers in 
Table S6 and restriction cloned into the pRTL2-GFP vector (Crawford and Zambryski, 
2000). Constructs were confirmed by sequencing, and transformed into Agrobacterium 
(GV3101). N. benthamiana plants were grown under 16-hours-light/8-hours-dark under 
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Fig. 7. Cell-cell transport is driven by many proteins that do not localize at PD. (1) 
Retrograde and anterograde signaling (arrows) coordinate organelles and the nucleus 
(Kleine and Leister, 2016; Kleine et al., 2009). (2) The nucleus affects the function of 
PD through unknown mechanisms (dotted arrow). (3-5) ISE1 is a mitochondrial protein, 
ISE2 is a plastid protein, and ISE3 is a mitochondrial protein; all affect the expression of 
nuclear genes encoding proteins that target to these organelles (Burch-Smith et al., 
2011b; and results herein). (6) H2O2, affects PD transport (Rutschow et al., 2011; 
Stonebloom et al., 2012), and loss (shown with “-”) of ISE1, ISE3, IPR1, or GAT1 
result in excessive H2O2 that may be generated by their respective organelles and may 
explain their PD transport phenotypes (Benitez-Alfonso et al., 2009; Rutschow et al., 
2011; Stonebloom et al., 2009; Stonebloom et al., 2012). (7) Loss (shown with “-”) of 
DSE1 affects the expression of nuclear-encoded genes, including the transcription 
factor ABI5, and loss of DSE1 and ABI5 signal (unknown) events to affect PD transport 
(Runkel et al., submitted and under review). 
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100 µmol photons m−2s−1 at room temperature. The fourth leaf (counting from the most 
recently emerged leaf downwards) of four-week old plants was simultaneously infiltrated 
with A. tumefaciens as described (Brunkard et al., 2015b), carrying constructs to 
express ISE3-GFP and mitoCFP. After 48 hours, the same region of each leaf was 
imaged as described (Brunkard et al., 2015b). 

Bimolecular Fluorescence Complementation (BiFC) constructs were cloned from A. 
thaliana seedling cDNA (ThermoFisher Scientific/Invitrogen, 18080051) with the primers 
in Table S6 and Gateway® cloned (ThermoFisher Scientific/Invitrogen K240020 and 
11791-020) into the pBAT-TL-B-sYFP-C or N vectors (Boevink et al., 2014; Uhrig et 
al., 2007). Constructs were confirmed by sequencing, and transformed into 
Agrobacterium (GV3101). N. benthamiana plants were grown as described above and 
the fourth leaves of four-week old plants were simultaneously infiltrated as described 
above with A. tumefaciens (carrying constructs to express ISE3 and each potential 
interactor). After 48 hours, the same region of each leaf was imaged for BiFC. 

Virus Induced Gene Silencing and PD movement assays 

Virus Induced Gene Silencing construct design 

pTRV2-GUS (pYC1) (Stonebloom et al., 2009) was designed previously. NbISE3 and 
NbIPR1 Virus Induced Gene Silencing (VIGS) constructs were designed after a BLAST 
search of the A. thaliana ISE3 and IPR1 at TAIR (http://www.arabidopsis.org/) to the N. 
benthamiana genome (v1.0.1) at Sol Genomics (https://solgenomics.net/) (Bombarely 
et al., 2012) using an e-value threshold of 10 and BLOSUM62 substitution matrix. The 
resulting N. benthamiana proteins were constructed into gene trees with other orthologs 
(Kersey et al., 2016; Vilella et al., 2009; Ensembl Plants, release 32 - August 2016; 
http://plants.ensembl.org/) (Fig. S2A and S3A). The gene trees were made with MAFFT 
(v7.273), using the robust L-INS-i method, with 100 bootstrap values (Katoh et al., 
2005), and Archaeopteryx (version 0.9901, 2014-10-14, based on forester 1.038). The 
VIGS triggers were designed to silence the N. benthamiana orthologs of ISE3 or IPR1 
by finding regions specific to the gene of interest, but not overlapping with related 
homologs. Each trigger was used as a BLAST query against the N. benthamiana 
genome (predicted cDNA v1.0.1) using an e-value threshold of 10 and BLOSUM62 
substitution matrix to check for any off-target sequence matches. The constructs were 
checked again to be orthologs of A. thaliana, with BLAST in TAIR. There are two clear 
NbISE3 and NbIPR1 orthologs. The pTRV2-NbISE3 and pTRV2-NbIPR1 VIGS triggers 
were designed to silence the orthologs. There is one additional gene that has significant 
DNA sequence overlap with the NbIPR1 orthologs but it is not a predicted ortholog of 
IPR1; however, when the latter protein sequence is BLAST back to A. thaliana, it still 
identifies AtIPR1 as the best match in A. thaliana (Fig. S3C). Due to the significant 
sequence overlap of this gene, it may also be silenced by pTRV2-NbIPR1. This gene 
could be the result of an older duplication event in N. benthamiana, a pseudogene, or a 
gene related to IPR1.  
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The VIGS triggers were cloned from N. benthamiana genotype Nb-1 cDNA. RNA was 
extracted (Sigma-Aldrich, STRN250-1KT), treated with DNase (NEB, M0303S) and 
converted to cDNA (ThermoFisher Scientific/Invitrogen, 18080051). cDNA was treated 
with RNase H (ThermoFisher Scientific/Invitrogen: 18021071), and the product was 
restriction cloned (NEB, NcoI and XmaI) into pYL156 (empty TRV2 vector) with the 
primers designed for each construct (Table S6). VIGS triggers were aligned with the N. 
benthamiana genome (v1.0.1) sequence and the cloned cDNA sequence (Figs. S2B 
and S3B-C). 

PD transport assay 

VIGS, and imaging protocols were performed as described (Brunkard et al., 2015b). N. 
benthamiana plants were grown as above, silenced, and ten days after silencing, plants 
were infiltrated with Agrobacterium (GV3101) carrying a construct to express 1X-GFP, 
and imaged for PD transport 48 hours later. 

ise3 transcriptome 

Tissue collection and RNA sequencing analysis 

Tissue collection was carried out as described (Burch-Smith et al., 2011b). Briefly, 
~100 ise3 or sibling WT mid-torpedo stage embryos were collected from siliques of 
ise3/+ heterozygous plants. Due to the difference in developmental age, the WT 
embryos were approximately ~8 DAF and ise3 embryo age were ~12 DAF as described 
(Burch-Smith et al., 2011b). Three separate biological replicate samples were 
collected from multiple different plants grown on different days. 

Total RNA was extracted from each replicate (Sigma-Aldrich, STRN250-1KT) and 
treated with DNase (NEB, M0303S). Library preps, ribosomal depletion, and Ion Torrent 
Proton sequencing were completed at the Functional Genomics Laboratory at UC 
Berkeley.  

The Bowtie suite was used with modifications for analyzing Ion Torrent sequencing 
data. After filtering for quality (quality cut-off value = 20 with ≥75% bases meeting the 
cut-off value), TopHat v2.0.14, with parameters set to default except: max edit distance 
= 4, minimum intron length and minimum intron length found during split-segment 
(default) search = 20, number of mismatches allowed in each segment alignment for 
reads mapped independently = 3. The overall read mapping rates post filtering were 
between 64% and 76%. Over 10 million reads were mapped for each replicate (ranging 
from 10M to 15M reads). 

The TopHat derived RNA sequencing alignments were analyzed using count-based 
differential expression analysis with edgeR in R (3.2.3), using a cutoff of an adjusted p-
value of <0.05 and a log fold change of 2 and above, or -2 and below (Fig. S4; Anders 
et al. 2013; Robinson et al., 2010). 
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Transcriptome analysis of genes, pathways, and transcriptome comparisons 

PANTHER Overrepresentation Test for Gene Ontology at http://pantherdb.org/ (release 
2015-04-30, GO Ontology database released 2016-06-22), using the complete 
biological processes, molecular processes, and cellular component GO analyses were 
conducted using Bonferroni correction (Mi et al., 2013; Mi et al., 2016) to assess the 
ise3 transcriptome. MapMan (http://mapman.gabipd.org/) (Usadel et al., 2005) was also 
used to assess the ise3 transcriptome. 

Hypergeometric probabilities were calculated as described (Fury et al., 2006) using R 
(3.2.3) and confirmed with a hypergeometric probability program that also calculates a 
gene overlap representation factor for transcriptomes (conducted on July 22, 2016, 
program at http://nemates.org/MA/progs/overlap_stats.html and program’s statistics 
information at http://nemates.org/MA/progs/representation.stats.html). 

H2O2 detection with DAB staining 

H2O2 was detected using a 3,3-diaminobenzidine (DAB) (Sigma-Aldrich, D8001) 
following the staining protocol described (Thordal-Christensen et al., 1997) in N. 
benthamiana leaves silenced for NbISE3, NbIPR1, or the GUS control as described 
(Stonebloom et al., 2009).  
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SUPPLEMENTARY MATERIALS 

Supplementary Figures 

Fig. S1. IPR1 contains PPR repeats, and both ISE3 and IPR1 are predicted to 
localize to the mitochondria. (A) ISE3 has a predicted mitochondrial targeting peptide 
(mTP) and is not expected to have a chloroplast transit peptide (cTP) or a secretory 
signal peptide (SP); this prediction has a reliability class (RC) of 2, meaning there is a 
strong measure of the difference between the highest and the second highest output 
score (0.800 > diff > 0.600) suggesting the localization prediction is likely correct 
(Emanuelsson et al., 2000). (B) IPR1 (AT1G04590) has a predicted mTP and is not 
expected to have cTP or a SP; this prediction has a RC of 3, meaning there is a good 
measure of the difference between the highest and the second highest output score 
(0.600 > diff > 0.400) suggesting the localization prediction is likely correct 
(Emanuelsson et al., 2000). (C) IPR1 may be a pentatricopeptide repeats (PPR) 
protein; TPRpred (Alva et al., 2016; Karpenahalli et al., 2007) predicts IPR1 is a PPR 
protein with a probability of 68% (p = 2.2e-08). 

Repeat Begin Alignment from IPR1 (AT1G04590)   End    P-value
-------------------------------------------------------------------
PPR    180     ASLKIVIASLEKEHQWHRMVQVIKWILSKGQGNTM   214    2.5e-04

PPR    215     GTYGQLIRALDMDRRAEEAHVIWRKKVGNDLHSVP   249    1.1e-05

PPR    251     QLCLQMMRIYFRNNMLQELVKVMKLFKDLESYDRK   285    4.9e-03

PPR    290     HIVQTVADAYELLGMLDEKERVVTKYSHLLLGTPS   324    2.4e-03

A

IPR1 (AT1G04590)      Len     cTP    mTP     SP  other  Loc  RC
----------------------------------------------------------------------
Sequence              384   0.093  0.667  0.033  0.076   M    3
----------------------------------------------------------------------
cutoff 0.000  0.000  0.000  0.000

B

ISE3 (AT2G25570)      Len     cTP    mTP     SP  other  Loc  RC
----------------------------------------------------------------------
Sequence              288   0.030  0.719  0.113  0.087   M    2
----------------------------------------------------------------------
cutoff 0.000  0.000  0.000  0.000

C
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A B NbISE3_VIGS_trigger    -------------------------cgattccttgcctgaattggtaattggcgctcttt
Niben101Scf00739g04025 gtcaa--atagcaatagacaaacgccgattccttgcctgaattggcaattggcgctcttt
Niben101Scf01240g04014 gtcaaatatagcaatagtcaaacgccgattccttgcctgaattggtaattggcgctcttt

********************.**************

NbISE3_VIGS_trigger    gccctccattttcttcaatccctttcgaaaagctgcgatcagtgttctttgtagttcgga
Niben101Scf00739g04025 gccctccattttcttcggcccctttcgaaaagctgcgatcagagttctctttagttcgga
Niben101Scf01240g04014 gccctccattttcttcaatccctttcgaaaagctgcgatcagtgttctttgtagttcgga

****************...*********************** *****.* *********

NbISE3_VIGS_trigger    gcgaccactatt--------------------gaaggcagataatgtttagatcattcct
Niben101Scf00739g04025 gcgaccaccattggccgagcttcagttgctaagaaggcagataatgtttagatcattcct
Niben101Scf01240g04014 gcgaccactatt--------------------gaaggcagataatgtttagatcattcct

   ********.***                    ****************************

NbISE3_VIGS_trigger    tctaaaggctgtcattaaacagcttacttatcatccagctatcactaaacagctctgtcg
Niben101Scf00739g04025 tctaaaggctgtcattaaacagcttacttatcatccagctgtcactaaacagctatgtcg
Niben101Scf01240g04014 tctaaaggctgtcattaaacagcttacttatcatccagctatcactaaacagctctgtcg

   ****************************************.************* *****

NbISE3_VIGS_trigger    tcatcctttccagttccatctagagagaggaatgcacagcagaaataagaaggcgatgga
Niben101Scf00739g04025 tcatcctttccagtaccatctagagagaggaatgcacagcagaaataagaaggcgatgga
Niben101Scf01240g04014 tcatcctttccagttccatctagagagaggaatgcacagcagaaataagaaggcgatgga

   ************** *********************************************

NbISE3_VIGS_trigger    atacatagctagggggtggaatgctctgcaggaagttgatagagtaattgattattgtga
Niben101Scf00739g04025 gtacatagctagggggtggaatgctctgcaggaagttgatagagtaattgattattgtga
Niben101Scf01240g04014 atacatagctagggggtggaatgctctgcaggaagttgatagagtaattgattattgtga

   .***********************************************************

NbISE3_VIGS_trigger    gcttaatgacaaacgtctcattccttcacttaggacagcaaaggagaattttgagttggc
Niben101Scf00739g04025 gcttaatgacaaacgtctcattccttcacttaggacagcaaaagagaattttgaattggc
Niben101Scf01240g04014 gcttaatgacaaacgtctcattccttcacttaggacagcaaaggagaattttgagttggc

   ******************************************.***********.*****

NbISE3_VIGS_trigger    tctggaagtagacaattcaaatacccatgcaagatattggctttcaaaactgcatctcaa
Niben101Scf00739g04025 tctggaagcagacaactcaaatacccatgcaagatattggctttcaaaactgcatctcaa
Niben101Scf01240g04014 tctggaagtagacaattcaaatacccatgcaagatattggctttcaaaactgcatctcaa

   ********.******.********************************************

NbISE3_VIGS_trigger    gtaccatgtccctggggcgtgtagtgctgtaggggctgctttattagtggaagctgcaga
Niben101Scf00739g04025 gtaccatgtccctggggcgtgcaaagctgtaggggctgctttattagtggaagctgcaga
Niben101Scf01240g04014 gtaccatgtccctggggcgtgtagtgctgtaggggctgctttattagtggaagctgcaga

   *********************.*. ***********************************

NbISE3_VIGS_trigger    gatgggtgatccagatgctcaatttgaattagggtgccgtctaagagttgagaacgaata
Niben101Scf00739g04025 gatgggtgatcccgatgctcaatttgaattaggttgccgtctaagagttgagaacaacta
Niben101Scf01240g04014 gatgggtgatccagatgctcaatttgaattagggtgccgtctaagagttgaggtggttt-

   ************ ******************** ******************.  .  * 

NbISE3_VIGS_trigger    tgtgcaatcggatcagcaagcattttactacttggagaaagctgttgaccagttgcatcc
Niben101Scf00739g04025 tgtgcaatcagatcagcaagcattttactacttggagaaggctgttgaccagttgcatcc
Niben101Scf0124     -------tctttttcggaacatattaattttgtcaagaagaatggttacaccacctatga

**   *. * **    ** *.* . * .****.. ** * **    . .**  

NbISE3_VIGS_trigger    aggtgcactttacctcttaggtgctgtgtatcttactggggattgcgtgaaaanggatg-
Niben101Scf00739g04025 aggtgcactttacctcttaggtgctgtgtatcttactggggattgcgtgaaaagggatg-
Niben101Scf01240g04014 gctcgtatgatgttaaagattctctgttggtttagtgacaaataatctgaacgtctatgc

   .  .*.*.  *...    *  . ****  .*.* .. . ..** .. **** .   *** 

NbISE3_VIGS_trigger    -------ttggctctgcattgtggtgtttccatagagcatctgagaagggtcatgctgga
Niben101Scf00739g04025 -------ttggctctgcattgtggtgtttccatagagcatctga----------------
Niben101Scf01240g04014 agctagtttgggtttagaactcaaactttggctaacgtcactttgatatctgaaacaagg

**** *.*. * . ...  ***   **. *.  **

NbISE3_VIGS_trigger    gcagctatagcttatggatcccttctactccaaggtg------tggaacttccagaatca
Niben101Scf00739g04025 ------------------------------------------------------------
Niben101Scf01240g04014 ttagct-----tgttggatctcccttaccgtggtatgacttgtgaactcctctagtgtaa

NbISE3_VIGS_trigger    ataacgaa-----atttttagtgaagagggggtcctcaagcagaatatc---gaggagtc
Niben101Scf00739g04025 ----------------------gaagcgggggtcctcaagcagaatatcaaggaggaatg
Niben101Scf01240g04014 actacaaatgaacaatttttataaaatgggcgttactgctgacaccttc---tcgattt-

.**. *** **. ...   * * . **     *.  * 

NbISE3_VIGS_trigger    gagctgatccggagcttaatccgattgagctggccagagaacaatttgaaattgctgcaa
Niben101Scf00739g04025 gagttgatcctgagcttaatccgattgagctggccagagaacaatttgaaattgctgcaa
Niben101Scf01240g04014 --gattttacaatgtttatcttagccactttggttggccaatataatcatatatctg---

* *  * * . *.*** ........  .***...*  **.*   * * **  ***

NbISE3_VIGS_trigger    aagcaggatctgaccttggatttagatggttaagaagacttgaggaggaaganaaacgtc
Niben101Scf00739g04025 aagcaggatctgaccttggatttagatggttaaaaagacttgaggaggaagagaaacgtc
Niben101Scf01240g04014 aagccttttcacatattctattgcagtagtggagaattattgtgttaaa-----------

   ****    **  *. **  ***  ..*.** .*.**   *** *  ..*

NbISE3_VIGS_trigger    tgttgtcttcctagttcatgaatatcaga-------------------------------
Niben101Scf00739g04025 tgctgtcgtcc-------------------------------------------------
Niben101Scf01240g04014 ccttgttctattagtatttggatgtcagaaaagtctgtataaatcatgctgtcagctcag

   . .***. * .
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Fig. S2. VIGS trigger designed for ISE3 in N. benthamiana. Putative orthologs of 
ISE3 were found through Ensembl Plants and aligned with the N. benthamiana ISE3 
putative orthologs (identified by BLAST in SolGenomics with the A. thaliana ISE3 
protein). (A) Protein sequences were aligned by MAFFT (L-INS-i with 100 bootstrap 
values) to produce gene trees with Archaeopteryx. There are two ISE3 genes in N. 
benthamiana, which often has two homeologues for each gene in its genome. (B) An 
alignment of the two N. benthamiana ISE3 orthologs (cDNA) with the designed pTRV2-
NbISE3 VIGS trigger shows alignment to the N. benthamiana ISE3 genes 
(Niben101Scf00739g04025 and Niben101Scf01240g04014). (C) Predicted structure of 
A. thaliana ISE3 using Phyre2 with 92% of sequence modelled with 100% confidence
by the single highest scoring template (Kelley et al., 2015). Coloring is based on tertiary
structure and the amino acid affected by the ise3-1 mutation is noted on the model with
a white arrow. (D) The amino acid affected by the ise3-1 mutation is conserved in most
of the ISE3 orthologs (yellow) of the gene tree in (A) except in the more basal species
shown in (A), which include Amborella trichopoda (the most basal extant flowering
plant) and Physcomitrella patens (a bryophyte), which have an alanine (A) substituted
for a glycine (G) at this position (orange). Amino acid conservation can be observed
among the ISE3 orthologs in (A), especially within the SEL1 repeats (repeat 1 = red,
repeat 2 = purple, repeat 3 = blue, repeat 4 = green). The labeled SEL1 repeats were
identified with TPRpred (Fig. 1E) using the A. thaliana ISE3 protein sequence.
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Fig. S3. VIGS trigger design for IPR1 in N. benthamiana. Putative orthologs of IPR1 
proteins were found through Ensembl Plants and aligned with the N. benthamiana IPR1 
putative orthologs (identified by BLAST in SolGenomics with the A. thaliana IPR1 
protein sequence). (A) Protein sequences were aligned using MAFFT (L-INS-i with 100 
bootstrap values) to produce gene trees in Archaeopteryx. There are two IPR1 genes in 
the N. benthamiana genome. (B) An alignment of the two N. benthamiana IPR1 
orthologs (cDNA) with the designed pTRV2-NbIPR1 VIGS trigger shows alignment to 
the N. benthamiana genes (Niben101Scf02499G03002 and 
Niben101Scf06804g00002). (C) An alignment of the pTRV2-NbIPR1 VIGS trigger with a 
possible off-target gene (Niben101Scf01514g03006), which has significant DNA 
sequence overlap with the NbIPR1 genes, but is not a predicted NbIPR1 ortholog. 
When the protein sequence of this gene is BLAST to the A. thaliana genome, however, 
AtIPR1 is the best match. 

A

B NbIPR1_VIGS_trigger      -------------------tcctcacttgcagttacaatacagatgtgcgacattcaatc
Niben101Scf02499g03002   agagtggacaggaatttcatcctcacttgcagttacaatacagatgtgcgacattcaatc
Niben101Scf06804g00002   agagtggacagaaatttcatcctcacttgcagttacaatacagatgtgcgacattcgatc

*************************************.***

NbIPR1_VIGS_trigger      cccaatcaaagtgatgcaaagacactagggttctccagggatcaatttggcaatcaagaa
Niben101Scf02499g03002   cccaatcaaagtgatgcaaagacactagggttctccagggatcaatttggcaatcaagaa
Niben101Scf06804g00002   accaatcaaagtgatgcaaagacactagggttctccaaggataaatttggcaatcaaaca

************************************.**** **************. *

NbIPR1_VIGS_trigger      cagtctgcccttgcaaaaaactacattggaggcgaacggaatccccaagtaggagaaaat
Niben101Scf02499g03002   cagtctgcccttgcaaaaaactacattggaggcgaacggaatccccaagtaggagaaaat
Niben101Scf06804g00002   cagtctgcccttgcaaaaaactacattggaggcgaacgcaagccccaagtaggagaaaat

************************************** ** ******************

NbIPR1_VIGS_trigger      gtctcaaggaaggacaagattagctttcttgtaaatacacttcttgatttaaaggatagt
Niben101Scf02499g03002   gtctcaaggaaggacaagattagctttcttgtaaatacacttcttgatttaaaggatagt
Niben101Scf06804g00002   gtctcaaggaaggacaagattagctttctcgtaaatacacttcttgatttaaaggatagt

*****************************.******************************

NbIPR1_VIGS_trigger      aaggaagctgtatatggtgcacttgatgcttgggttgcgtgggagcggaatttccccatt
Niben101Scf02499g03002   aaggaagctgtatatggtgcacttgatgcttgggttgcgtgggagcggaatttccccatt
Niben101Scf06804g00002   aaggaagctgtatatggtgcacttgatgcttgggttgcgtgggagcagaatttccccatt

**********************************************.*************

NbIPR1_VIGS_trigger      ggacccctaaagcaggtattgctcaaactagagaaagaacaacagtggcatagaattgtt
Niben101Scf02499g03002   ggacccctaaagcaggtattgctcaaactagagaaagaacaacagtggcatagaattgtt
Niben101Scf06804g00002   ggacctctaaagcaggtattgctcaaactagagaaagaacaacagtggcacagaattgtt

*****.********************************************.*********

NbIPR1_VIGS_trigger      caggtt------------------------------------------------------
Niben101Scf02499g03002   caggttattaagtggatgttaagcaagggtcaaggcaacacaatgggaacgtatgcacag
Niben101Scf06804g00002   caggtcattaagtggatgttaagcaagggtcaaggcaacacaatgggaacatatgagcag

*****.

C NbIPR1_VIGS_trigger      --------------------------------tcctcacttgcagttacaa---------
Niben101Scf01514g03006   gatttgcaggaggggcaacgagaggatgtttctctcgatccggtcttgaaaattaagata

**.. *...*   **. **

NbIPR1_VIGS_trigger      -----------------------------------------------tacagatgtgcga
Niben101Scf01514g03006   aaaattattggaggcgatgaatttgagaagctagatattcgaagtcctgtaaatgtgcga

*..*.********

NbIPR1_VIGS_trigger      cattcaatccccaatcaaagtgatgcaaagacactagggttctccagggatcaatttggc
Niben101Scf01514g03006   catccaatgcccaatcaaactgatgcaaagacactagaattctcaagggatcaatttggc

***.**** ********** *****************..***** ***************

NbIPR1_VIGS_trigger      aatcaagaacagtctgcccttgcaaaaaactacattggaggcgaacggaatccccaagta
Niben101Scf01514g03006   aatcaagcgcagtctggccttgcaaaaaactacattggaggcgaacgcaagccccaagta

******* .******* ****************************** ** *********

NbIPR1_VIGS_trigger      ggagaaaatgtctcaaggaaggacaagattagctttcttgtaaatacacttcttgattta
Niben101Scf01514g03006   ggagaaaatgtctcaaggaaggacaagattagatttcttgtaaatacacttcttgattta

******************************** ***************************

NbIPR1_VIGS_trigger      aaggatagtaaggaagctgtatatggtgcacttgatgcttgggttgcgtgggagcggaat
Niben101Scf01514g03006   aaggatagtaaggaagctgtatatggtgcacttgatgcttgggttgcgtgggagcgaaa-

********************************************************.** 

NbIPR1_VIGS_trigger      ttccccattggacccctaaagcaggtattgctcaaactagagaaagaacaacagtggcat
Niben101Scf01514g03006   ttccccattggaccgctaa-----------------------------------------

     ************** ****

NbIPR1_VIGS_trigger      agaattgttcaggtt
Niben101Scf01514g03006   ---------------
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Fig. S4. EdgeR analysis of the ise3 transcriptome. (A) Mean-variance relationship 
plot shows the raw variances of the counts (gray dots), the variances using the gene 
wise dispersions (light blue dots), the variances using the common dispersion (solid 
blue line), and the Poisson variance (black line). (B) Plot of the log-fold change (FC) 
against the log counts per million (CPM). Genes that are not differentially expressed 
(p>0.05, black dots) and differentially expressed genes (p<0.05, red dots) are shown in 
plot with blue lines that delineate genes above or below the logFC cutoff. 
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Supplementary Tables 

Note: Supplementary Table 1 is in a separate document due to size, and is available 
upon request. 
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GO biological process complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

suberin biosynthetic process (GO:0010345) 16 9 0.37 up 24.34 4.98E-07

phenylpropanoid biosynthetic process (GO:0009699) 103 16 2.38 up 6.72 9.74E-06

phenylpropanoid metabolic process (GO:0009698) 129 19 2.98 up 6.37 8.52E-07

response to chitin (GO:0010200) 108 12 2.5 up 4.81 2.38E-02

response to organonitrogen compound (GO:0010243) 130 14 3 up 4.66 6.49E-03

response to water deprivation (GO:0009414) 230 18 5.31 up 3.39 2.20E-02

response to water (GO:0009415) 235 18 5.43 up 3.31 2.92E-02

secondary metabolite biosynthetic process (GO:0044550) 251 19 5.8 up 3.28 2.00E-02

secondary metabolic process (GO:0019748) 361 26 8.34 up 3.12 1.23E-03

response to acid chemical (GO:0001101) 860 47 19.87 up 2.37 1.79E-04

response to oxygen-containing compound (GO:1901700) 1122 58 25.93 up 2.24 3.58E-05

response to organic substance (GO:0010033) 1453 69 33.57 up 2.06 4.07E-05

response to endogenous stimulus (GO:0009719) 1270 58 29.34 up 1.98 2.03E-03

response to chemical (GO:0042221) 2053 87 47.44 up 1.83 8.81E-05

single-organism metabolic process (GO:0044710) 3163 111 73.08 up 1.52 1.20E-02

response to stimulus (GO:0050896) 4612 151 106.57 up 1.42 8.34E-03

Unclassified (UNCLASSIFIED) 7502 183 173.34 up 1.06 0.00E+00

cellular protein metabolic process (GO:0044267) 2412 28 55.73 down 0.5 3.25E-02

GO cellular component complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

extracellular region (GO:0005576) 2560 100 59.15 up 1.69 8.52E-05

Unclassified (UNCLASSIFIED) 5153 143 119.07 up 1.2 0.00E+00

cell part (GO:0044464) 18881 374 436.27 down 0.86 4.87E-05

cell (GO:0005623) 18883 374 436.31 down 0.86 4.76E-05

intracellular membrane-bounded organelle (GO:0043231) 15117 285 349.3 down 0.82 8.56E-05

membrane-bounded organelle (GO:0043227) 15117 285 349.3 down 0.82 8.56E-05

intracellular organelle (GO:0043229) 15362 287 354.96 down 0.81 1.72E-05

organelle (GO:0043226) 15362 287 354.96 down 0.81 1.72E-05

cytoplasm (GO:0005737) 10931 203 252.57 down 0.8 1.27E-02

intracellular part (GO:0044424) 17197 319 397.36 down 0.8 6.68E-08

intracellular (GO:0005622) 17216 319 397.8 down 0.8 5.26E-08

nucleus (GO:0005634) 8385 142 193.75 down 0.73 1.29E-03

organelle part (GO:0044422) 3688 47 85.22 down 0.55 5.45E-04

intracellular organelle part (GO:0044446) 3679 46 85.01 down 0.54 3.07E-04

intracellular non-membrane-bounded organelle (GO:0043232)1142 9 26.39 down 0.34 3.18E-02

non-membrane-bounded organelle (GO:0043228) 1142 9 26.39 down 0.34 3.18E-02

macromolecular complex (GO:0032991) 1884 11 43.53 down 0.25 8.41E-07

Table S2. A GO analysis of the up-regulated genes in the ise3 _RNAseq 
transcriptome.
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protein complex (GO:0043234) 1330 7 30.73 down 0.23 8.67E-05

GO molecular function complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

nutrient reservoir activity (GO:0045735) 54 12 1.25 up 9.62 1.16E-05

Unclassified (UNCLASSIFIED) 7204 158 166.46 down 0.95 0.00E+00

RNA binding (GO:0003723) 802 3 18.53 down  < 0.2 1.23E-02
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GO biological process complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

Unclassified (UNCLASSIFIED) 7502 25 32.09 down 0.78 0.00E+00

GO cellular component complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

extracellular region (GO:0005576) 2560 28 10.95 up 2.56 1.33E-03

Unclassified (UNCLASSIFIED) 5153 13 22.04 down 0.59 0.00E+00

GO molecular function complete Ref (#) Found (#) Expected (#) Enrichment Fold p-value

Unclassified (UNCLASSIFIED) 7204 26 30.82 down 0.84 0.00E+00

Table S3. A GO analysis of the down-regulated genes in the ise3_RNAseq 
transcriptome.
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Table S4. MapMan analysis of overrepresented pathways in the ise3 
transcriptome. 

Bin MapMan category name # of genes p-value1

1 Photosynthesis 5 7.5E-04

1.1 Photosynthesis: lightreaction 3 7.4E-03

1.3 Photosynthesis: calvin cycle 2 4.1E-02

10.8 Cell wall: pectinesterases 8 3.1E-02

11.3 Lipid metabolism: phospholipid synthesis 3 1.5E-02

16.1 Secondary metabolism: simple phenols 4 3.4E-03

20.2 Stress: abiotic 20 3.5E-03

21.4 Redox: glutaredoxins 2 4.2E-02

26 Miscellaneous  75 3.3E-03

26.28 Miscellaneous: GDSL-motif lipase 4 2.1E-02

27 RNA 85 1.4E-02

27.3 RNA: regulation of transcription 81 3.8E-02

28.2 DNA: repair 2 2.2E-02

29 Protein 64 3.3E-02

29.2 Protein: synthesis 7 2.3E-03

30.8 Signalling: miscellaneous 2 4.5E-02

35.1 Not assigned: no ontology 59 1.8E-02

1.3.2 Photosynthesis: calvin cycle - rubisco small subunit 2 4.1E-02

11.9.4.13 Lipid metabolism: lipid degradation - beta-oxidation, acyl CoA reductase 3 3.0E-02

20.1.7.12 Stress: biotic - PR-proteins, plant defensins 5 3.2E-02

20.2.99 Stress: abiotic - unspecified 12 2.5E-03

27.3.32 RNA: regulation of transcription - WRKY domain transcription factor family 11 4.8E-02

27.3.67 RNA: regulation of transcription - putative transcription regulator 4 4.1E-02

29.2.7 Protein: synthesis - transfer RNA 2 3.1E-02

29.2.7.2 Protein: synthesis - transfer RNA, plastid 2 3.1E-02

35.1.41 Not assigned: no ontology - hydroxyproline rich proteins 7 1.3E-02

1 The MapMan Bins listed have a p-value <0.05, however, the p-values are not adjusted 
(Wilcoxon Rank-Sum Test without Benjamini Hochberg correction for false discovery 
rate). With p-value adjustment, MapMan does not pick up any Bins with a p-value <0.05. 
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Locus (1) Gene Description (1)Primary Gene Symbol (1) ise3_Ion ise1 _Tiling ise2 _Tiling dse1_Tiling

AT1G01070 nodulin MtN21-like transporter family protein 3 3.6 3.2 -

AT1G03630 Encodes for a protein with protochlorophyllide oxidoreductase activity. The enzyme is NADPH- and light-dependent.PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (POR C)-2.3 -2.4 -6.6 -7.7

AT1G08990 plant glycogenin-like starch initiation protein 5 (PGSIP5); FUNCTIONS IN: transferase activity, transferring glycosyl groups; INVOLVED IN: biosynthetic process; LOCATED IN: endomembrane system; EXPRESSED IN: root; CONTAINS InterPro DOMAIN/s: Glycosyl transferase, family 8 (InterPro:IPR002495); BEST Arabidopsis thaliana protein match is: plant glycogenin-like starch initiation protein 4 (TAIR:AT1G54940.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink).PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 5 (PGSIP5)2.6 3.8 3.6 2.8

AT1G10640 Pectin lyase-like superfamily protein; FUNCTIONS IN: polygalacturonase activity; INVOLVED IN: carbohydrate metabolic process; LOCATED IN: cellular_component unknown; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: Pectin lyase fold/virulence factor (InterPro:IPR011050), Parallel beta-helix repeat (InterPro:IPR006626), Glycoside hydrolase, family 28 (InterPro:IPR000743), Pectin lyase fold (InterPro:IPR012334); BEST Arabidopsis thaliana protein match is: Pectin lyase-like superfamily protein (TAIR:AT1G60590.1); Has 4327 Blast hits to 4306 proteins in 507 species: Archae - 6; Bacteria - 1323; Metazoa - 14; Fungi - 1302; Plants - 1545; Viruses - 0; Other Eukaryotes - 137 (source: NCBI BLink). -2.2 -3.3 -7.6 -

AT1G17030 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT2G47010.2); Has 70 Blast hits to 70 proteins in 13 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 69; Viruses - 0; Other Eukaryotes - 1 (source: NCBI BLink). 2.1 6.2 3.2 2.7

AT1G17960 Threonyl-tRNA synthetase; FUNCTIONS IN: nucleotide binding, aminoacyl-tRNA ligase activity, threonine-tRNA ligase activity, ATP binding; INVOLVED IN: threonyl-tRNA aminoacylation, translation, tRNA aminoacylation for protein translation; LOCATED IN: cytoplasm; EXPRESSED IN: inflorescence meristem, root, pedicel; EXPRESSED DURING: 4 anthesis; CONTAINS InterPro DOMAIN/s: Threonyl/alanyl tRNA synthetase, class II-like, putative editing domain (InterPro:IPR018163), Aminoacyl-tRNA synthetase, class II (G/ H/ P/ S), conserved domain (InterPro:IPR002314), Beta-grasp fold, ferredoxin-type (InterPro:IPR012675), Aminoacyl-tRNA synthetase, class II, conserved domain (InterPro:IPR006195), TGS-like (InterPro:IPR012676), TGS (InterPro:IPR004095), Anticodon-binding (InterPro:IPR004154), Threonyl-tRNA synthetase, class IIa, conserved region (InterPro:IPR018158); BEST Arabidopsis thaliana protein match is: Threonyl-tRNA synthetase (TAIR:AT5G26830.1); Has 16132 Blast hits to 11197 proteins in 2892 species: Archae - 329; Bacter 3.7 6.1 2.4 -

AT1G19200 Protein of unknown function (DUF581); CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF581 (InterPro:IPR007650); BEST Arabidopsis thaliana protein match is: Protein of unknown function (DUF581) (TAIR:AT1G74940.1); Has 464 Blast hits to 464 proteins in 20 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 464; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 3.3 4.2 2.6 2.6

AT1G22910 RNA-binding (RRM/RBD/RNP motifs) family protein; FUNCTIONS IN: RNA binding, nucleotide binding, nucleic acid binding; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: RNA recognition motif, RNP-1 (InterPro:IPR000504), Nucleotide-binding, alpha-beta plait (InterPro:IPR012677); BEST Arabidopsis thaliana protein match is: RNA-binding (RRM/RBD/RNP motifs) family protein (TAIR:AT1G33470.2); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). -2.1 -2.1 -2.7 -

AT1G23570 Domain of unknown function (DUF220); INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 6 plant structures; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF220 (InterPro:IPR003863); BEST Arabidopsis thaliana protein match is: Domain of unknown function DUF220 (TAIR:AT1G23580.1); Has 171 Blast hits to 155 proteins in 28 species: Archae - 0; Bacteria - 29; Metazoa - 2; Fungi - 0; Plants - 140; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 3.1 7.9 14.9 -

AT1G23800 Encodes a mitochondrial aldehyde dehydrogenase; nuclear gene for mitochondrial product.ALDEHYDE DEHYDROGENASE 2B7 (ALDH2B7)4.6 2.5 3.5 -

AT1G26820 Encodes ribonuclease RNS3.RIBONUCLEASE 3 (RNS3) 2.9 2.4 3.7 -

AT1G28470 NAC domain containing protein 10 (NAC010); CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 73 (TAIR:AT4G28500.1); Has 2334 Blast hits to 2329 proteins in 68 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 2334; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 10 (NAC010)4.6 2.3 2.1 4.1

AT1G30170 Protein of unknown function (DUF295); CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF295 (InterPro:IPR005174); BEST Arabidopsis thaliana protein match is: Protein of unknown function (DUF295) (TAIR:AT1G30160.2); Has 234 Blast hits to 226 proteins in 7 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 234; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 6.6 4.2 36.6 -

AT1G30660 nucleic acid binding;nucleic acid binding; FUNCTIONS IN: nucleic acid binding; INVOLVED IN: DNA modification, DNA metabolic process; EXPRESSED IN: 24 plant structures; EXPRESSED DURING: 15 growth stages; CONTAINS InterPro DOMAIN/s: Toprim domain, subgroup (InterPro:IPR006154), Toprim domain (InterPro:IPR006171); BEST Arabidopsis thaliana protein match is: toprim domain-containing protein (TAIR:AT1G30680.1); Has 599 Blast hits to 599 proteins in 131 species: Archae - 0; Bacteria - 184; Metazoa - 0; Fungi - 0; Plants - 56; Viruses - 44; Other Eukaryotes - 315 (source: NCBI BLink). 2.7 3.9 3.8 -

AT1G35290 Thioesterase superfamily protein; CONTAINS InterPro DOMAIN/s: Thioesterase superfamily (InterPro:IPR006683); BEST Arabidopsis thaliana protein match is: Thioesterase superfamily protein (TAIR:AT1G35250.1); Has 1308 Blast hits to 1307 proteins in 471 species: Archae - 6; Bacteria - 942; Metazoa - 0; Fungi - 0; Plants - 80; Viruses - 0; Other Eukaryotes - 280 (source: NCBI BLink). -3.5 -2.1 -5.1 -

AT1G65900 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; Has 306 Blast hits to 306 proteins in 119 species: Archae - 19; Bacteria - 238; Metazoa - 0; Fungi - 0; Plants - 34; Viruses - 0; Other Eukaryotes - 15 (source: NCBI BLink). -2.1 -2.5 -2.2 -

AT1G80180 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: plasma membrane; EXPRESSED IN: 21 plant structures; EXPRESSED DURING: 10 growth stages; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT1G15400.3); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). 2.1 2.1 2 -

AT2G01890 Encodes a purple acid phosphatase (PAP) belonging to the low molecular weight plant PAP group.PURPLE ACID PHOSPHATASE 8 (PAP8)8.9 4 2 -

AT2G41400 Pollen Ole e 1 allergen and extensin family protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; CONTAINS InterPro DOMAIN/s: Pollen Ole e 1 allergen/extensin (InterPro:IPR006041); BEST Arabidopsis thaliana protein match is: Pollen Ole e 1 allergen and extensin family protein (TAIR:AT2G41390.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). 12.3 9.7 8.2 -

AT3G01600 NAC domain containing protein 44 (NAC044); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: multicellular organismal development, regulation of transcription; CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 85 (TAIR:AT5G14490.1); Has 1967 Blast hits to 1962 proteins in 64 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 1967; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 44 (NAC044)2.4 3.6 12 -

AT3G03650 embryo sac development arrest 5 (EDA5); FUNCTIONS IN: catalytic activity; INVOLVED IN: megagametogenesis, pollen tube development; LOCATED IN: membrane; CONTAINS InterPro DOMAIN/s: Exostosin-like (InterPro:IPR004263); BEST Arabidopsis thaliana protein match is: exostosin family protein (TAIR:AT3G45400.1); Has 1124 Blast hits to 1120 proteins in 61 species: Archae - 0; Bacteria - 6; Metazoa - 39; Fungi - 0; Plants - 1020; Viruses - 0; Other Eukaryotes - 59 (source: NCBI BLink).EMBRYO SAC DEVELOPMENT ARREST 5 (EDA5)4.7 6.8 4.5 2.9

AT3G05390 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: mitochondrion; EXPRESSED IN: 15 plant structures; EXPRESSED DURING: 7 growth stages; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF248, methyltransferase putative (InterPro:IPR004159); BEST Arabidopsis thaliana protein match is: S-adenosyl-L-methionine-dependent methyltransferases superfamily protein (TAIR:AT4G01240.1); Has 507 Blast hits to 498 proteins in 33 species: Archae - 4; Bacteria - 8; Metazoa - 0; Fungi - 0; Plants - 493; Viruses - 0; Other Eukaryotes - 2 (source: NCBI BLink). 2.5 3.5 2.6 -

AT3G13672 TRAF-like superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: multicellular organismal development, ubiquitin-dependent protein catabolic process; LOCATED IN: nucleus; EXPRESSED IN: 11 plant structures; EXPRESSED DURING: LP.06 six leaves visible, LP.04 four leaves visible, 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: TRAF-like (InterPro:IPR008974), Seven-in-absentia protein, TRAF-like domain (InterPro:IPR018121), Seven-in-absentia protein, sina (InterPro:IPR004162), TRAF-type (InterPro:IPR013322); BEST Arabidopsis thaliana protein match is: seven in absentia of Arabidopsis 2 (TAIR:AT3G58040.1); Has 35333 Blast hits to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other Eukaryotes - 9610 (source: NCBI BLink). 2.3 4 2 -

AT3G22400 Encodes lipoxygenase5 (LOX5). LOX5 activity in roots facilitates green peach aphid colonization of Arabidopsis foliage by promoting green peach aphid feeding from sieve element and water consumption from xylem. (LOX5) 5.7 2 3.6 15.5

AT3G27400 Pectin lyase-like superfamily protein; FUNCTIONS IN: pectate lyase activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 11 growth stages; CONTAINS InterPro DOMAIN/s: Pectin lyase fold/virulence factor (InterPro:IPR011050), AmbAllergen (InterPro:IPR018082), Pectate lyase/Amb allergen (InterPro:IPR002022), Pectin lyase fold (InterPro:IPR012334); BEST Arabidopsis thaliana protein match is: Pectin lyase-like superfamily protein (TAIR:AT5G63180.1); Has 1638 Blast hits to 1629 proteins in 272 species: Archae - 0; Bacteria - 741; Metazoa - 0; Fungi - 189; Plants - 699; Viruses - 0; Other Eukaryotes - 9 (source: NCBI BLink). 3 4.4 3.2 -

AT3G52810 purple acid phosphatase 21 (PAP21); FUNCTIONS IN: protein serine/threonine phosphatase activity, acid phosphatase activity; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; EXPRESSED IN: petal, leaf whorl, fruit, sepal, flower; EXPRESSED DURING: 4 anthesis, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Metallophosphoesterase (InterPro:IPR004843), Purple acid phosphatase-like, N-terminal (InterPro:IPR008963); BEST Arabidopsis thaliana protein match is: purple acid phosphatase 22 (TAIR:AT3G52820.1); Has 2230 Blast hits to 2213 proteins in 478 species: Archae - 3; Bacteria - 838; Metazoa - 257; Fungi - 79; Plants - 752; Viruses - 0; Other Eukaryotes - 301 (source: NCBI BLink).PURPLE ACID PHOSPHATASE 21 (PAP21)5.2 6.8 4.9 -

AT4G13680 Protein of unknown function (DUF295); CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF295 (InterPro:IPR005174); BEST Arabidopsis thaliana protein match is: Protein of unknown function (DUF295) (TAIR:AT5G55270.1); Has 197 Blast hits to 193 proteins in 2 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 197; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 8.5 9.1 8.4 -

AT4G16640 Matrixin family protein; FUNCTIONS IN: metallopeptidase activity, metalloendopeptidase activity, zinc ion binding; INVOLVED IN: proteolysis, metabolic process; LOCATED IN: anchored to membrane; EXPRESSED IN: 10 plant structures; EXPRESSED DURING: 4 anthesis, C globular stage, petal differentiation and expansion stage; CONTAINS InterPro DOMAIN/s: Peptidase M10, metallopeptidase (InterPro:IPR001818), Peptidoglycan binding-like (InterPro:IPR002477), Peptidase M10A, matrix metallopeptidase (InterPro:IPR021190), Peptidase, metallopeptidase (InterPro:IPR006026); BEST Arabidopsis thaliana protein match is: Matrixin family protein (TAIR:AT2G45040.1); Has 2701 Blast hits to 2501 proteins in 212 species: Archae - 6; Bacteria - 141; Metazoa - 2219; Fungi - 5; Plants - 183; Viruses - 44; Other Eukaryotes - 103 (source: NCBI BLink). 4.9 2.1 3.2 6.2

AT4G29110 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: response to chitin; LOCATED IN: vacuole; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT1G52140.1); Has 109 Blast hits to 109 proteins in 16 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 109; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 3 7.8 5.7 6.1

AT4G30530 Encodes a gamma-glutamyl peptidase, outside the GGT family, that can hydrolyze gamma-glutamyl peptide bonds.GAMMA-GLUTAMYL PEPTIDASE 1 (GGP1)2.8 3 6.9 2.3

AT4G37030 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: endomembrane system; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT4G12680.1); Has 101 Blast hits to 99 proteins in 12 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 101; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink). 4.4 6 4 -

AT4G37370 member of CYP81D CYTOCHROME P450, FAMILY 81, SUBFAMILY D, POLYPEPTIDE 8 (CYP81D8)2.9 2.7 5.1 -

AT4G37690 Galactosyl transferase GMA12/MNN10 family protein; CONTAINS InterPro DOMAIN/s: Galactosyl transferase (InterPro:IPR008630); BEST Arabidopsis thaliana protein match is: Galactosyl transferase GMA12/MNN10 family protein (TAIR:AT2G22900.1); Has 507 Blast hits to 506 proteins in 109 species: Archae - 0; Bacteria - 4; Metazoa - 0; Fungi - 185; Plants - 285; Viruses - 4; Other Eukaryotes - 29 (source: NCBI BLink). 2.6 7 4.2 3

AT5G02140 Pathogenesis-related thaumatin superfamily protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: response to other organism; LOCATED IN: endomembrane system; EXPRESSED IN: 7 plant structures; EXPRESSED DURING: F mature embryo stage, petal differentiation and expansion stage, E expanded cotyledon stage, D bilateral stage; CONTAINS InterPro DOMAIN/s: Thaumatin, conserved site (InterPro:IPR017949), Thaumatin, pathogenesis-related (InterPro:IPR001938); BEST Arabidopsis thaliana protein match is: Pathogenesis-related thaumatin superfamily protein (TAIR:AT1G18250.2); Has 1588 Blast hits to 1558 proteins in 178 species: Archae - 0; Bacteria - 37; Metazoa - 56; Fungi - 96; Plants - 1388; Viruses - 2; Other Eukaryotes - 9 (source: NCBI BLink). 8 2.6 2.9 -

AT5G06720 Encodes a peroxidase with diverse roles in the wound response, flower development, and syncytium formation.PEROXIDASE 2 (PA2) 3.3 3.6 4.5 4.8

AT5G07550 member of Oleosin-like protein familyGLYCINE-RICH PROTEIN 19 (GRP19) 4 3.3 3 -

AT5G10930 Encodes CBL-interacting protein kinase 5 (CIPK5).CBL-INTERACTING PROTEIN KINASE 5 (CIPK5)2.5 2.9 2 -

Table S5. Transcriptome analysis of ise3  with the ise1 , ise2 , and dse1 
transcriptomes - similarly regulated genes among ise1,  ise2,  and ise3.
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AT5G11410 Protein kinase superfamily protein; FUNCTIONS IN: protein kinase activity, kinase activity, ATP binding; INVOLVED IN: protein amino acid phosphorylation; EXPRESSED IN: 12 plant structures; EXPRESSED DURING: 8 growth stages; CONTAINS InterPro DOMAIN/s: Protein kinase, catalytic domain (InterPro:IPR000719), Serine/threonine-protein kinase-like domain (InterPro:IPR017442), Protein kinase-like domain (InterPro:IPR011009); BEST Arabidopsis thaliana protein match is: Protein kinase superfamily protein (TAIR:AT5G11400.2); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). 4.6 4.6 2.5 -

AT5G14130 Peroxidase superfamily protein; FUNCTIONS IN: peroxidase activity, heme binding; INVOLVED IN: response to oxidative stress, oxidation reduction; LOCATED IN: endomembrane system; EXPRESSED IN: embryo, hypocotyl, fruit, root; EXPRESSED DURING: C globular stage; CONTAINS InterPro DOMAIN/s: Haem peroxidase (InterPro:IPR010255), Plant peroxidase (InterPro:IPR000823), Peroxidases heam-ligand binding site (InterPro:IPR019793), Haem peroxidase, plant/fungal/bacterial (InterPro:IPR002016), Peroxidase, active site (InterPro:IPR019794); BEST Arabidopsis thaliana protein match is: Peroxidase superfamily protein (TAIR:AT4G37530.1); Has 4547 Blast hits to 4517 proteins in 291 species: Archae - 0; Bacteria - 4; Metazoa - 2; Fungi - 177; Plants - 4298; Viruses - 0; Other Eukaryotes - 66 (source: NCBI BLink). 3.5 2.9 2 2.4

AT5G14490 NAC domain containing protein 85 (NAC085); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: multicellular organismal development, regulation of transcription; CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 44 (TAIR:AT3G01600.1); Has 2068 Blast hits to 2065 proteins in 64 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 2068; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 85 (NAC085)4.5 5.8 2.4 -

AT5G16030 unknown protein; FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED IN: cellular_component unknown; EXPRESSED IN: 20 plant structures; EXPRESSED DURING: 13 growth stages; BEST Arabidopsis thaliana protein match is: unknown protein (TAIR:AT3G02500.1); Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). -2.6 -5 -3.2 -

AT5G22800 A locus involved in embryogenesis. Mutations in this locus result in embryo lethality.EMBRYO DEFECTIVE 1030 (EMB1030) 2.1 12.3 4.4 -

AT5G24860 encodes a small protein of 12.6 kDa that regulates flowering and is involved in gibberellin signalling pathway. It is expressed in apical meristems immediately after the photoperiodic induction of flowering. Genetic interactions with flowering time and floral organ identity genes suggest that this gene may be involved in modulating the competence to flower. There are two other genes similar to FPF1, FLP1 (At4g31380) and FLP2 (no locus name yet, on BAC F8F16 on chr 4). This is so far a plant-specific gene and is only found in long-day mustard, arabidopsis, and rice.FLOWERING PROMOTING FACTOR 1 (FPF1)2.1 5.6 3.7 -

AT5G25190 encodes a member of the ERF (ethylene response factor) subfamily B-6 of ERF/AP2 transcription factor family. The protein contains one AP2 domain. There are 12 members in this subfamily including RAP2.11.ETHYLENE AND SALT INDUCIBLE 3 (ESE3)2.7 6.9 10 -

AT5G40720 CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF23 (InterPro:IPR008166); BEST Arabidopsis thaliana protein match is: zinc finger (C3HC4-type RING finger) family protein (TAIR:AT3G27330.1); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink). 3.7 2.2 2.1 -

AT5G54585 unknown protein; Has 30201 Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 (source: NCBI BLink). 2.9 3.7 4.1 -

AT5G61420 Encodes a nuclear localized member of the MYB transcription factor family. Involved in positive regulation of aliphatic glucosinolate biosynthesis.Expression is induced by touch, wounding and glucose.MYB DOMAIN PROTEIN 28 (MYB28) 3.8 6.8 3.5 -

AT5G61890 encodes a member of the ERF (ethylene response factor) subfamily B-4 of ERF/AP2 transcription factor family. The protein contains one AP2 domain. There are 7 members in this subfamily. 3.3 2.4 2.7 -

AT5G64060 NAC domain containing protein 103 (NAC103); FUNCTIONS IN: sequence-specific DNA binding transcription factor activity; INVOLVED IN: multicellular organismal development, regulation of transcription; LOCATED IN: cellular_component unknown; EXPRESSED IN: 9 plant structures; EXPRESSED DURING: 6 growth stages; CONTAINS InterPro DOMAIN/s: No apical meristem (NAM) protein (InterPro:IPR003441); BEST Arabidopsis thaliana protein match is: NAC domain containing protein 82 (TAIR:AT5G09330.4); Has 1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria - 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink).NAC DOMAIN CONTAINING PROTEIN 103 (NAC103)2.9 2.4 3.4 2

(1) TAIR annotation.

119



Name Gene Locus (F/R) Sequence 5' - 3' Purpose Cloning Method

XM_355 promoter_AT2G25570_F ttaaggcctgcaGGAACAGTTCATCATTCTCAGG complementation StuI-SbfI site

XM_356 promoter_AT2G25570_R gaaccatggTTTAGCCGGAGAAGAAACC complementation NcoI site

XM_357 AT2G25570_F aaaccatggcaTTTCGTCGTTTAATCTCCGGCAAG localization NcoI site

XM_358 AT2G25570_R aatccatggcaccTACATAGGCACATTCGTTATC localization NcoI site

AR_202 AT2G25570_F caccATGTTTCGTCGTTTAATTCTCCG BiFC Gateway® cloned

AR_203 AT2G25570_R TACATAGGCACATTCGTTATCTTGTTCC BiFC Gateway® cloned

AR_204 AT2G30920_F caccATGTTGGCGTCGGTACGG BiFC Gateway® cloned

AR_205 AT2G30920_R TATGTCTCCAAGATCCTTCCTTTTCG BiFC Gateway® cloned

AR_206 AT3G17910_F caccATGGCGACCTCGCTTTCC BiFC Gateway® cloned

AR_207 AT3G17910_R TCTGCGGACAGGCTTTGCC BiFC Gateway® cloned

AR_208 AT1G15220_F caccATGGAGAAAACAGACGAAGAGAG BiFC Gateway® cloned

AR_209 AT1G15220_R CCGGTTGAGCCATCTCCTCAAT BiFC Gateway® cloned

AR_210 AT4G16800_F caccATGAGCTTCGTCAAGTATCTCC BiFC Gateway® cloned

AR_211 AT4G16800_R ATTGCCAGTGTACAGAGGCTTAC BiFC Gateway® cloned

AR_212 AT1G04590_F caccATGGCGGGTTTCAGTTCTCTAA BiFC Gateway® cloned

AR_213 AT1G04590_R CGCTCCATGTTCGAATTGTTTTTCA BiFC Gateway® cloned

AR_247 AT1G12770_F caccATGGCGGCATCAACTTCAAC BiFC Gateway® cloned

AR_246 AT1G12770_R CCTTATAATAGCTTTATCTTCCTCAGTGAC BiFC Gateway® cloned

AR_159 pTRV2_NbISE3_F gagccatggCGATTCCTTGCCTG VIGS gene silencing NcoI site

AR_158 pTRV2_NbISE3_R gctcccgggAATCAACTCTTTTATAAACTCTG VIGS gene silencing XmaI site

AR_274 pTRV2_NbIPR1_F gagccatggTCCTCACTTGCAGTTACAATAC VIGS gene silencing NcoI site

AR_275 pTRV2_NbIPR1_R gatcccgggAACCTGAACAATTCTATGCCAC VIGS gene silencing XmaI site

Table S6. Primers for complementation, localization, BiFC, and VIGS experiments
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ABSTRACT 

A fundamental mystery of plant cell biology is the occurrence of “stromules,” stroma-
filled tubular extensions from plastids (such as chloroplasts) that are universally 
observed in plants but whose functions are, in effect, completely unknown. One 
prevalent hypothesis is that stromules exchange signals or metabolites between 
plastids and other subcellular compartments, and that stromules are induced during 
stress. Until now, no signaling mechanisms originating within the plastid have been 
identified that regulate stromule activity, a critical missing link in this hypothesis. Using 
confocal and superresolution 3D microscopy, we have shown that stromules form in 
response to light-sensitive redox signals within the chloroplast. Stromule frequency 
increased during the day or after treatment with chemicals that produce reactive oxygen 
species specifically in the chloroplast. Silencing expression of the chloroplast NADPH-
dependent thioredoxin reductase, a central hub in chloroplast redox signaling pathways, 
increased chloroplast stromule frequency, whereas silencing expression of nuclear 
genes related to plastid genome expression and tetrapyrrole biosynthesis had no impact 
on stromules. Leucoplasts, which are not photosynthetic, also made more stromules in 
the daytime. Leucoplasts did not respond to the same redox signaling pathway but 
instead increased stromule formation when exposed to sucrose, a major product of 
photosynthesis, although sucrose has no impact on chloroplast stromule frequency. 
Thus, different types of plastids make stromules in response to distinct signals. Finally, 
isolated chloroplasts could make stromules independently after extraction from the 
cytoplasm, suggesting that chloroplast-associated factors are sufficient to generate 
stromules. These discoveries demonstrate that chloroplasts are remarkably 
autonomous organelles that alter their stromule frequency in reaction to internal signal 
transduction pathways. 

INTRODUCTION 

Chloroplasts, the descendants of ancient bacterial endosymbionts, exert impressive 
influence over processes that are not directly related to their metabolic roles. In recent 
years, forward genetic screens have led to the discoveries that chloroplasts are critical 
regulators of leaf shape, cell–cell signaling through plasmodesmata, pathogen defense, 
and even alternative splicing in the nucleus (Avendaño-Vázquez et al., 2014; Burch-
Smith et al., 2011; Estavillo et al., 2011; Koussevitzky et al., 2007; Nomura et al., 
2012; Petrillo et al., 2014; Stonebloom et al., 2012; Xiao et al., 2012) however, in 
almost all of these pathways, the signaling route between the chloroplast and the 
nucleus is unknown. This is a pressing question for plant biology and cell biology in 
general: how do organelles communicate with the nucleus to coordinate genetic 
programs and cellular function? One possible route for this communication is through 
“stromules,” stroma-filled tubular extensions of unknown function from plastids (Hanson 
and Sattarzadeh, 2011; Köhler et al., 1997; Schattat et al., 2012a). 

Stromules were first observed in spinach cells (Wildman et al., 1962), and have since 
been observed in every cell type and land plant species investigated to date (Natesan 
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et al., 2005). Several studies have identified conditions that can induce or decrease 
stromule formation (Erickson et al., 2014; Gray et al., 2012; Holzinger et al., 2007; 
Natesan et al., 2009; Schattat and Klösgen, 2011), concluding that stromule 
frequency can change in response to abiotic stress, phytohormone signaling, and 
massive disruption of cellular function (e.g., strong inhibition of cytosolic translation or of 
actin microfilament dynamics). Almost nothing is known about the genetics of stromules; 
some mutants with strong morphological defects in plastids, such as mutants with 
improper plastid division or lacking plastid mechanosensitive channels, cannot form 
stromules at normal frequencies, but these plastids are so severely misshapen that their 
stromule frequencies cannot be directly compared with wild-type plastids (Holzinger et 
al., 2008; Veley et al., 2012). To date, few experiments have tested whether signals 
inside plastids can affect stromule frequency, and all of those experiments (e.g., 
treatment with antibiotics that interfere with plastid genome expression; Gray et al. 
(2012)) have suggested that stromule frequency is not regulated by internal plastid 
biology. Here we test whether light-sensitive redox signaling pathways initiated within 
chloroplasts regulate stromule activity. 

RESULTS AND DISCUSSION 

Chloroplasts make more stromules during the day 

We began our study by conducting a time course to determine the effects of light on 
chloroplast stromule formation. For all in planta experiments (except where noted 
otherwise), we observed stromules in the proximal abaxial epidermis of cotyledons of 
young N. benthamiana or A. thaliana plants, or in the proximal abaxial epidermis of 
young leaves at 2 wk after silencing gene expression with virus-induced gene silencing 
(VIGS). We collected a single z-stack of confocal images of only one leaf of each plant, 
and considered plants to be independent samples. (The number of plants observed for 
each treatment for an experiment is designated “n” throughout.) Thus, each experiment 
considered the stromule frequency determined from hundreds, thousands, or even tens 
of thousands of plastids. 

Over the course of 2 d, we measured stromule frequency in cotyledons from young N. 
benthamiana seedlings every 4 h, and found significantly more stromules during the 
daytime than at nighttime; 20.8 ± 1.8% of chloroplasts had stromules in the day, 
compared with only 12.8 ± 0.9% at night (n ≥ 22, p < 0.0005) (Fig. 1 and Fig. S1). 
(Throughout the paper, stromule frequency is reported as percentage ± SE.) There was 
no significant difference in stromule frequency between the first and second days or 
between the first and second nights, indicating that the observed changes were 
reactions to the changing light environment rather than a progressive developmental 
change over 48 h. 

Previous studies investigating the relationship between chloroplast stromule frequency 
and light reported that light decreases stromule frequency in seedling hypocotyls during 
de-etiolation after skotomorphogenesis, and that constant darkness or exposure to only 
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Fig. 1. Chloroplast stromule frequency varies with diurnal cycles. (A) Stromule 
frequency rises in the day (yellow bars) and decreases at night (blue bars) in 
chloroplasts of N. benthamiana seedlings (n ≥ 22, p < 0.0005). (B and C) 
Representative images of N. benthamiana epidermal chloroplasts labeled with stromal 
GFP (green) in the day (B) and at night (C). Some stromules are indicated by white 
arrows. As a visual aid, here and in other figures; not all stromules are indicated, and 
the indicated stromules were selected at random. Error bars indicate ± SE. (Scale bars: 
10 µm.) 
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blue light increases stromule frequency after photomorphogenesis (Gray et al., 2012). 
The apparent discrepancy between those conclusions and our results showing that light 
promotes chloroplast stromule formation is explained by the different plastid types used 
in the de-etiolation experiment (etioplasts transitioning to become chloroplasts) and the 
dramatic developmental and physiological transitions used in both experiments 
(constant darkness to constant light, or vice versa), which are not reflective of typical 
chloroplast stromule behavior in normal, healthy plants. We conclude that light 
promotes chloroplast stromule formation during the day. 

Reactive oxygen species inside chloroplasts promote stromule formation 

Plants sense light with the pigments of the photosynthetic electron transport chain 
(pETC) in the chloroplast or with photoreceptors elsewhere in the cell (Hughes, 2013). 
We tested whether stromule frequency responds specifically to light sensed by the 
chloroplast itself by chemically inhibiting pETC activity. We used two pETC inhibitors, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-6-isopropyl-3-methyl-
1,4-benzoquinone (DBMIB). DCMU prevents reduction of plastoquinone at photosystem 
II and generates singlet oxygen, whereas DBMIB prevents plastoquinols from reducing 
the cytochrome b6f complex and generates superoxide (Petrillo et al., 2014). 

We measured the effects of DCMU and DBMIB on the chloroplast stromal redox status, 
as monitored by a stromal redox-sensitive transgenic GFP biosensor, pt-roGFP2 
(Stonebloom et al., 2012), to find very low active concentrations of each compound 
with our treatment technique, and found that 10 µM DCMU or 12 µM DBMIB was 
sufficient to strongly oxidize redox buffers in the chloroplast stroma. The normalized 
proportion of oxidized pt-roGFP2 rose from 20.0 ± 3.5% in control conditions to 68.9 ± 
3.0% after 10 µM DCMU treatment and to 41.5 ± 7.1% after 12 µM DBMIB treatment (n 
≥ 28, p < 0.01) (Fig. S2). 

We assessed stromule frequency at 2 h after treating N. benthamiana cotyledons with 
either of the photosynthesis inhibitors (Fig. 2 A-C and Fig. S2 A-C). In the epidermal 
chloroplasts of mock-treated cotyledons, the average chloroplast stromule frequency 
was 9.2 ± 1.4%. After treatment with DCMU or DBMIB, stromule frequency increased by 
more than 50%, to 15.5 ± 2.6% with DCMU and 16.8 ± 2.9% with DBMIB (n ≥ 20, p < 
0.05). This finding suggests that stromule formation responds to light-sensitive redox 
signals inside the chloroplast, to our knowledge the first demonstration that internal 
chloroplast pathways may regulate stromules. 

Unlike N. benthamiana, the epidermis of A. thaliana has two distinct types of plastids: 
chloroplasts in the guard cells and leucoplasts in the pavement cells (Fig. S3). 
Leucoplasts are not photosynthetic, but like chloroplasts, they have many other roles in 
metabolism and storage. As in N. benthamiana epidermal chloroplasts, DCMU and 
DBMIB promote stromule formation in guard cell chloroplasts of A. thaliana cotyledons, 
raising stromule frequency from 15.7 ± 3.8% to 28.1 ± 4.0% for DCMU (n ≥ 16, p < 0.05) 
and to 48.1 ± 6.3% for DBMIB (n ≥ 10, P < 0.0005) (Fig. 2D). This demonstrates that 
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(continued from previous page) 

Fig. 2. ROS in the chloroplast induce stromules. (A) DCMU and DBMIB treatments 
both increase stromule frequency in chloroplasts of N. benthamiana seedlings (n ≥ 20, p 
< 0.05). (B and C) Representative images of N. benthamiana chloroplasts treated with 
control (B) or with DBMIB (C). (D) A. thaliana epidermal chloroplast stromule frequency 
increases after DCMU or DBMIB treatment (DCMU, n ≥ 16, p < 0.05; DBMIB, n ≥ 10, p 
< 0.0005). (E) Stromule frequency in A. thaliana epidermal leucoplasts is unaffected by 
DCMU or DBMIB treatment (DCMU, n ≥ 16, p = 0.98; DBMIB, n ≥ 10, p = 0.84). (F) A. 
thaliana epidermal chloroplast stromule frequency is unaffected by SHAM (n ≥ 13, p = 
0.57). (G) A. thaliana epidermal chloroplast frequency is similar in chloroplasts with or 
without sucrose treatment (n ≥ 8, p = 0.96). (H) A. thaliana epidermal leucoplast 
stromule frequency increases after sucrose treatment (n ≥ 8, p < 0.01). (I) Stromule 
frequency is not affected by sucrose treatment in A. thaliana mesophyll chloroplasts (n ≥ 
8, p = 0.52). (J) Silencing NbNTRC increases stromule frequency in N. benthamiana 
leaves (n = 8, p < 0.01), but silencing NbISE2 or NbGUN2 does not affect stromule 
frequency (n = 8, p > 0.82). (K and L) Representative images of N. benthamiana 
chloroplasts in control (K) or after silencing NbNTRC (L). Chloroplasts and stromules in 
are labeled with GFP. Some stromules are indicated by white arrows. Error bars 
indicate ± SE. *p < 0.05; **p < 0.01; ***p < 0.0005. (Scale bars: 10 µm.) 
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the induction of chloroplast stromules by DCMU and DBMIB is conserved in 
evolutionarily divergent plants, since N. benthamiana is an asterid and A. thaliana is a 
rosid, with the last common ancestor of the two species living more than 100 million 
years ago (Bell et al., 2010). In contrast, leucoplasts in the epidermis of A. thaliana 
were unaffected by DCMU and DBMIB treatment [14.6 ± 3.4% in control conditions vs. 
14.6 ± 2.8% with DCMU (n ≥ 16, p = 0.98) and 13.5 ± 4.3% with DBMIB (n ≥ 10, p = 
0.84)], showing that the effects of DCMU and DBMIB are specific responses to their 
roles interfering with the pETC (Fig. 2E). 

To further test whether stromules form in response to the chloroplast redox status 
specifically, as opposed to any oxidative stress in the cell, we also treated A. thaliana 
cotyledons with salicylhydroxamic acid (SHAM). SHAM inhibits the mitochondrial 
alternative oxidase, which leads to rapid and strong oxidation of mitochondrial redox 
buffers (Stonebloom et al., 2012). SHAM did not impact chloroplast stromule formation 
in A. thaliana (15.7 ± 3.8% in control vs. 12.8 ± 3.3% with SHAM; n ≥ 13, p = 0.57), 
supporting the hypothesis that chloroplast stromule frequency is specifically regulated 
by the redox status of the chloroplast (Fig. 2F and Fig. S4). 

In summary, low concentrations of DCMU or DBMIB are sufficient to induce significant 
increases in stromule frequency within only 2 h. This is apparently not a secondary 
effect of broad disruption of cellular metabolism or redox homeostasis, because 
leucoplasts, which are not photosynthetic, are unaffected by the treatments, and 
disrupting mitochondrial function and generating reactive oxygen species (ROS) in 
mitochondria by SHAM treatment does not affect chloroplast stromule frequency. Thus, 
light-sensitive redox cues inside chloroplasts specifically affect stromule frequency. 

NADPH-Dependent Thioredoxin Reductase c regulates chloroplast stromule 
frequency 

Signaling from chloroplasts to other organelles within the plant cell is critical for plant 
survival and development (Chi et al., 2013; Woodson et al., 2008). Chloroplast-to-
nucleus signaling is transduced through several pathways, some of which are light-
sensitive. We used VIGS in N. benthamiana as a reverse genetic approach (Brunkard 
et al., 2015) to determine whether disrupting the light-sensitive chloroplast-to-nucleus 
signal transduction pathways impacts stromule formation. VIGS strongly reduces gene 
expression in young leaves within 1–2 wk of infection by generating small RNAs that 
specifically target a gene for posttranscriptional silencing (Brunkard et al., 2015). 

Chloroplasts contain their own genomes encoding approximately 80 proteins (mostly 
related to photosynthesis or transcription and translation), and light exerts control over 
plastid genome expression (PGE) at transcriptional and posttranscriptional levels 
(Barkan, 2011). Thus, we first focused on NbISE2, an essential plastid RNA helicase 
required for healthy chloroplast biogenesis and PGE (Burch-Smith et al., 2011). 
Without ISE2, hundreds of nuclear genes involved in photosynthesis are strongly down-
regulated (Burch-Smith et al., 2011). Silencing NbISE2 gene expression had no impact 
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on stromule frequency, however (6.8 ± 1.0% in controls vs. 6.6 ± 0.9% after silencing 
NbISE2; n = 8, p = 0.85) (Fig. 2J and Fig. S5), in agreement with previous reports that 
antibiotics directly interfering with PGE, such as lincomycin, have no effect on stromule 
frequency (Gray et al., 2012). 
 
PGE coordinates the expression of photosynthesis-associated nuclear genes through a 
signal transduction pathway mediated by tetrapyrrole metabolism (Chi et al., 2013; 
Terry and Smith, 2013; Woodson and Chory, 2008). Genetic disruptions to 
tetrapyrrole metabolism, specifically defects in the branch point between heme and 
chlorophyll biosynthesis, interfere with chloroplast biogenesis and photosynthesis 
(Terry and Smith, 2013). We next tested whether loss of NbGUN2, a chloroplast heme 
oxygenase that participates in chloroplast-to-nucleus communication, impacts stromule 
formation. As with NbISE2, silencing NbGUN2 gene expression had no impact on 
chloroplast stromule frequency (7.2 ± 1.3% after silencing NbGUN2; n = 8, p = 0.82) 
despite causing clear physiological stress and chlorosis (Fig. 2J and Figs. S5, S6, and 
S7). 
 
We then silenced the expression of the chloroplast NADPH-Dependent Thioredoxin 
Reductase (NbNTRC) (Figs. S8 and S9), which regulates the redox status and activity 
of myriad chloroplast proteins and is a critical hub in chloroplast redox signal 
transduction (Michalska et al., 2009). Silencing NbNTRC more than doubled the 
stromule frequency (13.7 ± 1.7%; n = 8, p < 0.01), providing genetic evidence that redox 
signaling within the chloroplast regulates stromule formation (Fig. 2 J-L and Figs. S5, 
S8, and S9). Moreover, to our knowledge, NbNTRC is now the first gene identified that 
regulates stromule frequency without other apparent effects on chloroplast shape. 
 
Sucrose promotes stromule formation in epidermal leucoplasts, but not in 
chloroplasts 
 
Schattat et al. (2012b) reported that stromule frequency increases during the day in the 
epidermal leucoplasts of A. thaliana. Because leucoplasts do not contain pigments and 
do not respond to DCMU or DBMIB, we sought another hypothesis to explain why 
leucoplast stromule frequency is light-responsive. Physiologically, one of the major 
impacts of light on epidermal pavement cells is an increase in sucrose imported from 
underlying cells that contain photosynthesizing chloroplasts. Previous reports have 
indicated that stromule frequency is sensitive to sugar levels, but with inconsistent 
conclusions (Schattat and Klösgen, 2011). We found that epidermal leucoplast 
stromule frequency rises remarkably following sucrose treatments in A. thaliana (33.9 ± 
3.8% with sucrose vs. 11.8 ± 3.9% without sucrose; n ≥ 8, p < 0.01) (Fig. 2H and Fig. 
S10). In contrast, chloroplast stromule frequency did not respond to sucrose treatments 
in either the epidermal guard cells or mesophyll of A. thaliana [in the epidermis, 15.4 ± 
3.9% with sucrose vs. 15.7 ± 3.8% without (n ≥ 8, p = 0.96); in the mesophyll, 5.0 ± 
0.9% with sucrose vs. 6.3 ± 1.7% without (n ≥ 8, p = 0.52)] (Fig. 2 G and I and Fig. 
S10). These results imply that different plastid types use separate signaling pathways to 
induce stromule formation. 
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Isolated chloroplasts can form stromules 

With the finding that signals originating within the chloroplast can trigger stromule 
formation, we then explored whether stromule formation is dependent on cytosolic 
structures (e.g., the cytoskeleton), as has been suggested previously (Hanson and 
Sattarzadeh, 2011; Natesan et al., 2009), or if chloroplasts can make stromules on 
their own. Previous studies have argued that stromule formation is guided and 
supported by the cytoskeleton and endoplasmic reticulum, but whether stromule 
formation requires these external factors is unknown (Hanson and Sattarzadeh, 2011, 
Schattat et al., 2011). To address this question, we extracted chloroplasts from leaves 
of N. benthamiana, A. thaliana, and Spinacia oleracea using well-established methods 
for isolating functional, undamaged chloroplasts (Joly and Carpentier, 2011). We 
visualized chloroplast stroma either with GFP by extracting chloroplasts from leaves 
expressing plastid-targeted GFP or with a supravital stain, carboxyfluorescein diacetate 
(CFDA), which fluoresces only after hydrolysis by carboxylesterases in the chloroplast 
stroma (Schulz et al., 2004). We readily found isolated chloroplasts with intact 
stromules in all three species and regardless of staining technique (Fig. 3 and Fig. 
S11). The stromules were dynamic and could grow very long, sometimes extending 
more than 150 µm from chloroplasts only 4–6 µm in diameter (Fig. S11). As in plant 
cells, many stromules were bent and curved along their length, whereas some were 
very long and straight (Fig. 3 and Fig. S11). Using time-lapse microscopy, we 
repeatedly observed isolated chloroplasts form apparently new stromules, validating 
that chloroplasts can generate stromules independently. Stromules are absent in the 
first frames of chloroplasts shown in Fig. 3D and E, but they appear and lengthen over 
the course of 8 min (Movies S1 and S2). 

Superresolution microscopy illuminates stromule ultrastructure 

Because stromules can form in isolation after extraction of chloroplasts from their 
cellular context, we decided to further investigate stromules using superresolution 
microscopy to gain new insight into their ultrastructure, which will inform future efforts at 
identifying the chloroplast-associated structural components responsible for stromule 
formation. The diameter of stromules is postulated to be <200 nm, but this is below the 
diffraction limit of conventional light microscopy (Hanson and Sattarzadeh, 2011; 
Shaw and Ehrhardt, 2013), even under optimal conditions. Visualizing stromules by 
transmission electron microscopy is challenging, because stromule membranes are not 
easily distinguished from other membranes in thin sections required for conventional 
electron microscopy. We used 3D structured illumination microscopy (3D-SIM) to obtain 
the highest-resolution images of wild-type stromules to date (Hanson and Sattarzadeh, 
2011; Shaw and Ehrhardt, 2013), and present some representative examples in 
Figure 4 and Movie S3. The improved resolution of 3D-SIM is illustrated by the well-
defined thylakoid grana in 3D-SIM images (Fig. 4 B-E) compared with thylakoids 
visualized by more conventional confocal scanning laser microscopy (Fig. 4A). 
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Fig. 3. Isolated chloroplasts form stromules. N. benthamiana chloroplasts labeled 
with stromal GFP (A, green) or CFDA staining (B, yellow) show stromules after isolation 
from their cellular environment. (C) Chloroplasts isolated from S. oleracea and stained 
with CFDA (yellow; chlorophyll autofluorescence, red) also have stromules. (D and E) 
Isolated N. benthamiana chloroplasts labeled with stromal GFP form new stromules 
over time. Newly forming stromules are indicated by white arrows. (F and G) N. 
benthamiana chloroplasts isolated with a Percoll purification step and labeled with 
stromal GFP (green; chlorophyll autofluorescence, red) also have stromules. 
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Fig. 4. Examples of fluorescent stromules in N. benthamiana chloroplasts 
visualized by 3D structured illumination microscopy (3D-SIM). (A and B) 
Comparison of confocal laser scanning microscopy (A; also shown in Fig. S11) and 3D-
SIM (B; also shown in E and in Movie S3) to visualize chloroplast structure (Left: 
stromal GFP, green; Right: thylakoid chlorophyll, magenta). In particular, note the 
improved resolution of stromule width and the clarity of the thylakoid grana in the 3D-
SIM z-slice (B). (C) 3D-SIM z-slice image of mesophyll chloroplasts with stromules. (D) 
An epidermal chloroplast connected by a thin bridge that contains both stroma and 
thylakoids also has a stromule (Left), as shown by SIM. (E) 3D-SIM reveals variability in 
stromule width. Stromal GFP, green; chlorophyll autofluorescence, magenta. (Scale bar: 
2 µm.) One z-slice from a 3D-SIM reconstruction is shown, with measured stromule 
diameters labeled at indicated positions (white arrows). 
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At their smallest, we observed stromules <150 nm in diameter (Fig. 4E); given that this 
is approximately the resolution of 3D-SIM, stromules could be even narrower. 3D-SIM 
also revealed striking variability in stromule diameter along the length of an individual 
stromule. Stromules often were narrowest near the chloroplast body, and then typically 
varied between approximately 200 and 600 nm wide at different positions along their 
lengths, as shown in Figure 4E. The variability in stromule width was apparent whether 
we observed chloroplasts in planta or after isolation, suggesting that structural factors 
inside the chloroplast could be responsible for the heterogeneous diameter of 
stromules. 

CONCLUSIONS 

Chloroplasts are extraordinarily independent organelles with their own genomes, as 
many as 3,000 different proteins, and an array of biochemical activities ranging from 
photosynthesis and carbon fixation to the synthesis of amino acids, fatty acids, 
hormones, and pigments. Here we have shown that chloroplasts are even more 
independent, generating stromules in response to changes in the internal chloroplast 
redox status in a pathway regulated by the chloroplast NADPH-dependent thioredoxin 
reductase, NTRC. Leucoplasts, nonphotosynthetic plastids, do not make stromules in 
response to the same redox cues as chloroplasts, but instead are responsive to sucrose 
concentration, demonstrating that different types of plastids form stromules in response 
to different signals. We propose a model consistent with these findings that light 
promotes stromule formation in leaves by increasing ROS in chloroplasts (Lai et al., 
2012) and by increasing sucrose levels in cells with leucoplasts (Fig. 5). 

Previous reports have investigated stromules using a variety of plastid types in a broad 
range of species and tissues, generally assuming that stromules act similarly in all cells 
(Erickson et al., 2014; Gray et al., 2012; Hanson and Sattarzadeh, 2011; Holzinger 
et al., 2007; Holzinger et al., 2008; Köhler et al., 1997; Natesan et al., 2005; 
Natesan et al., 2009; Schattat et al., 2011; Schattat et al., 2012b; Wildman et al., 
1962). In light of the clear differences in signals that influence leucoplast and chloroplast 
stromule formation (Figs. 2 and 5), future work will need to carefully consider the 
biological context of stromule activity. With the discovery that stromules extend from 
chloroplasts independently of external structures, analogies to cytonemes could help 
reveal the roles of stromules, because cytonemes are comparable thin, tubular 
projections that extend from animal cells to facilitate intercellular communication during 
development (Bischoff et al., 2013; Roy et al., 2014). Although the function of 
stromules remains unknown, it may be speculated that they similarly facilitate signal 
transduction between organelles, given that stromules have been observed associating 
with the nucleus, plasma membrane, endoplasmic reticulum, and other plastids 
(Hanson and Sattarzadeh, 2011; Schattat et al., 2011; Schattat et al., 2012a). 

Numerous studies in just the past few years have demonstrated the vital importance of 
chloroplast-to-nucleus signaling in plant growth and responses to stress (Avendaño-
Vázquez et al., 2014; Burch-Smith et al., 2011; Chi et al., 2013; Estavillo et al., 
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Fig. 5. Stromules are initiated by signals within the chloroplast. (Left) Stromule 
frequency increases in the light (daytime) in both chloroplasts and leucoplasts. (Center) 
ROS generated from the pETC trigger stromule formation in chloroplasts. (Right) 
Sucrose promotes stromule formation in leucoplasts, but not chloroplasts. Sucrose is 
synthesized in the cytosol from products of the Calvin–Benson cycle in chloroplasts and 
then moves into neighboring heterotrophic pavement cells via plasmodesmata. For 
simplicity of presentation, only photosynthetic mesophyll cells are shown (and not 
photosynthetic guard cells), because there is no evidence suggesting that stromules in 
these cell types behave differently. 
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2011; Koussevitzky et al., 2007; Nomura et al., 2012; Petrillo et al., 2014; 
Stonebloom et al., 2012; Terry and Smith, 2013; Woodson and Chory, 2008; Xiao 
et al., 2012), with critical agricultural implications, but the structural pathways underlying 
this signal transduction remain largely uncharacterized. Stromules may contribute to 
these pathways, because they dynamically respond to physiological signals inside the 
chloroplast. Continued study of stromules may illuminate how chloroplasts physically 
interact with their environment to coordinate cellular function. 

MATERIALS AND METHODS 

Plant and chemical materials 

For most N. benthamiana studies, we used a stable transgenic stromal fluorescent 
marker line, 35SPRO:FNRtp:EGFP, designated pt-GFP herein (Schattat et al., 2011). 
We also used the N. benthamiana wild-type accession Nb-1 for isolation of wild-type 
chloroplasts. For A. thaliana studies, we used a stable transgenic stromal fluorescent 
marker line (Stonebloom et al., 2012), 35SPRO:RbcStp:roGFP2, designated pt-
roGFP2 herein. pt-roGFP2 was also used for measuring stromal redox status. 

We obtained DCMU (also known as Diuron; product no. D2425), DBMIB (product no. 
271993), and SHAM (product no. S607) from Sigma-Aldrich. Concentrated stock 
solutions were prepared in DMSO. 

Microscopy 

All standard stromule visualization experiments were performed using a Zeiss LSM 710 
confocal microscope equipped with an acousto-optical tunable filter to tightly control 
laser power. GFP was excited with a 488-nm laser with <0.25 mW original power, and 
emissions from 500 to 530 nm were detected. The 3D-SIM was performed using a Zeiss 
Elyra PS.1 microscope equipped with standard GFP and Cy5 filter sets. 

Diurnal time course experiment 

N. benthamiana stably expressing pt-GFP was grown for 5 d under 100 µmol of photons
m−2s−1 (measured with a LI-COR 250A light meter with a LI-190R quantum sensor that
detects photosynthetically active radiation, 400–700 nm) with 12-h day length.
Epidermal chloroplasts of cotyledons of intact plants were observed every 4 h over the
course of 48 h. A green light-emitting diode was used during night time points to prevent
exposure to photosynthetically active radiation.

pETC inhibitor treatments 

A. thaliana pt-roGFP2 plants were stratified for 3 d at 4 °C and then grown for 14 d
under 100 µmol of photons m−2s−1 of light with 16 h day length. The redox status of pt-
roGFP2 in A. thaliana cotyledons was measured after treatment with 10 µM DCMU, 12
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µM DBMIB, or 0.1% DMSO (control treatment), following the protocol described by 
Stonebloom et al. (2012) but using a Zeiss LSM 710 confocal microscope with 405-nm 
and 488-nm lasers, collecting emissions ranging from 500 to 530 nm. 

N. benthamiana stably expressing pt-GFP was grown for 14 d under 100 µmol of
photons m−2s−1 of light with a 16-h day length. Cotyledons were painted with DCMU
(10 µM from 10 mM stock solution in DMSO), DBMIB (12 µM from 12 mM stock solution
in DMSO), or control 2 h before observation of epidermal chloroplasts.

To measure stromule frequency in A. thaliana (grown as above to measure redox 
status), pt-roGFP2 cotyledons were removed and placed on 0.5X Murashige and Skoog 
plates (0.8% agar, pH 5.6) with DCMU (10 µM from 10 mM stock solution in DMSO), 
DBMIB (12 µM from 12 mM stock solution in DMSO), SHAM (200 µM in DMSO), 
sucrose (30 mM, or 1% wt/vol), or control for 2 h before imaging of cotyledon epidermal 
leucoplasts (of pavement cells) and chloroplasts (of guard cells). 

Virus Induced Gene Silencing 

pt-GFP plants were grown for 3 wk under 100 µmol of photons m−2s−1 of light with a 
16-h day length before agroinfiltration with the appropriate VIGS vectors. Details of
Virus Induced Gene Silencing (VIGS) vector construction are provided in SI Methods.
Two weeks later, young leaves with silenced gene expression were cut, and the
epidermal chloroplasts of the basal region of the leaf were visualized immediately.

Chloroplast extraction 

Intact chloroplasts were extracted from mature leaves of pt-GFP (N. benthamiana), Nb-
1 (wild-type N. benthamiana), pt-roGFP2 (A. thaliana), and spinach by grinding leaves 
in extraction buffer (50 mM Hepes NaOH, 330 mM sorbitol, 2 mM EDTA, 1 mM MgCl2, 
1 mM MnCl2, pH 6.9), filtering the homogenate through several layers of cheesecloth, 
and then pelleting by centrifugation and resuspending in isolation buffer (50 mM Hepes 
NaOH, 330 mM sorbitol, 2 mM EDTA, 1 mM MgCl2, 1 mM MnCl2, 10 mM KCl, 1 mM 
NaCl, pH 7.6) as described previously (Joly and Carpentier, 2011). More complex 
protocols, such as inclusion of a Percoll gradient for purification (35% vol/vol), had no 
discernable effect on chloroplast stromule formation. Isolated spinach or wild-type N. 
benthamiana chloroplasts were incubated with an equal volume of 25 mg/L 5 (6)-
carboxyfluorescein diacetate (Sigma-Aldrich, product no. 21879) for 5 min (Schulz et 
al., 2004), centrifuged at 700 × g for another 60 s, and resuspended in isolation buffer. 
Chloroplasts were visualized by confocal or structured illumination microscopy 
immediately after isolation. 

Data analysis 

Stromule frequencies were counted using ImageJ software (imagej.nih.gov/ij/) to scan 
through z-stacks of confocal images using a focal depth of 1 Airy unit, which allowed us 
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to visualize stromules extended in any axis from the plastid. Stromules were counted 
regardless of length but only if <1 µm in diameter, as described by Hanson and 
Sattarzadeh (2011). Most previous studies reported stromule frequencies per cell, 
considering multiple cells from a single leaf as independent samples. Schattat and 
Klösgen (2011), for example, found little variation in stromule frequencies within an 
individual leaf, but dramatic variation in stromule frequencies between different leaves. 
This led them to treat separate fields of view within a single leaf as distinct samples, 
reducing the apparent variation and effectively increasing statistical power. We also 
found that stromule frequency varied very little among cells within a leaf, but varied 
notably among leaves of the same age and condition from different plants. Therefore, 
we considered one leaf per plant as an individual sample (n), and observed many plants 
for each experiment. Throughout an experiment, all of the analyzed leaves experienced 
the same growth conditions and were observed at the same age and size. 

We conducted power analysis (α = 0.05; β = 0.20) on pilot studies under our growth 
conditions to determine the sufficient sample size to confidently assert whether or not a 
treatment caused changes in stromule frequency, and found an approximate minimal n 
≥16 for N. benthamiana time course and chemical treatment experiments, and n ≥ 8 for 
all other experiments. Per treatment, we counted more than 5,000 plastids, at least 100 
cells, and ∼20 plants for each chemical treatment or 8 plants for each silencing 
experiment. Mean stromule frequencies were compared with the Student t test, with 
significance indicated at p < 0.05. 

We also analyzed all data using angular transformations to account for differences in 
variation in datasets with very high or low stromule frequencies, but the transformation 
had no impact on the statistical significance of our results, so we present the data as 
raw frequencies for the purpose of clear presentation. SEs are presented throughout to 
describe stromule frequencies. R (www.r-project.org) was used for all statistical 
analyses. 
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SUPPLEMENTARY MATERIALS 
Supplementary Figures 

Fig. S1. Representative images of stromule frequency over the course of 48 h 
during a 12-h light/12-h dark cycle. N. benthamiana chloroplast stromule frequency is 
high throughout the day (A, dawn; C, 4 h after dawn; E, 8 h after dawn) and low 
throughout the night (B, dusk; D, 4 h after dusk; F, 8 h after dusk). Chloroplasts and 
stromules are labeled with stromal GFP. Some stromules are indicated by white arrows. 
(Scale bars: 10 µm.) 
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Fig. S2. Oxidation of stromal redox buffers by ROS from photosynthesis induces 
stromules in chloroplasts. (A-C) Representative images of stromule formation with 
control (A), DBMIB (B), and DCMU (C) treatments in N. benthamiana chloroplasts. (D) 
Both DBMIB and DCMU cause strong oxidation of chloroplast redox buffers, as 
measured by pt-roGFP2 in A. thaliana cotyledons. n ≥28. **p < 0.01. Chloroplasts and 
stromules are labeled with stromal GFP. Some stromules are indicated by white arrows. 
Error bars indicate ± SE. (Scale bars: 10 µm.) 
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(continued from previous page) 

Fig. S3. Representative images of chloroplasts and leucoplasts in N. benthamiana 
and A. thaliana visualized with confocal laser scanning microscopy. Guard cells 
(A-C and D-F), pavement cells (G-I and J-L), and mesophyll cells (M-O and P-R) all 
contain chloroplasts in N. benthamiana, as do A. thaliana guard cells (E) and mesophyll 
cells (Q); however, A. thaliana pavement cells (J-L) have leucoplasts that lack 
chlorophyll (K). Green, stromal GFP; red, chlorophyll autofluorescence; gray, 
transmitted light. Some stromules are indicated by white arrows. 

Fig. S4. SHAM does not impact stromule frequency in A. thaliana guard cells. 
Stromule frequency is similar in guard cells with control treatment (A) and those with 
SHAM treatment (B). Green, stromal GFP; gray, transmitted light. Some stromules are 
indicated by white arrows. (Scale bars: 10 µm.) 
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Fig. S5. Representative images of stromule frequency in N. benthamiana after 
silencing. VIGS of NbNTRC (B), NbGUN2 (C), or NbISE2 (D), versus control (A). 
Green, stromal GFP. Some stromules are indicated by white arrows. (Scale bars: 10 
µm.) 
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(continued from previous page) 

Fig. S6. Identification of GUN2 orthologs in N. benthamiana. A gene tree of heme 
oxygenases arranged homologs into two clades: HO1 (or GUN2)-like and HO2-
like. (Upper) N. benthamiana has two HO1 homeologs. (Lower Left) The silencing 
trigger against NbGUN2 was designed to cover the entire gene sequence (837 bp). 
(Lower Right) Silencing NbGUN2 caused expected phenotypes, such as chlorosis. 

Fig. S7. The silencing trigger for NbGUN2 (bottom line) was cloned using primers 
specific to NbGUN2a (NbS00031948g0007). Here, the silencing trigger is aligned 
against the homeologous gene, NbGUN2b (NbS00002296g0006). Mismatches are 
indicated with red hashtags, aligned primer sequences are in bold type and 
underscored. 
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(continued from previous page) 

Fig. S8. Identification of NTRC orthologs in N. benthamiana. (Upper) A gene tree 
based on AtNTRC arranged homologs into two clades: NTRA/NTRB-like and NTRC-
like. N. benthamiana has two NTRC homeologs. (Lower Left) The silencing trigger 
against NbNTRC was designed against a sequence that encodes part of the NADPH 
oxidoreductase domain. (Lower Right) Plants without gene silencing (TRV-GUS) 
appeared similar to plants silencing NbNTRC expression (TRV-NbNTRC). 
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Fig. S9. The silencing trigger for NbNTRC (top line) was cloned using primers 
specific to either NbNTRC homeolog. The annotated cDNA sequence of 
Nb00000092g0027.1 includes an intron (numbered here as nucleotides 610–696; 
bottom row, top alignment) that was not detected in any of the sequences we cloned, 
and is thus likely a misannotation or rare isoform. Accounting for this discrepancy, the 
silencing trigger is ∼99% identical to both NbNTRC homeologs. Mismatches are 
indicated with red hashtags; aligned primer sequences are in bold type and 
underscored. 
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Fig. S10. Sucrose increases leucoplast but not chloroplast stromule frequency. 
Representative images of stromule frequency with and without sucrose treatment in A. 
thaliana epidermal cells. Stromule frequency is similar in chloroplasts (found in guard 
cells in the epidermis) without sucrose treatment (A) or with sucrose treatment (B). 
Sucrose treatment increases stromule frequency in leucoplasts (D) compared with 
control (C). Plastids and stromules are labeled with stromal GFP (green). Some 
stromules are indicated by white arrows. (Scale bars: 10 µm.) 
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(continued from previous page) 

Fig. S11. Stromules of isolated chloroplasts visualized by confocal microscopy 
and 3D-SIM. (A-C) After extraction from cells, isolated chloroplasts of N. 
benthamiana have stromules, as visualized by either stromal GFP fluorescence (B) or 
transmitted light (C), whereas chlorophyll autofluorescence remains restricted to the 
thylakoids (A). (D) CFDA also labels stromules in isolated N. benthamiana chloroplasts 
(CFDA, yellow; chlorophyll, red). (E) Representative example of sample purity after 
chloroplast isolation protocol. Many chloroplasts are fully intact, with stromal GFP 
(green); some were damaged during extraction and have lost stromal GFP, but retain 
the thylakoid membranes (chlorophyll autofluorescence, red); and very small quantitites 
of nonfluorescent materials remain with the sample (transmitted light, gray). (F and G) 
After isolation, some N. benthamiana chloroplasts have stromules that are very long, as 
visualized by GFP (F, in green) or CFDA staining (G, in yellow; chlorophyll 
autofluorescence, red). (H) Isolated A. thaliana chloroplasts expressing stromal roGFP2 
(green) also have stromules after extraction from cells. (Scale bars: 5 µm.) 

Supplementary Videos 

Note: Supplementary Videos are in separate files. 

Video S1. Time lapse video of an isolated N. benthamiana chloroplast forming a 
new stromule. The video is 66× accelerated at 6 frames/s, covering a total of 22 min. 
Chloroplasts are labeled with stromal GFP. 

Video S2. Time lapse video of an isolated N. benthamiana chloroplast forming a 
new stromule. The video is 66× accelerated at 6 frames/s, covering a total of 22 min. 
Chloroplasts are labeled with stromal GFP. 

Video S3. Superresolution z-stack sections of a N. benthamiana chloroplast 
visualized with live cell 3D-SIM showing that stromule width varies along the 
length of the stromule. Each frame progresses the focal plane 100 nm through the z 
axis of the 3D-SIM reconstruction. 

Supplementary Materials and Methods 

Virus Induced Gene Silencing 

GUN2 (TAIR ID AT2G26670) and NTRC (TAIR ID AT2G41680) orthologs in N. 
benthamiana were identified from gene trees generated by BLAST searches using A. 
thaliana protein sequence queries (Figs. S6–S9). N. benthamiana is an allotetraploid 
resulting from the hybridization of two Nicotiana species, and thus often has two 
homeologs of genes that are single copy in A. thaliana. Moreover, both GUN2 and 
NTRC are members of larger gene families. In A. thaliana, there are three NADPH-
dependent thioredoxin reductases (NTRA and NTRB in the cytosol and mitochondria, 
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and NTRC in plastids) and four heme oxygenases (HO1, HO3, and HO4 are closely 
related and partially redundant, whereas HO2 serves a distinct function) (Gisk et al., 
2010; Reichheld et al., 2007). 

To identify all true orthologs of NTRC and HO1 and design silencing constructs 
targeting these genes, but not orthologs of NTRA/NTRB or HO2, we used A. thaliana 
protein sequences in a BLAST search against the N. benthamiana genome (v0.4.4 
predicted cDNAs) from the Sol Genomics Network (solgenomics.net) and also against 
the land plant genomes available at Phytozome (www.phytozome.net). Amino acid 
sequences of these putative homologs were aligned with MAFFT (mafft.cbrc.jp) using 
the highly accurate L-INS-i algorithm. Aligned residues were used to generate a gene 
tree with the neighbor-joining method using 100 samples for bootstrapping. Silencing 
triggers were then designed to silence all copies of the target genes but no other genes 
in the N. benthamiana genome, using BLAST searches to confirm that no genomic 
sequence between 20 and 24 nucleotides long matched the silencing trigger with fewer 
than three mismatches. 

NbISE2, NbGUN2, and NbNTRC were silenced using VIGS as described by Brunkard 
et al. (2015) alongside a viral negative control, pYC1 [Tobacco rattle virus (TRV) with a 
mock silencing trigger against β-glucoronidase]. In brief, to prepare the silencing 
constructs, RNA was extracted from N. benthamiana genotype Nb-1 (Spectrum Plant 
Total RNA Kit; Sigma-Aldrich) and treated with DNase I (New England Biolabs). This 
RNA was used to synthesize cDNA with SuperScript III Reverse Transcriptase 
(Invitrogen) and oligo(dT)20 primers. Silencing triggers were then amplified and inserted 
into the TRV-derived VIGS vector, pYL156, using standard restriction enzyme-based 
methods (Brunkard et al., 2015). 

Oligonucleotides 

Oligonucleotides used to clone silencing triggers are shown with restriction sites 
underscored and nucleotides matching the genomic sequences in upper case: 

NbGUN2_F: 5ʹgattctagaATGGCTTCAATTACACCCTTATC3ʹ 

NbGUN2_R: 5ʹgatctcgagTCAAGACAATATTAATCGGAGG3ʹ 

NbNTRC_F: 5ʹgtatctAGAACTTGGTAATAATAGGATCAGGTCC3ʹ 

NbNTRC_R: 5ʹctgctcgagCAAAATTCATCTTCACG3ʹ 
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