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Abstract
Ramachandran, P. 2020. Stelar Performance Under Drought. Regulation of Developmental
Robustness and Plasticity of the Arabidopsis Root Xylem. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 1894. 69 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-0847-0.

Plants have evolved genetic mechanisms to sense, modulate and modify developmental
programs in response to the changing environment. This brings forth challenges in stably
generating tissue patterns while simultaneously allowing amenability. Gene perturbation studies
have identified molecular regulators that control fate specification and differentiation of
various tissues. However, we lack a complete understanding of how these processes are
influenced by the environment. In this thesis, using Arabidopsis xylem as a model, I show
that developmental regulators that function in maintaining a stable growth pattern are also
involved in the manifestation of phenotypic plasticity. We found that the generation of a
robust xylem developmental program is dependent on a feed forward loop between components
of the auxin signalling pathway and the master regulators of xylem development, class III
Homeodomain Leucine-Zipper (HD-ZIP III) transcription factors (TFs). By directly activating
an auxin signalling activator (MP) and repressor (IAA20), the HD-ZIP III TFs facilitate stable
xylem patterning and development. We also show that alterations to the HD-ZIP III mediated
xylem developmental program were caused non-cell autonomously by changes in levels and
signalling of a key regulator of abiotic stress response, abscisic acid (ABA). The suppression
and enhancement of ABA signalling resulted in lower and higher levels respectively of mir165,
a known post transcriptional regulator of HD-ZIP III levels. Under conditions of enhanced
ABA signalling we found that ABA also acts cell autonomously through master regulators of
xylem differentiation, VASCULAR RELATED NAC-DOMAIN (VND) transcription factors.
Furthermore, we show that both cell autonomous and non-cell autonomous pathways are
employed during water deficit conditions to alter xylem morphology and differentiation rate,
likely to enhance water uptake. Taken together, our results show that ABA’s influence
on evolutionarily conserved development regulators is important for xylem developmental
plasticity. The identification of genetic regulators that control plant phenotypic alterations to
limited water availability such as those identified in this thesis will be important to develop
tolerant varieties that can survive the extended periods of drought caused by the alarming rise
in global temperatures.
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Introduction 

Developmental robustness and plasticity 
In his book, ‘The Strategy of the Gene’, C.H. Waddington compares the de-
velopmental path taken by tissues of a biological system to a marble rolling 
down the hill (Waddington, 1957). The path taken by the marble (cell) deter-
mines its final destination (differentiation state). Genetic or environmental 
perturbations to the system might lead to deviations from the path but the com-
ponents regulating this process act to restore the system to its original trajec-
tory. The cause for this deviation might not always be external. Biological 
systems are intrinsically noisy, such as the noise resulting from stochasticity 
in gene expression, and there has to be mechanisms in place in order to over-
come these fluctuations thereby maintaining a consistent developmental pro-
gram. This process of maintaining developmental robustness or developmen-
tal stability is also referred to as canalization. Decades after Waddington’s 
first proposal about canalization, several questions still remain on how such 
robustness can be established and maintained. Waddington hypothesized that 
this complex degree of developmental regulation would be possible if a pro-
cess is controlled by many inter related variables. A tightly integrated pathway 
consisting of feedforward or feedback loops, converging on the same pheno-
type provides the ability to buffer against noise and serve as means to achieve 
robustness (Abley et al., 2016; Lachowiec et al., 2016). Hence, a complete 
understanding of robustness would involve the identification of all variables 
that influence a process and how they interact with each other. However, a 
phenotype might be robust only over a range of environmental conditions. 
When the environmental conditions change drastically or cross a threshold, 
phenotypes may display plasticity changing from one robust state to another. 
It is intuitive to think that a same set of genes, typically transcription factors, 
might facilitate different phenotypes but how they function under different 
environmental conditions might differ. The identification of regulatory net-
works around these core genetic factors will help understand how they control 
the switch between phenotypic states; thereby controlling developmental ro-
bustness and plasticity.  
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The changing planet and rise in temperatures 
The need to study the influence of environment on organism development i.e. 
developmental plasticity has been accentuated by the rapid rise in global tem-
peratures caused largely due to human practices. Estimates of average global 
temperature by various meteorological stations around the world have showed 
an increase in global temperatures of 0.87°C in the past 150 years with a ma-
jority of the rise happening in the past 45 years (Hansen et al., 2010; Hoegh-
Guldberg et al., 2018). The rise in temperature is even more drastic in coun-
tries closer to the Arctic where for example the average winter temperatures 
in Sweden in the past decade has increased by 2°C compared to the reference 
period 1961-1990 (Swedish Commission on Climate and Vulnerability, 
2007). These extreme weather changes have also caused an enormous change 
in the landscape where we live. The melting of polar ice caps has resulted in 
flooding and the rise in average temperatures have resulted in extended 
drought periods in several regions around the globe (Hoegh-Guldberg et al., 
2018). These changes are not just detrimental for human life but for most of 
the biosphere. A recent study about the biomass distribution of different taxa 
on earth estimated that plants occupied the top spot at 80% of total biomass 
(Bar-On et al., 2018). Owing to their importance for our planet’s sustainabil-
ity, it is essential that we understand how the most dominant component of the 
biosphere responds to these drastic changes in living conditions. 

 
The development of plants happens in close relation to the environment sur-
rounding it. Several studies have shown that the environment can have huge 
impact on tissue pattern, organization and growth in plants (Bechtold and 
Field, 2018) . After the advent of Arabidopsis thaliana as a model organism, 
the field of plant developmental biology have largely focused on identifying 
gene-function relations in plants grown under controlled nutrient rich condi-
tions. The large wealth of information about the roles of key developmental 
genes obtained from these studies, allow us to study their roles when plants 
are challenged with growth limiting conditions. One could hypothesize that 
several of the known developmental regulators that are involved in robust or-
gan growth and patterning might also be under the influence of environmental 
regulation. This brings about several key questions: 
  

1. How are the changes in external environment perceived?  
2. What signaling pathways are involved?  
3. How is the environment sensing wired into the core developmental 

gene regulatory networks?  
 
In this thesis, I focus on the development of the Arabidopsis root xylem to 
address these questions. 
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Vascular system in plants 
The vascular system or the stelar system in plants comprises of the (pro)cam-
bial, xylem vessels (tracheary elements), xylem fibers, tracheid, phloem sieve 
elements, companion cells and the parenchymatous cells (Lucas et al., 2013). 
While tracheid in gymnosperms provide means to transport water and provide 
mechanical support, angiosperms have specialized vessels called tracheary el-
ements (TEs) for water transport (xylem vessel) and fibers that provide me-
chanical support (xylem fibers). A functional xylem vessel comprises of a hol-
low cell whose contents have been cleared by programmed cell death and is 
reinforced by the deposition of a secondary, cellulose and lignin rich, cell wall 
(Lucas et al., 2013; Taylor et al. 2009). These hollow cells act as conduits for 
water transport from the root to above ground tissues. The phloem on the other 
hand consists of an enucleated sieve element cell that is supported in function 
by a neighboring companion cell (Taylor et al. 2009). Together, the two vas-
cular tissue systems play an important role in the transport of photosynthates, 
water, nucleic acids, hormones and proteins. The highly successful coloniza-
tion of diverse environments by plants has been largely due to innovations in 
the plant vascular system (Taylor et al., 2009; Lucas et al., 2013).  
 
The patterning of the cell types in the vascular system varies between different 
organs of the plant and also during different developmental stages. To high-
light the vascular patterning differences, I will use Arabidopsis as a model 
since there are detailed anatomical characterizations enabling comparison 
across similar developmental stages (Fig. 1A). However, it is important to be 
aware that patterning variations exist between angiosperms (within angio-
sperms between monocots and eudicots), gymnosperms, ferns and lycophytes. 
The Arabidopsis leaf displays an asymmetric tissue pattern where the vascular 
strands are located centrally; with xylem and phloem positioned towards the 
adaxial (upper) and abaxial (lower) sides respectively. In the inflorescence 
stems, xylem and phloem are arranged in vascular bundles with xylem towards 
the centre and phloem towards the periphery. In the primary root, xylem and 
phloem poles form perpendicular to each other. In older roots that have under-
gone radial thickening, the secondary vasculature resembles the stem with xy-
lem and phloem in the central and peripheral positions respectively. The 
knowledge about molecular pathways controlling the development of vascular 
tissue comes from all these tissues and comparisons between them have led to 
emergence of common themes in the regulation of different aspects of vascu-
lar development. The focus of this thesis is primarily on the genetic pathways 
regulating xylem development in the root. Hence, the factors influencing xy-
lem development in the root are described in detail with specific mentions 
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regarding how studies in other tissues have helped understand root xylem de-
velopment better. 

 
Figure 1. Vascular system in Arabidopsis thaliana. A. Cartoon depicting the or-
ganizational diversity of the vascular system in different parts of an adult plant. The 
xylem, phloem and (pro)cambial tissues are color coded in the cross sections of 
lower root, upper root, leaf and stem (bottom to top) taken at positions marked by 
the dashed box. B. Illustration of different regions in the Arabidopsis seedling root 
with color coding of different cell types and showing closeup images of the meriste-
matic zone and its cross section (bottom left), region of the root which shows the 
start of xylem differentiation consisting of lignified protoxylem (bottom right), re-
gion showing differentiated outer metaxylem and protoxylem (middle) and region 
showing a fully differentiated xylem axis with a differentiated inner metaxylem 
(top).  
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Arabidopsis root as a model to study vascular 
development 
The Arabidopsis primary root serves as an excellent model for studying estab-
lishment and maintenance of patterning because the different cell types are 
arranged in a robust and consistent pattern with little variation across individ-
uals enabling identification of subtle disturbances caused by perturbations to 
the regulatory networks. Along the length of the root, the root exhibits distinct 
zones with the meristematic zone at the tip, followed by the elongation zone 
and finally the differentiation zone. In an Arabidopsis seedling root meristem, 
the epidermal, cortical, endodermal cell layers are arranged in concentric cir-
cles and surround the primary stele, which comprises of the pericycle, xylem 
precursor cells, phloem precursor cells and pro-cambium (Fig. 1B). The xylem 
precursors form an axis at the center of the stele and undergo periclinal divi-
sions rarely. The phloem pole precursors form perpendicular to the xylem axis 
on either side separated by the procambial cells in the middle. The identities 
of the xylem precursor cell vary depending on the position in xylem axis with 
the peripheral cell specified as protoxylem and the central cells as outer met-
axylem cells or inner metaxylem cells (Fig. 1B). The xylem precursor cells 
mature into two types of xylem vessels, protoxylem and metaxylem, classified 
based on their secondary cell wall (SCW) pattern (Lucas et al., 2013). The 
protoxylem vessels exhibit a spirally or helically patterned secondary cell wall 
lignification and differentiate earlier (closer to the root apical meristem) com-
pared to the metaxylem vessels, which have a reticulate or pitted lignification 
pattern. Among the metaxylem vessels, the outer metaxylem vessels differen-
tiate first (Fig. 1B). The final stages of differentiation involves the complete 
clearing of internal cellular contents resulting in a cell corpse, reinforced by 
the secondary cell wall thickening, that acts as a hollow channel for transport 
of water and minerals (Růžička et al., 2015). It is essential to note that even 
though the tissue organization of the vasculature varies largely in different 
organs such as root, leaf and stem it is likely that the core networks that deter-
mine how xylem identities are established and how differentiation is con-
trolled is conserved between the different organs (Rybel et al., 2016). 

Hormonal control of xylem development 
The earliest occurrence of vascular cells is in the early globular stage of Ara-
bidopsis embryo. As embryo development proceeds to heart stage, periclinal 
divisions of these cells lead to an increase in cell number forming the procam-
bial and xylem axis precursor cells. (Rybel et al., 2014; Yoshida et al., 2014). 
The identification of an auxin response factor (ARF), MONOPTEROS (MP), 
established auxin as a key regulator of vascular tissue development (Berleth 
and Jurgens, 1993). Strong mp mutants displayed reduced cell number in the 
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embryos and a complete lack of pro-vascular cells. Expression analysis using 
in situ hybridization revealed that the MP expression was restricted to the pro-
vascular cells in the later stages of embryogenesis (Hardtke and Berleth, 1998) 
and coincided with the presence of auxin signaling (Friml et al., 2003). Sub-
sequent studies have shown that the MP mediated auxin signaling acts via the 
transcription factor, TARGET OF MP5 (TMO5), which in complex with an-
other bHLH transcription factor, LONESOME HIGHWAY (LHW), controls 
the expression of a cytokinin biosynthesis gene, LONELY GUY 4 (LOG4) to 
control the cell divisions in the pro-vascular cells (Rybel et al., 2013; Rybel et 
al., 2014). Thus, the coordinated action of auxin and cytokinin signaling path-
ways act to establish the correct cell number required for proper vascular pat-
terning, early during development. 
 
The auxin-cytokinin crosstalk continues during post-embryonic root develop-
ment and is crucial for cell specification. Visualization of auxin and cytokinin 
response domains in the root using the pDR5::GFP and pTCSn::GFP reporter 
lines revealed an non-overlapping pattern where auxin signaling is focused to 
the xylem axis while cytokinin signaling occurs in the adjoining procambial 
cells (Bishopp et al., 2011). The LHW-TMO5 complex along with LHW-
TMO5 LIKE 1 (T5L1) complex control the expression of LOG3 and LOG4 in 
the post embryonic root xylem axis leading to high cytokinin levels in these 
cells (Ohashi-Ito et al., 2014; Rybel et al., 2013). Interestingly, the site of cy-
tokinin biosynthesis does not overlap with the cytokinin response domain. The 
cytokinin diffuses out of the xylem precursor and into the procambial cells 
where periclinal cell divisions occurs. The exclusion of cytokinin signaling 
from the xylem axis happens through the expression of cytokinin signaling 
inhibitors, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFERASE 6 (AHP6) 
and a yet unknown inhibitor in the protoxylem and metaxylem positions re-
spectively (Mähönen et al., 2006). The auxin maxima in the protoxylem posi-
tions activate AHP6, through the binding of ARFs to the auxin response ele-
ments present in AHP6 promoter, to inhibit cytokinin signaling. Conversely, 
AHP6 expression is repressed by high cytokinin levels in the procambial cells 
(Bishopp et al., 2011). The LHW-T5L1 complex was also found to directly 
control the expression of AHP6 in the xylem precursor cells thereby inhibiting 
cytokinin signaling and preventing periclinal cell divisions in the xylem axis 
(Ohashi-Ito et al., 2014). In ahp6 mutants, cells in the protoxylem position 
showed divisions and these dividing cells remain in an undifferentiated state 
(Mähönen et al., 2006; Ohashi-Ito et al., 2014). ahp6 mutants also exhibit dis-
continuous protoxylem strands suggesting that block in cytokinin signaling 
via AHP6 is not only required to maintain the xylem cells in a quiescent state 
but also for protoxylem specification. These results indicate that the high level 
of auxin in xylem axis is important for xylem specification and indirectly also 
controls procambial maintenance through the LHW-TMO5-LOG4 pathway. 
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So, what controls auxin distribution in the xylem axis? Polar auxin transport 
(PAT) mediated by PIN1 was found to be partially responsible. Blocking PAT 
by treatment with a chemical inhibitor, NPA led to an altered xylem axis ex-
hibiting loss of protoxylem strands (Bishopp et al., 2011). Bishopp et al., re-
vealed another layer of interplay between auxin and cytokinin signaling in the 
stele where high levels of cytokinin in the procambial cells activate expression 
of the auxin transporters PIN3 and PIN7, which are radially localized and di-
rect auxin flow towards the xylem axis from the pericycle and procambial cells 
respectively (Bishopp et al., 2011). This flow is further reinforced by the auxin 
influx carriers for the maintenance of stable levels of auxin in the xylem axis 
(El-Showk et al., 2015). Interestingly, in pin3pin7 mutants, individuals show 
both a reduced auxin signaling in the xylem axis and also an expansion of the 
auxin signaling domain leading to ectopic AHP6 expression indicating that the 
stability of auxin levels is crucial for maintaining the pattern (Bishopp et al., 
2011). 
 
Recent studies have extended our knowledge on how cytokinin functions 
downstream of the LHW-TMO5 pathway to regulate vascular divisions. In the 
procambial domain where, high levels of cytokinin signaling occur, several 
DOF-type TFs, DOF2.1, TARGET OF MONOPTEROS6 (TMO6) and 
DOF6, are activated in a cytokinin dependent fashion (Smet et al., 2019). The 
three DOF-type TFs display partly complementary expression pattern; 
DOF2.1 is expressed in the procambial cells adjacent to the xylem and in the 
xylem pole pericycle cells, TMO6 is transcribed in all procambial cells while 
DOF6 expression is restricted to the phloem pole. This complementary ex-
pression pattern suggests that they might be responsible for cell division in 
specific domains of the root and is consistent with the phenotypes of the mu-
tants where cell division was primarily affected in their respective expression 
domains (Smet et al., 2019). Apart from these three DOF-type TFs, other 
closely related transcription factors such as PHLOEM EARLY DOF1 
(PEAR1), PEAR2, OCS ELEMENT BINDING FACTOR BINDING PRO-
TEIN2 (OBP2) and HIGH CAMBIAL ACTIVITY2 (HCA2) also regulate vas-
cular divisions redundantly (Miyashima et al., 2019). Interestingly, all the 
DOF-type TFs that have been implicated in vascular pattern formation are ac-
tivated by cytokinin indicating the importance of balance in hormone levels 
for pattern formation. 

HD-ZIP III transcription factors act as master regulators 
of xylem development 
The different actors involved in the hormonal control of vascular initiation and 
specification are tied together by a set of transcription factors, class III 
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homeodomain-leucine zipper (HD-ZIP III), that act as master regulators of 
xylem formation (reviewed in Ramachandran et al., 2016). HD-ZIP III tran-
scription factors form a sub family in a large family of homeodomain tran-
scription factors and consist of five members, PHABULOSA (PHB), PHAV-
OLUTA (PHV), REVOLUTA (REV), CORONA (CNA) and ATHB8 (Ariel et 
al., 2007). The five members have a common protein domain structure con-
sisting of a homeodomain, leucine zipper domain, steroidogenic acute regula-
tory protein-related lipid transfer (START) domain, START associated (SAD) 
domain and the MEKHLA domain (Ariel et al., 2007). These transcription 
factors have been found to act as organ polarity determinants along with 
KANADI family of transcription factors (McConnel and Barton,1998; Emery 
et al., 2003), as key players during embryogenesis for shoot apical meristem 
(SAM) establishment and maintenance (Prigge et al., 2005; Smith and Long, 
2010) and in xylem cell specification and differentiation (Baima et al., 2014; 
Carlsbecker et al., 2010). Here, I will mainly focus on their role in vascular 
initiation, xylem specification and differentiation.  
 
The expression of HD-ZIP III TFs begins early during embryogenesis (Prigge 
et al., 2005). REV and CNA are expressed as early as the early globular stage 
and are joined by PHB and PHV during the late globular stage. The expression 
at these early stages are mostly related to their role in shoot apical meristem 
formation since the expression is predominantly in the upper cells of the glob-
ular embryo. In the heart stage embryos, PHB, PHV and CNA are localized to 
the apical part while REV expression extends into the pro-vascular cells. The 
first expression of ATHB8 is seen at this stage with low ATHB8 expression in 
the pro-vascular cells (Prigge et al., 2005). Based on these data, it is tempting 
to speculate that the xylem precursor cells are marked by ATHB8 expression 
as early as the heart stage and REV expression marks the procambial cells. 
Interestingly, the expression of TMO5/LHW, which control the cell divisions 
in the pro-vascular cells, start considerably earlier than the HD-ZIP III expres-
sion in the pro-vascular cells (Rybel et al., 2013). This indicates that the 
TMO5/LHW complex is necessary for establishing proper embryo body plan 
while the establishment of pro-vascular identity might be specified later 
through other factors. Consistent with this hypothesis, a large scale yeast one 
hybrid assay has led to the identification of several regulators such as G-class 
bZIP transcription factors that might be acting in concert with MP and the HD-
ZIP III TFs to specify vascular identity (Smit et al., 2019).   
 
The earliest indication of the role of HD-ZIP III TFs comes from studies on 
the expression pattern of ATHB8 where the authors identify ATHB8 to be one 
of the earliest markers of pro-vascular cells during embryogenesis and show 
that its expression is responsive to auxin levels (Baima et al., 1995).  Pheno-
typic support for the role of these transcription factors was provided by studies 
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on ATHB8 in the leaf and stem where ectopic expression of ATHB8 promoted 
xylem differentiation (Baima et al., 2001). Early studies on plant miRNAs and 
targets suggested that the HD-ZIP III TFs are post transcriptionally controlled 
by miRNAs, miR165 and miR166, and subsequently the binding site of 
miR165/166 was found on the START domain encoding region of the HD-
ZIP III mRNAs (Rhoades et al., 2002). This microRNA-mediated post tran-
scriptional control of HD-ZIP III TFs is important for formation of vasculature 
in the stem and leaf (Emery et al., 2003).  This has also been shown in other 
plant species such as Nicotiana sylvestris where phv1, miRNA insensitive 
dominant mutants showed discontinuous xylem strands causing a disconnect 
between the xylem of the leaf and that of the stem (McHale and Koning, 
2004). 
 
During postembryonic growth, the different HD-ZIP III members are ex-
pressed in slightly overlapping patterns in the root meristem. PHB mRNA is 
present in the xylem axis and in a few neighboring procambial cells, ATHB8 
is present only in the xylem precursor cells, CNA is predominantly in the cen-
tral stele encompassing the metaxylem precursors and few procambial cells 
and REV has a broad procambial expression (Carlsbecker et al., 2010). A 
screen for mutants defective in vascular development identified a dominant 
mutant of PHABULOSA, phb-7d in which a point mutation rendered the 
mRNA resistant to miRNA action (Carlsbecker et al., 2010). The phb-7d in-
dividuals displayed defects in the formation of protoxylem strands and meta-
xylem formed in the protoxylem position. Conversely, higher order loss of 
function HD-ZIP III mutants showed a xylem axis consisting of only protoxy-
lem strands with protoxylem forming in the metaxylem position suggesting an 
identity switch in the xylem axis precursor cells. The vascular phenotypes of 
the phb-7d mutants are phenocopied in plants carrying mutations in the GRAS 
family transcription factors, SHORT ROOT (SHR) and SCARECROW (SCR). 
Stele specific expression of non-mobile SHR in shr-2 mutants failed to rescue 
the vascular defects suggesting that its action is non-cell autonomous. How-
ever, expression in the ground tissue rescued the phenotype but only in the 
presence of SCR. Genetic studies revealed that the HD-ZIP III and SHR-SCR 
pathways acted together to control xylem cell identity and that the presence of 
vascular defects in shr and scr mutants was due to elevated HD-ZIP III levels 
(especially PHB). The control of PHB by SHR-SCR complex was found to be 
at the post-transcriptional level and via a direct transcriptional control of 
MIR165a, MIR166a and MIR166b expression. Assessment of the activity of 
miRNA165/166 using a ‘miRNA sensor’ showed that in the wild type, the 
miRNA activity was significantly higher in the ground tissue and peripheral 
stele cells. This high miRNA activity was found to create a gradient in HD-
ZIP III expression with higher levels of HD-ZIP III TFs in the central stele 
and lower levels in the periphery. This graded distribution of HD-ZIP III TF 
specifies xylem identity in the xylem axis with higher and lower levels 
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specifying metaxylem and protoxylem respectively (Carlsbecker et al., 2010; 
Miyashima et al., 2011). 
 
The inter-cellular trafficking of macromolecules in plants has been found to 
occur through plasmodesmata (reviewed in Ding, 1998). The movement of 
miR165 and SHR was also found to be via the plasmodesmata because gain 
of function mutants of callose synthase 3 (cals3-d), which display a reduced 
plasmodesmata aperture due to increased callose deposition, also exhibits phe-
notypes similar to phb-7d and shr (Vatén et al., 2011). The all metaxylem 
phenotype of cals3-1d mutants was rescued in phb-13 background demon-
strating that the vascular defects caused by block in plasmodesmata connec-
tions are due to elevated HD-ZIP III levels. Cell type specific induction of 
callose deposition and visualization of SHR and miR165 localization showed 
that reduction in the plasmodesmata aperture led to restricted movement of 
both the macromolecules. Taken together, the movement of SHR from the 
stele into the endodermis activates the expression of SCR and the SHR-SCR 
protein complex act as a transcriptional activator of MIR165/166 in the endo-
dermis. The endodermally derived mature miRNAs, miR165/166 then move 
into the peripheral stele creating a gradient of HD-ZIP III activity (Carlsbecker 
et al., 2010; Miyashima et al., 2011). The non-cell autonomous action of both 
SHR and miR165/166 requires their movement through the plasmodesmata 
connections (Vatén et al., 2011). 
 
Mutations in the LHW transcription factor results in the formation of a mon-
arch stele with only one xylem and phloem pole (Ohashi-Ito and Bergmann, 
2007). The homolog of LHW, LHW LIKE3 (LHL3) has also been shown to be 
involved in xylem development (Ohashi-Ito et al., 2013a). The double mutant 
lhw lhl3 formed only one xylem vessel which exhibited helical, pitted or an 
intermediate SCW pattern while the overexpression of LHL3 resulted in an 
increase in the number of vascular cells and an increase in metaxylem for-
mation, similar to HD-ZIP III overexpression (Ohashi-Ito et al., 2013a). LHW 
overexpression increased auxin response, visualized by an expansion of 
DR5::GFP expression, without affecting auxin biosynthesis (Ohashi-Ito et al., 
2013b). Correlating with this, lhw mutants displayed reduced MP and ATHB8 
expression in the embryos. Interestingly, expression of a miR165/166 resistant 
version of ATHB8 in the SHR domain rescued the defects observed in lhw 
mutants and resulted in the formation of a diarch stele (Ohashi-Ito et al., 
2013b). These results suggest LHW acts upstream of ATHB8 to promote vas-
cular initiation. However, if this interaction is direct and/or dependent on 
TMO5/T5L1 is currently unknown.   
 
Apart from functioning as regulators of xylem identity, the HD-ZIP III tran-
scription factors act together with the phloem derived mobile DOF transcrip-
tion factors to maintain a stable procambial cell number in the primary root 
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stele (Miyashima et al., 2019). Quadruple loss of function HD-ZIP III mutants, 
athb8 cna phb phv, have an increased stele cell number while sextuple PEAR 
mutants, pear1 pear2 dof6 tmo6 obp2 hca2 have reduced cell number. In the 
decuple mutant, where all 10 genes are knocked out, the stele cell number 
resembles that of the wild type suggesting an antagonistic interaction between 
the two transcription factor families in controlling cell divisions. Further, the 
PEAR transcription factors transcriptionally promote the HD-ZIP III TFs and 
the HD-ZIP III TFs negatively feedback on the PEAR proteins by repressing 
their movement and transcription establishing a boundary between zone of 
cell division and quiescence (Miyashima et al., 2019). The high expression of 
HD-ZIP III TFs in the centre of the stele (xylem precursors) renders these cells 
quiescent and they rarely undergo periclinal divisions. Recent lineage tracing 
studies have revealed that the procambial cells adjacent to the xylem precursor 
cells give rise to cambium during secondary development (Smetana et al., 
2019). The high auxin levels coupled with HD-ZIP III expression in the xylem 
precursor cells is important for initiation and maintenance of cambial activity 
(Smetana et al., 2019). Thus, the HD-ZIP III TFs and the PEAR TFs act to-
gether to control radial growth in roots.  

Interplay between hormones and HD-ZIP III 
Transcription factors 
The importance of auxin-cytokinin balance for vascular initiation and pattern-
ing has been made evident by the studies described above. However, their 
roles continue during vascular identity specification and maintenance of pat-
tern as well. Deciphering the downstream targets of the HD-ZIP III TFs and 
probing for vascular defects in mutants with perturbed hormonal signaling 
pathway provided support for a link between the HD-ZIP III transcriptional 
network and hormone homeostasis. Chromatin immunoprecipitation of REV-
OLUTA in 10-day old seedlings using transgenic plants harboring an induci-
ble, miRNA resistant version of REV revealed that auxin biosynthesis genes 
such as TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS I (TAA1) 
and YUCCA5 (YUC5) were direct targets of REV (Brandt et al., 2012). qPCR 
expression analysis showed that REV acts as a transcriptional activator of 
TAA1 and YUC5. Even though this study mainly focused on the role of REV 
in leaf polarity and shade-avoidance response, the downstream target genes 
such as TAA1 were also found to be expressed in the vascular cells indicating 
a possible role in vascular development as well (Brandt et al., 2012). Interest-
ingly, microarray studies on the global gene expression changes caused by the 
overexpression of miR165 revealed other auxin biosynthesis genes such as 
NITRILASE 2 (NIT2) and NIT3 were upregulated when the miR165 levels 
were increased suggesting that the HD-ZIP III TFs act as repressors of these 



 22 

genes (Zhou et al., 2007). Another auxin biosynthesis gene that is involved in 
the Tryptophan dependent auxin biosynthesis pathway was identified from a 
forward genetic screen to be involved in vascular development (Ursache et al., 
2014). The screen identified two alleles of the TRYPTOPHAN SYNTHASE 
BETA SUBUNIT 1 gene, trp2-12 and trp2-13, which exhibited defects in met-
axylem formation and in some individuals protoxylem formed in the metaxy-
lem position indicating an identity switch similar to the ones seen in HD-ZIP 
III loss of function mutants. Expression analysis revealed a reduction in the 
expression of PHB, PHV, CNA and ATHB8 but an elevated expression of REV 
indicating that auxin biosynthesis in the root is required for proper HD-ZIP III 
TF expression (Ursache et al., 2014). The expression of ATHB8 was found to 
be directly regulated by MP indicating the high auxin levels in the xylem axis 
is necessary for activation of ATHB8 (Donner et al., 2009). These results show 
that auxin biosynthesis and signaling in the root is required for proper expres-
sion of HD-ZIP III and in turn proper metaxylem formation. On the other 
hand, the HD-ZIP III TFs control the expression of auxin biosynthesis genes 
suggesting a complex interaction between the two pathways. Thus, a feedback 
between the HD-ZIP III TFs and auxin biosynthesis pathway is essential to 
maintain high levels of auxin in the xylem axis and high levels of HD-ZIP III 
activity in the metaxylem precursor cells thereby influencing xylem identity 
specification.  

 
Based on the various factors that have been identified as core players in con-
trolling vascular patterning and cell identity specification, Muraro et al., de-
signed a mathematical model to identify the minimum number of components 
that are necessary for maintaining a stable xylem pattern (Muraro et al., 2014). 
The model predicted that the radial auxin flow mediated by laterally localized 
PIN expression was sufficient to create auxin maxima in the xylem axis. They 
also tested the dynamics of miR165/166 and PHB mRNA degradation and 
suggest that for the formation of a sharp gradient of PHB, there has to be mu-
tual degradation of both PHB mRNA and miR165/166 (Muraro et al., 2014). 
The model also predicted that PHB would act as a repressor of AHP6 and that 
an unknown cytokinin signaling inhibitor in the metaxylem domain is required 
for stable patterning. There are indications that PHB might be able to play this 
role of blocking cytokinin signaling as PHB was found to affect the activity 
of Type B ARABIDOPSIS RESPONSE REGULATORS (ARRs) in cells with 
high cytokinin levels (Sebastian et al. 2015). The model also predicted that the 
integration of miR165/166-HD-ZIP III pathway with the hormone signaling 
pathway is required for maintaining a stable pattern (Muraro et al., 2014). In 
Paper I, we provide evidence for such an integration describing how the direct 
control of major auxin signaling components by the HD-ZIP III TFs is needed 
for maintaining robustness in xylem patterning.  
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The process of xylem differentiation 
Our knowledge about the process of xylem differentiation and the regulators 
controlling this process comes mostly from studies involving various ectopic 
xylem induction systems (reviewed in Tan et al., 2019). I discuss below, 
briefly, how these studies have shaped our understanding of the xylem differ-
entiation process. The xylem tissue in Arabidopsis and other eudicots primar-
ily consists of tracheary elements (TE), fibers and xylem parenchyma. While 
the xylem parenchyma stays alive even after terminal differentiation, the fi-
bers and vessel tracheary elements are characterized by dead cells devoid of 
nuclear and cytoplasmic contents. A common theme in the differentiation pro-
gram of fibers and tracheary elements is the formation of a secondary cell wall 
but they differ in their rate of differentiation (Bollhöner et al., 2012). Most of 
our current knowledge on xylem differentiation is based on tracheary element 
differentiation. Hence, I outline the different genetic regulators involved in the 
various stages of tracheary element differentiation process and introduce the 
master regulators that sit at the top of this hierarchical network.  
 
The differentiation of xylem precursor cells into TEs is characterized by-1. 
cell death leading to the formation of a hollow cell corpse and 2. reinforcement 
by secondary cell wall deposition to prevent collapse of xylem vessels. Live 
cell imaging of Arabidopsis cell cultures that have been induced to differenti-
ate as xylem has shown that the initiation of secondary cell wall deposition 
occurs even when the cell is alive (Pesquet et al., 2010; Pesquet et al., 2011). 
The first step in the differentiation process involved the formation of second-
ary cellulosic cell wall (Pesquet et al., 2010). The deposition of cellulose is 
controlled by a group of cellulose synthase, CesA proteins that form a com-
plex on cortical microtubules (Gardiner et al., 2003). In Arabidopsis, IRREG-
ULAR XYLEM1 (IRX1), IRX3 and IRX5 have been identified so far to be part 
of the CesA complex and genetic studies have shown that IRX3 and IRX5 are 
required to assemble the complex (Gardiner et al., 2003). In summary, the 
CesA complex assemble and move along the cortical microtubule to deposit 
cellulose microfibrils and thereby initiating the secondary cell wall deposition 
process (Gardiner et al., 2003).  
 
The formation of cortical microtubules is independent of the IRX proteins 
raising the questions on what determines cortical microtubule positioning dur-
ing secondary cell wall formation (Gardiner et al., 2003). Pesquet et al. per-
formed a coregulation analysis with the three IRX proteins and identified an 
important role for the angiosperm specific MICROTUBULE ASSOCIATED 
PROTEIN70-5 (MAP70-5) (Derbyshire et al., 2015). Interestingly, overex-
pression lines of MAP70-5 and another microtubule interacting protein, 
MAP65-1, led to more spiral patterned TEs while decrease in MAP70-5 and 
MAP65-1 levels resulted in more pitted TEs differentiating in cell culture 
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(Derbyshire et al., 2015; Pesquet et al., 2010). Contrastingly, the overexpres-
sion of a gene encoding for another microtubule interacting protein, AUXIN-
INDUCED IN ROOT CULTURES9 (AIR9) resulted in more pitted TEs while 
AIR9 RNAi lines caused more spiral TEs (Derbyshire et al., 2015). The for-
mation of pits in the secondary cell wall, a typical metaxylem SCW pattern, 
was found to be dependent on a protein, MICROTUBULE DEPLETION DO-
MAIN 1 (MIDD1), that localized specifically to the regions where pits would 
form in the future. The depletion of microtubules and hence the CesA complex 
from the MIDD1 localization domain is required for normal metaxylem de-
velopment (Oda et al., 2010). The activated form of RHO-RELATED PRO-
TEIN FROM PLANTS11 (ROP11) GTPase, a member of the Rho family of 
plants GTPases, recruits MIDD1 to the region of future SCW pits and in turn 
MIDD1 recruits Kinesin-13A which is important for microtubule disassembly 
(Oda and Fukuda, 2012; Oda and Fukuda, 2013). Altering expression levels 
of Kinesin-13A affects size of the secondary cell wall pits (Oda and Fukuda, 
2013). These results reveal the role of several microtubule interacting proteins 
in determining cortical microtubule localization. The levels and localization 
of specific microtubule associated proteins can be modulated to alter second-
ary cell wall pattern during growth (Oda et al., 2010; Pesquet et al., 2010; 
Pesquet et al., 2011).  
 
The next step in the xylem differentiation process involves the release of nu-
cleases, proteases and lipases from vacuoles thereby clearing the cell’s con-
tents through programmed cell death. Kwon et al., showed that the process of 
autophagy was important for TE differentiation (Kwon et al., 2010). Tran-
scriptomic analysis during the course of TE differentiation revealed that the 
expression levels of four autophagy regulators, AUTOPHAGY6 (ATG6), 
ATG8g, ATG18h and VACUOLAR PROTEIN SORTING34 (VPS34) were el-
evated. This study also reported an intriguing role for the Rab GTPase, RAB 
GTPASE HOMOLOG G3B (RABG3B) in promoting autophagy in TE cells 
(Kwon et al., 2010). Over the years, roles for calcium, nitric oxide, proteases 
such as metacaspase MC9, XYLEM CYSTEINE PEPTIDASE1 (XCP1), XCP2, 
XYLEM SERINE PROTEINASE 1 (XSP1) and nucleases such as BIFUNC-
TIONAL NUCLEASE 1 (BFN1) have been established to be important for pro-
grammed cell death and autolysis of tracheary elements (reviewed in Escamez 
and Tuominen, 2014). Apart from these, mutation in a gene encoding for an 
enzyme involved in thermospermine synthesis, ACAULIS5 (ACL5), has been 
shown to control the timing of TE cell death as the vessel elements in acl5 
mutants underwent cell death earlier compared to the wild type (Muñiz et al., 
2008). Supporting these results, chemical inhibition of thermospermine bio-
synthesis using xylemin resulted in excess xylem differentiation (Yoshimoto 
et al. 2016). However, what is the trigger for the initiation of programmed cell 
death in TEs is still an unanswered question. 
 



 25 

The deposition of lignin to the secondary cell wall, providing further structural 
stability and physical properties required for efficient water transport, occurs 
in parallel to the programmed cell death process. The addition of lignin to the 
secondary cell wall occurs post mortem (Pesquet et al., 2010) and the tracking 
of secondary cell wall formation process in cell culture systems have revealed 
how the xylem parenchymatous cells that coexist with the differentiating tra-
cheary elements play an important role in lignin deposition (Pesquet et al., 
2013). The non-cell autonomous lignification of TEs has been shown to be 
dependent on PIRIN2 (PRN2) which is expressed in cells adjacent to the dif-
ferentiating xylem cells (Zhang et al., 2019). A recent study revealed that in 
the irx3 mutants the pattern of deposition of lignin in the SCW was not de-
pendent on the pattern of cellulose deposition thereby genetically isolating the 
two processes (Takenaka et al., 2018). In the Zinnia elgans cell culture system, 
ethylene production was found to correlate with xylem differentiation 
(Pesquet and Tuominen, 2011) and chemical inhibition of ethylene signaling, 
using silver thiosulfate (STS), inhibited lignification of the SCW while cellu-
lose deposition proceeded normally. Interestingly, STS affected TE cell death 
thereby revealing a dependence of xylem lignification on the cell death pro-
cess (Pesquet and Tuominen, 2011). Even though a role for ethylene in xylem 
differentiation has been suggested through cell culture studies, the function of 
ethylene biosynthetic and signaling genes in TE differentiation under in vivo 
conditions has not been clearly established.  

Transcriptional regulators of xylem differentiation 
HD-ZIP III transcription factors not only specify identity and maintain vascu-
lar cell number but are also involved in xylem differentiation. ATHB8 directly 
activates the expression of ACL5, a negative regulator of xylem differentia-
tion, hence maintaining procambial cells in an undifferentiated state (Baima 
et al., 2014; Muñiz et al., 2008). Auxin is integrated into this regulatory net-
work through MP which activates ATHB8 which in turn activates ACL5. 
ACL5, through thermospermine production, exerts a negative feedback regu-
lation on HD-ZIP III TFs by suppressing auxin signaling. Furthermore, xy-
lemin-mediated inhibition of thermospermine biosynthesis and auxin treat-
ment had synergistic effects on xylem differentiation. Xylemin treatment en-
hanced YUCCA2, MP and ATHB8 expression and resulted in increased xylem 
differentiation (Yoshimoto et al., 2012; Yoshimoto et al., 2016). Therefore, 
auxin and HD-ZIP III transcription factors regulate the timing of xylem dif-
ferentiation through their control of thermospermine levels. 
 
The TMO5/T5L1-LHW dimers, that have key roles in establishing proper di-
vision pattern and cell number of the vascular cells, activate the expression of 
ACL5 in the Arabidopsis root meristem (Katayama et al., 2015). Interestingly, 
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simultaneous overexpression of LHW and T5L1 resulted in ectopic xylem dif-
ferentiation indicating their role in the xylem differentiation process as well. 
Transcriptional reporter lines revealed the expression domain of ACL5 not 
only in the xylem precursor cells in the root apical meristem but also in the 
differentiation zone. In the lhw plants, the ACL5 expression in the meristem 
was specifically downregulated establishing their role as activators of ACL5 
specifically in this domain of the root. Thermospermine, hence ACL5, posi-
tively regulates the translation of SUPPRESSOR OF ACAULIS51 (SAC51), 
SACL2 and SACL3 (Katayama et al., 2015). SACL3 was then found to sup-
press the function of TMO5/T5L1-LHW complex by competing with 
TMO5/T5L1 for binding to LHW (Katayama et al., 2015). The TMO5/T5L1-
LHW-ACL5 pathway is another complex negative feedback loop where the 
positive regulation of xylem differentiation by TMO5/T5L1-LHW complex is 
balanced by the activation of ACL5, a suppressor of xylem differentiation. 
Auxin, through MP, is able to control two negative feedback loops, ATHB8-
ACL5 and TMO5-ACL5. This complex regulatory network determines the 
rate of xylem differentiation and provides avenues to manipulate xylem dif-
ferentiation in response to environmental perturbation. The roles of HD-ZIP 
III TF, TMO5/LHW and auxin in controlling various aspects of vascular de-
velopment from specification to differentiation adds to the complexity in stud-
ying one of these processes in isolation.  
 
Synchronized xylem induction systems in Arabidopsis or Zinnia cell cultures 
serve as an excellent technique to dissect different steps of the xylem devel-
opment process. In support of this, the in vitro cell culture systems have been 
instrumental not only in tracking different stages of xylem differentiation but 
also in identifying transcription factors and hormones that regulate this pro-
cess. Brassinosteroids were identified to be key for xylem differentiation be-
cause inhibiting brassinosteroid biosynthesis using uniconazole prevented the 
activation of secondary cell wall biosynthesis genes (Fukuda, 1997; Yama-
moto et al., 1997). Kubo et al., employed the Zinnia cell culture system and 
performed temporal transcriptomic analyses to identify transcription factors 
that acted as master regulators of xylem differentiation (Kubo et al., 2005). 
This study identified seven NAC domain transcription factors, VASCULAR 
RELATED NAC DOMAIN1-7 (VND1-7) that were upregulated during xylem 
differentiation and were expressed in the Arabidopsis root vasculature. Over-
expression of all seven transcription factors resulted in ectopic secondary cell 
wall deposition (Endo et al., 2015) while Arabidopsis VND6 and VND7 over 
expressing lines showed ectopic secondary cell wall that resembled metaxy-
lem and protoxylem respectively (Kubo et al., 2005). How they accomplish 
this feat is still a process under investigation. But several studies have identi-
fied components around the VND transcription factor network. Transient ac-
tivation assays using the VND7 promoter revealed several upstream regulators 
such as BZIP1, GATA5, GATA12, REV, LBD15, LBD30, SND2 and 
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ANAC075. Apart from these, all seven VND genes were able to activate 
VND7 (Endo et al., 2015). VND7 acts through MYB domain transcription fac-
tors MYB46 and MYB83 to regulate the expression of secondary cell wall bi-
osynthetic genes (Zhong and Ye, 2012). Interestingly, genes which are down-
stream of VND7, such as LBD30, MYB46, XCP1 and CESA7, were also acti-
vated by VND1-5 suggesting that there is some degree of redundancy between 
the different members of the VND subfamily (Endo et al., 2015). Using an 
inducible VND7 over expression system, a recent study tested the role of 
VND7 in mediating the switch to xylem fate (Turco et al., 2019). They found 
that switch to xylem fate occurred after VND7 expression crossed a certain 
threshold but the previously identified downstream targets, MYB46 and 
MYB83, were not involved in the cell fate switch (Turco et al., 2019). Future 
studies on the candidate genes from this study will add clarity to the process 
of VND mediated cell fate acquisition and xylem differentiation. 
 
XYLEM NAC DOMAIN 1 (XND1), another member of the NAC transcrip-
tion factor family acts as a negative regulator of xylem differentiation (Zhao 
et al., 2008). Loss of function xnd1 mutants displayed early metaxylem differ-
entiation in the presence of proteasome inhibitor MG132 and overexpression 
lines showed undifferentiated xylem cells that failed to undergo secondary cell 
wall deposition and cell death (Zhao et al., 2008). Overexpression of a XND1 
ortholog from poplar also resulted in similar inhibition of xylem differentia-
tion (Grant et al., 2010). The negative regulation of xylem differentiation by 
XND1 was dependent on its physical interaction with RETINOBLASTOMA-
RELATED (RBR) protein (Zhao et al., 2017). Studies on hybrid poplar iden-
tified PagKNAT2/b as a negative regulator of xylem differentiation (Zhao et 
al., 2019). Interestingly, KNAT2/6b directly activated the poplar ortholog 
PagXND1a suggesting how they might inhibit xylem differentiation (Zhao et 
al., 2019). A recent study implicated XND1 mediated xylem differentiation as 
a factor regulating hydraulic conductance of roots (Tang et al., 2018).  
 
The expression dynamics of a large number of genes involved in the biosyn-
thesis of secondary cell wall components need to be coordinated for proper 
SCW deposition. Taylor-Teeples et al., performed a large-scale yeast one hy-
brid study to identify the hierarchy of transcription factors that functioned as 
master regulators of secondary cell wall formation. This study identified that 
the transcription factor E2Fc bound to the promoters of several secondary cell 
wall biosynthesis genes. Most importantly, E2Fc was upstream of MYB46, 
VND6 and VND7. VND6 and VND7 have been shown to regulate MYB46 
expression and the yeast one hybrid data revealed that the VNDs can also di-
rectly control the expression of several SCW biosynthesis genes. This study 
predicted a regulatory network where E2Fc mediated activation of VND7 re-
sulted in the activation of several cell wall related genes. Apart from the direct 
effect of VND7 on cell wall biosynthetic genes, VND7 also activated them 
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indirectly by repressing REV, a repressor of xylem differentiation (Taylor-
Teeples et al., 2015). ATHB8 on the other hand has been shown to positively 
regulate xylem differentiation (Baima et al., 2001) suggesting that the differ-
ent members of the HD-ZIP III transcription factor family might have differ-
ent roles in this process. A closer investigation into the interplay between dif-
ferent members of the HD-ZIP III TF family and the VND transcription fac-
tors will help identify how identity specification is linked to xylem differenti-
ation.  
 
The detailed characterization of the vascular developmental pathway with the 
identification of regulators for different stages of vascular development serves 
as an excellent starting point to dissect how the environment can impact dif-
ferent aspects of vascular plasticity. 

Drought stress and the plant vascular system 
In the Glossary of Meteorology, drought is defined as a prolonged period of 
dry weather that causes severe water imbalance. However, agricultural 
drought is denoted by the lack of sufficient soil water to grow a certain crop 
(Wilhite and Glantz, 1985). Since roots are the initiation point for water uptake 
from the soil, several breeding programs around the world are currently work-
ing to identify root traits that enhance water uptake capacity and improve sur-
vival during drought periods. These studies have largely focused on alterations 
to the root system architecture resulting in the conclusion that a deeper root 
system with more lateral roots is better suited under water limiting conditions 
(Fromm, 2019). While these studies have been extremely useful in identifying 
drought tolerant cultivars, it is likely that one solution might not be suitable 
for all conditions. Hence, a thorough consideration of all the factors that can 
influence water conductance and water use efficiency (WUE) would be essen-
tial to combat drought occurring in different regions of the world. 
 
To understand how a plant responds to conditions of low water availability, it 
is necessary to comprehend the modes of water uptake into the root under 
optimal conditions. The movement of water from the roots to the shoot occurs 
passively and is mediated by the water potential gradient created due to tran-
spiration at the stomata. However, the flow of water from the soil into the root 
depends on the anatomy of the root and the characteristics of tissues surround-
ing the stele (Steudle and Peterson, 1998). Our current knowledge on the 
transport mechanisms are mainly from studies done on maize primary roots 
(Steudle and Peterson, 1998). Maize roots consist of an epidermis, cortex, en-
dodermis with Casparian strip, protoxylem and metaxylem. Each cellular 
layer offers a certain amount of hydraulic resistance depending on their phys-
ical and chemical properties. The radial flow of water into the root occurs 
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through three modes: 1. Flow of water through the apoplast, 2. Through the 
plasmodesmata (symplastic) and 3. Through the cell (transcellular). The dif-
ferentiated endodermis and exodermis of roots contain a lignified Casparian 
strip and suberin lamellae (Geldner, 2013) . The presence of these hydropho-
bic polymers in the apoplastic space provide resistance for radial water 
transport. The transcellular transport of water is mediated by aquaporin pro-
teins that are localized to the plasma membrane and form pores that allow 
entry of water and solutes (Chaumont and Tyerman, 2014). The membrane 
permeability to water depends on the activity of aquaporins since water cannot 
pass efficiently through the lipid bilayer of the plasma membrane. A method 
employing deuterated water to visualize the flow of water using neutron to-
mography and hence estimate the contribution of different transport routes 
was designed recently (Zarebanadkouki et al., 2019). Using this technique, the 
authors estimated that, in lupin roots, the water flux through the apoplast was 
higher than the transcellular route. However, at the endodermis, the apoplastic 
movement was blocked suggesting that water passes through other pathways 
across this cell layer (Zarebanadkouki et al., 2019). This is supported by the 
high expression level of some aquaporins in this layer (Hachez et al., 2006; 
Maurel et al., 2015).  
 
The flow through xylem vessels depend on the diameter of the vessel with 
smaller diameter vessels having lower conductance compared to wider ones 
(Steudle and Peterson, 1998). In a typical Arabidopsis root, the protoxylem 
vessels are narrower than the metaxylem. Hence, just based on vessel geome-
try, the metaxylem would serve to transport the bulk of water to the shoot. 
Analysis of xylem diameters in different parts of trees in species such as Bet-
ula pendula, Picea abies and Pinus sylvestris showed that vessels with the 
largest diameters were present in the root where the conductivity should be 
higher and the diameters tapered in different parts of the shoot (Lintunen and 
Kalliokoski, 2010). Since roots are the plant organs mainly responsible for soil 
water uptake, morphological plasticity of the root is key for survival under 
water limiting conditions. Radial transport of water from the soil into the stele 
is largely dependent on the cortical and endodermal cell layers while axial 
movement to the shoot is dependent on xylem vessel characteristics. An effi-
cient acclimation to water limitation might involve anatomical changes to all 
these root tissue types. So, does the water transporting xylem tissue respond 
to water stress? 

 
Studies on roots of P. abies, stem of oak saplings and poplar on their response 
to drought stress showed that plants acclimatized to stress by reducing the di-
ameter of their vessels but increasing the number of vessels thereby maintain-
ing a constant total xylem area (Arend and Fromm, 2007; Eldhuset et al., 2012; 
Fonti et al., 2013). The decrease in vessel diameter has been hypothesized as 
an effort to reduce the occurrence of embolisms during drought conditions 
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(Brunner et al., 2015). Similarly, in Astragalus gombiformis Pomel, water lim-
iting conditions reduced root xylem diameter and increased root xylem density 
(Boughalleb et al., 2014). In soybean, enhanced drought resistance was at-
tributed to an increase in root metaxylem number (Prince et al., 2017). In re-
sponse to water deficit, wheat cultivars that have adapted to water limitation 
responded with an increase in metaxylem number at root-shoot junction and a 
reduced number in the lower part of the root. On the other hand, the metaxy-
lem diameter showed an opposite pattern with a decrease towards the root-
shoot junction and an increase near the root tip (Kadam et al., 2015). However, 
the tolerant rice cultivar, Nagina 22, did not show such changes (Kadam et al., 
2015). The response in the xylem diameter and area in the tolerant wheat cul-
tivar suggests that the plasticity in these xylem characteristics maybe im-
portant for adaptation to stress. In another study, on exposure to drought stress 
Nabatat Asmar, an Egyptian rice cultivar, showed an increase in stele area at 
the basal part of nodal roots and more accumulation of lignin in the stele. In-
terestingly, the lignification reduced in the outer cell layers thereby reducing 
the resistance to radial flow of water into the stele (Hazman and Brown, 2018). 
These observations on evolutionarily distant species point to the root xylem 
development being a plastic trait and to be involved in response to water stress.  
 
A few studies have recently attempted to identify genetic regulators of differ-
ent root phenotypic trait plasticity in response to water stress. A large scale 
GWAS study quantifying 35 different root phenotypic traits among 274 rice 
cultivars revealed a number of candidate loci that could influence phenotypic 
plasticity under water deficit. KANADI1 (KAN1) and SCR homologs were 
identified as loci important for regulating metaxylem diameter under water 
deficit. This study also identified some homologs of well-known regulators of 
radial growth such as BREVIPEDICELLUS1 (BP1), CALLOSE SYNTHASE 
(CAS), and LHW as candidates that could influence root diameter, metaxylem 
diameter and metaxylem number respectively during normal growth condition 
(Kadam et al., 2015; Liebsch et al., 2014; Ohashi-Ito and Bergmann, 2007; 
Vatén et al., 2011). Two MYB domain transcription factors in apple, 
MdMYB88 and MdMYB124 were shown to influence hydraulic conductivity 
under long-term water limiting conditions by affecting root xylem density and 
diameter. The MdMYB88/MdMYB124 overexpression lines displayed a higher 
vessel density and diameter even under control conditions and this improved 
root hydraulic conductivity. The two MYB transcription factors were also 
shown to directly activate the expression of MdVND6 and MdMYB46 (Geng 
et al., 2018).  
 
Even though xylem traits have emerged as an important adaptive trait to confer 
drought tolerance, our understanding of the genetic networks regulating these 
changes, apart from a few scattered observations, is still in its infancy. In this 
thesis, I provide some evidence for how the stress hormone, abscisic acid 
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(ABA) is integrated into the vascular development pathway and discuss how 
further studies on this pathway can not only pave way for the identification of 
novel vascular regulators but also help accelerate breeding of tolerant varieties 
to combat the effects of climate change. 

Abscisic acid biosynthesis, transport and signaling 
ABA plays an important role in controlling germination, lateral root develop-
ment, abiotic stress response and senescence (Duan et al., 2013; Schippers et 
al., 2015; Nakashima and Yamaguchi-Shinozaki, 2013). The ABA biosynthe-
sis pathway shares its first steps with the carotenoid synthesis pathway. The 
commitment to ABA biosynthesis occurs at the step catalyzed by 9-CIS-
EPOXYCAROTENOID DEOXYGENASE (NCED). NCEDs catalyze the 
conversion of both 9-cis violaxanthin and 9’-cis-neoxanthin into xanthoxin 
(Schwartz et al., 1997a). The last two steps in the ABA biosynthesis pathway 
involve the conversion of xanthoxin to abscisic aldehyde by ABA2 and the 
subsequent conversion of abscisic aldehyde into abscisic acid by ABSCISIC 
ALDEHYDE OXIDASE (AAO) (Schwartz et al., 1997b). ABA3 encodes for 
a sulfurase involved in the activation of AAOs (Bittner et al., 2001). Loss of 
function mutants of ABA2 and ABA3 show reduced ABA levels confirming 
their roles in ABA biosynthesis (Schwartz et al., 1997b). Interestingly, ABA2 
and AAO3 are expressed in the vascular cells indicating them to be the sites of 
ABA synthesis  (Endo et al., 2008). ABA is stored in its inactive form as gly-
cosyl ester conjugate in the vacuoles and apoplast. During stress, the conju-
gated ABA is translocated into the endoplasmic reticulum and converted into 
its active form (Lee et al., 2006; Schroeder and Nambara, 2006). Several stud-
ies have shown that during stresses such as drought, ABA is produced in the 
root and transported to the shoot through the xylem leading to a physiological 
response in the stomata (Jiang and Hartung, 2008; Wilkinson and Davies, 
2010). However, this has been contradicted by studies showing that ABA is 
synthesized in the shoot and that this is sufficient to elicit a stress response 
(Ikegami et al., 2009). Based on our current knowledge, it is not clear how the 
long-distance transport of ABA is controlled and its role in stress response. 
Recent studies have identified two ATP-BINDING CASSETTE G (ABCG) 
type transporters, ABCG25 and ABCG40, to be involved in ABA export and 
import respectively (Kang et al., 2010; Kuromori et al., 2010). The nitrate 
transporter, NITRATE TRANSPORTER1.2 (NRT1.2) was identified as an 
ABA importer and transcriptional reporters for NRT1.2 revealed its expression 
domain to encompass the vascular tissue of roots, stem and leaves suggesting 
that ABA might be actively imported into the stele (Kanno et al., 2012). Apart 
from NRT1.2, three other members belonging to this family were identified 
as ABA importers (Kanno et al., 2012). While these transporters have been 
suggested to play a role in movement of ABA from root to shoot, it is currently 
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unknown if short-range movement is important for ABA accumulation in cer-
tain cell types of the root. 
 
Core members of the ABA signaling pathway include the PYRABACTIN RE-
SISTANT (PYR)/PYR like (PYL)/REGULATORY COMPONENT OF ABA 
RECEPTOR (RCAR) family of receptors, type 2C protein phosphatases 
(PP2Cs), SNF1-RELATED PROTEIN KINASES (SnRKs) and downstream 
transcription factors which control a number of ABA responsive genes (Cutler 
et al., 2010; Leung et al., 1994; Ma et al., 2009; Meyer et al., 1994; Nishimura 
et al., 2010; Park et al., 2009; Santiago et al., 2009; Fujii et al., 2009). A chem-
ical screen for mutants insensitive to pyrabactin, an ABA analog and interac-
tion studies with the PP2Cs led to the identification of ABA receptors (Ma et 
al., 2009; Park et al., 2009). So far, 13 members of the PYR/PYL/RCAR fam-
ily have been identified to act as ABA receptors (Fujii et al., 2009). In Ara-
bidopsis, 76 PP2C genes have been identified. However, only 6 PP2Cs, ABA 
INSENSITIVE1 (ABI1), ABI2, HYPERSENSITIVE TO ABA1 (HAB1), HAB2, 
ABA HYPERSENSITIVE GERMINATION1 (AHG1) and AHG3, have been 
implicated in the core ABA signaling pathway (Hirayama and Shinozaki, 
2007). The kinases that are part of the core signaling pathway include three 
members of calcium independent SnRK2 kinase subfamily, SnRK2.2, 
SnRK2.3 and SnRK2.6 (Fujii and Zhu, 2009). Apart from the above-men-
tioned core components of ABA signaling network, several other proteins 
have been implicated to have roles in ABA perception and signaling (reviewed 
in Cutler et al., 2010). The mechanism of ABA perception and activation of 
downstream signaling involves binding of ABA to the receptor, ABA bound 
receptors undergoing conformational change and their subsequent interaction 
with the PP2Cs (Miyazono et al., 2009; Weiner et al., 2010). In the absence of 
ABA, the PP2Cs interact with kinases and keep them inactive by preventing 
autophosphorylation. Upon ABA binding to the receptor, PP2Cs interact with 
the ABA bound receptor resulting in loss of inhibition on the kinases (Park et 
al., 2009; Fujii et al., 2009; Umezawa et al., 2009). The PP2C-PYL/PYR com-
plex is then directed to a ubiquitin mediated proteasome degradation pathway 
(Ludwików, 2015). Recently, crystal structures of SnRK2.3 and SnRK2.6 
have revealed a two-step mechanism of SnRK activation involving stabiliza-
tion of the protein structure followed by an autophosphorylation event (Ng et 
al., 2011). The phosphorylated SnRK2 kinases can then phosphorylate down-
stream transcription factors and activate them for transcription (Miyazono et 
al., 2009). Most of the characterized transcription factors, such as ABI5, ABA 
RESPONSIVE ELEMENT BINDING FACTOR1 (ABF1), ABF2, ABF3 and 
ABF4, that are activated by SnRK2 belong to the bZIP family while recent 
studies have revealed roles for WRKY transcription factors also in this path-
way (Hirayama and Shinozaki, 2007; Hirayama and Shinozaki, 2010; Yama-
guchi-Shinozaki and Shinozaki, 2006).  
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Cell type specific ABA signaling and the phenotypes it 
impacts  
Physiological changes happen in different tissue of the plant in response to 
external stimuli and some of these responses are dependent on ABA accumu-
lation and downstream responses. Initial estimation of ABA accumulation in 
response to various stresses depended on quantification using mass spectrom-
etry (Rock and Zeevaart, 1991). While a mass spectrometry-based approach 
has the advantage of simultaneous measurements of different hormones to in-
vestigate crosstalk, the data obtained does not have tissue level spatial resolu-
tion. The poor spatial resolution has been overcome by the design of genet-
ically encoded fluorescence resonance energy transfer (FRET) based biosen-
sors, ABACUS and ABAleon, to visualize ABA levels at a cellular resolution 
(Jones et al., 2014; Waadt et al., 2014). The visualization of ABAleon sensor 
after application of ABA to different tissues revealed that the movement of 
ABA occurred from leaves to root but did not travel in the opposite direction 
(Waadt et al., 2014). However, the disadvantage associated with these sensors 
is that the expression of these biosensors in planta have been shown to cause 
ABA related phenotypes (Jones et al., 2014; Waadt et al., 2014). Im-
munostaining approaches have been a good compromise and have revealed 
that under non-stressed conditions, ABA is primarily located in the endoder-
mal cell layer of the Arabidopsis root. On exposure to exogenous ABA, the 
increase in in vivo ABA accumulation is prominent in the endodermis and 
stele (Ondzighi-Assoume et al., 2016). This indicates that the endodermis and 
the stele might be sites of ABA response during stress. Recently, synthetic 
ABA response reporters were designed based on the cis element bound by 
ABA responsive bZIP transcription factors (Wu et al., 2018). These reporters 
revealed that under control conditions, ABA response mediated by the bZIPs 
was restricted to the quiescent centre (QC) and initials (Wu et al., 2018). Sup-
porting the role for ABA signaling in the QC for root meristem maintenance, 
ABA biosynthesis and signaling mutants displayed divisions in the QC cells 
(Han et al., 2010; Zhang et al., 2010). The reporters also showed that upon 
exogenous treatment with ABA or salt stress, ABA response was activated in 
all cell types of the root suggesting different cell types of the root respond to 
external stimuli (Wu et al., 2018). 
 
Several studies have dissected the cellular requirement of ABA response that 
are important for specific physiological changes that occur in response to abi-
otic stresses. Duan et al., identified that salt stress induced by high levels of 
NaCl resulted in quiescence of the lateral root for a certain time period and 
this was dependent on ABA signaling in the endodermis of lateral roots. A 
cross talk been ABA and gibberellic acid (GA) signaling in the endodermis 
was important for lateral root quiescence (Duan et al., 2013). Endodermal 
ABA signaling in the differentiation zone was found to be important for 
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suberization of the endodermis under normal growth conditions and during 
stress. In this case, ethylene was found to antagonize ABA since ethylene re-
duced endodermal suberization and ABA enhanced it (Barberon et al., 2016). 
In both these cases the dependence on ABA signaling was studied by express-
ing abi1-1, a dominant gain of function allele of ABI1, to suppress ABI1 me-
diated ABA signaling, in specific cell types (SCR for lateral root, ELTP for 
endodermis suberization). In another study, SnRK2.2, SnRK2.3 mediated 
ABA signaling was found to be crucial for root hydrotropic response (Dietrich 
et al., 2017). The snrk2.2 snrk2.3 mutants failed to sense changes in water 
availability but expression of SNRK2.2 only in the cortex layer of the mutant 
root restored its hydrotropic response. Interestingly, ABA’s enhancement of 
root growth at low concentrations was also dependent on cortical ABA sig-
naling (Dietrich et al., 2017). Taken together, the studies on ABA’s role in 
hydrotropism, lateral root formation and suberin lamellae formation empha-
size the importance of cell-type specific ABA signaling in responding to abi-
otic stress. 
 
In Papers II and III, we have identified a role for the hormone ABA in xylem 
development and show how the integration of ABA signaling node into the 
xylem development program is key for plasticity of this tissue in response to 
water deficit. We have also uncovered the different cell types in the root that 
are involved in mediating ABA dependent xylem alterations.  
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Research Aims 

The main objective of this thesis is to understand the genetic mechanisms that 
regulate patterning and differentiation of the Arabidopsis root vascular tissue 
and its response to environmental perturbations. To achieve this, I have inves-
tigated to answer the following questions 

 
1- How to maintain robustness in patterning the vascular tissue dur-

ing normal growth conditions? (Paper I and II) 
2- How is environmental sensing integrated into vascular develop-

ment program? To answer this, we have focused on the influence 
of ABA on phenotypic plasticity. (Paper II and III) 
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Results and Discussion 

HD-ZIP III TFs-auxin interplay is important for xylem 
axis stability  
When the conditions are optimal, the patterning and development of the Ara-
bidopsis root vascular system is a robust process with little variation between 
individuals (Carlsbecker et al., 2010; Rybel et al., 2016). For example, xylem 
in the Arabidopsis seedling root consistently comprises of a single axis of 5-6 
cells with two peripheral protoxylem and 3-4 central metaxylem. How can this 
level of robustness be achieved? To answer this, we focused on identifying 
the mechanism by which the HD-ZIP III TFs regulate vascular patterning. 
 
The activity levels of HD-ZIP III TFs specify xylem fate in the Arabidopsis 
root with higher and lower activity specifying metaxylem and protoxylem fate 
respectively (Carlsbecker et al., 2010) . The gain of function, phb-7d, and the 
loss of function, athb8 cna phb phv, mutants display conversion from proto-
xylem to metaxylem and metaxylem to protoxylem respectively (Carlsbecker 
et al., 2010). The expression of AHP6, a key regulator of protoxylem for-
mation (Mähönen et al., 2006), was lower in phb7d mutants consistent with 
the loss of protoxylem observed in these mutants (Carlsbecker et al., 2010). 
Conversely, the quadruple loss of function mutants displayed an expanded 
pAHP6::GFP expression in the central part of the stele (Carlsbecker et al., 
2010). Since AHP6 expression in the root xylem axis has been shown to be 
dependent on high auxin levels (Bishopp et al., 2011), we hypothesized that 
an altered auxin signaling in the HD-ZIP III mutants could cause the changes 
in AHP6 expression. Visualization of the auxin response reporter, 
DR5rev::GFP, in athb8 cna phb phv mutant background and in an estradiol 
inducible pCRE1::XVE>>MIR165A line revealed that the auxin response do-
main expanded into more cells upon HD-ZIP III downregulation (Paper I). 
Thus, seedlings with reduced HD-ZIP III TF levels display an increase in 
auxin response in the root apical meristem and an altered xylem pattern sug-
gesting that suppression of auxin signaling by the HD-ZIP III transcription 
factors might be required for patterning the xylem axis.  
 
Transcriptomic analyses of the miR165 induction line and HD-ZIP III loss of 
function mutants showed that reduction in HD-ZIP III levels altered the tran-
script levels of several auxin signaling regulators (Paper I). Among the 
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differentially expressed genes, we found two candidates that encoded for non-
canonical INDOLE-3-ACETIC ACID INDUCIBLE (IAA) proteins, IAA20 
and IAA30 (Sato and Yamamoto, 2008). IAA20 and IAA30 showed reduced 
expression upon induction of miR165 suggesting that they were activated by 
the HD-ZIP III TFs. Reporter analysis showed that pIAA30::n3GFP was ex-
pressed in the xylem axis indicating a possible direct control by the HD-ZIP 
III TFs (Paper I). The iaa20 iaa30 plants displayed ectopic protoxylem while 
35S::IAA30 lines showed predominantly break in protoxylem strands with oc-
casionally metaxylem forming in protoxylem position. The phenotypic simi-
larities of the 35S:IAA30 lines with the phb-7d mutant suggested that in-
creased IAA30 levels in phb-7d mutants might be causal for the phenotype. 
Confirming this hypothesis, introduction of iaa30 into phb7d mutant back-
ground, partially suppressed the phb7d phenotype (Paper I). Taken together, 
our results show that the HD-ZIP III TFs control auxin response in the xylem 
axis through their transcriptional regulation on non-canonical IAA proteins 
(Paper I).  
 
The lack of DII domain in the non-canonical IAAs is thought to prevent their 
degradation in response to auxin perception and hence act as negative regula-
tors of auxin signaling (Dreher et al., 2006; Sato and Yamamoto, 2008). Con-
sistent with this, the IAA30 overexpression lines phenocopied a weak hypo-
morphic mp mutant suggesting that IAA30 proteins might act to repress MP 
activity (Paper I) and that the increased auxin response seen in HD-ZIP III 
loss of function mutants might be due to elevated MP activity caused by 
IAA30 downregulation. Interestingly, the expression of MP has been shown 
to be downregulated in response to miR165 induction suggesting that HD-ZIP 
III TFs activate MP (Baima et al., 2014). ChIP experiments revealed a direct 
binding of PHB to the MP as well as IAA20 promoters confirming PHB’s role 
as an activator of both positive and negative regulators of auxin response (Pa-
per I). Based on these results, we suggest a mechanism involving the stabili-
zation of auxin response in the xylem axis by the HD-ZIP III transcription 
factors to be important for maintenance of a robust xylem pattern (Paper I). 
 
Apart from IAA20 and IAA30, there are 4 other non-canonical IAA proteins, 
IAA31, IAA32, IAA33 and IAA34 (Dreher et al., 2006). The roles of the other 
non-canonical IAA proteins in root vascular development and if they are inte-
grated into the HD-ZIP III TF-auxin network is currently unknown. Single 
cell RNA sequencing experiments have revealed that IAA31 is also expressed 
in root xylem cells and the overexpression of IAA31 has been shown to result 
in cotyledon vascular defects supporting their possible roles in root vascular 
development (Ryu et al., 2019; Sato and Yamamoto, 2008). A recent study 
implicated IAA33 in the negative regulation of ARF10 and ARF16 activity 
and in iaa33 mutants, auxin response was higher in the stele compared to the 
wild type (Lv et al., 2019). While auxin did not have a transcriptional response 
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on IAA33, the accumulation of IAA33 was controlled by MITOGEN ACTI-
VATED PROTEIN KINASE 14 (MPK14) dependent phosphorylation of 
IAA33. Similarly, the auxin induced accumulation of IAA32 and IAA34 has 
also been shown to be controlled by another kinase, TRANSMEMBRANE 
KINASE I (TMK1) in a TIR1 independent manner (Cao et al., 2019). It would 
be interesting to investigate if the accumulation of IAA20 and IAA30 in the 
xylem is also controlled by kinase dependent phosphorylation and reveal how 
such multilayered regulation in auxin response might provide consistency in 
vascular patterning. 
 
Auxin and its downstream responses have roles in almost all aspects of plant 
life (Leyser, 2018; Weijers and Wagner, 2016). The control of multiple devel-
opmental programs by auxin brings forth an issue of how to influence the de-
velopment of one tissue without affecting another. For example, a shift in 
gravity vector results in the asymmetric distribution of auxin which drives ex-
pansin mediated cell elongation (Esmon et al., 2006). How to redistribute 
auxin asymmetrically to provide gravitropic response but not allow these fluc-
tuations to alter developmental stability of the vascular system? In the root 
apical meristem, a gradient of PLT proteins generated by growth dilution de-
termines root meristem size and timing of differentiation (Galinha et al., 
2007). In this case, altering the gravity vector resulted in a rapid redistribution 
of auxin but PLT levels stayed constant (Mähönen et al., 2014). This has been 
attributed to the high PLT protein stability making them insensitive to rapid 
changes in auxin distribution. A similar high protein stability or a slow auxin 
activation for the HD-ZIP III TFs has not been reported so far. Another way 
to provide stability in the xylem domain against auxin perturbations would be 
to modulate auxin responses in vascular cells using genetic regulators, HD-
ZIP III TFs, that control vascular development. Our results suggest that there 
is a tight integration of auxin signaling components to the xylem development 
program and this mechanism could be involved in providing stability to the 
vascular system while other auxin regulated processes are perturbed.  
 
While maintenance of a robust pattern is important, the sessile lifestyle of 
plants renders responding to environmental perturbations and exhibiting de-
velopmental flexibility crucial for plant survival. In order to understand how 
developmental plasticity is coded into the vascular development program we 
focused on the phytohormone, ABA, that is integral in plant response to the 
environment.  
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Basal ABA levels and signaling are required for xylem 
formation 
The functions of ABA have largely been described in light of its role in coor-
dinating responses to several abiotic stresses (Zhu, 2016). However, some of 
the ABA biosynthesis and signaling mutants show developmental defects 
even under non-stressed conditions suggesting a role for this hormone during 
normal development (Finkelstein, 2013; Fujii and Zhu, 2009). So, we explored 
if core ABA signaling components were integrated into the xylem develop-
mental program. We found that ABA biosynthesis mutants displayed discon-
tinuous xylem strands and this aberrant xylem morphology of the aba2-1 mu-
tants could be rescued by growth on media supplemented with 5nM ABA sug-
gesting that the reduced ABA levels in these mutants was the primary reason 
for the phenotype. These results are supported by the similar phenotypes 
caused by Fluridone (Flu) (Bartels and Watson, 1978), an ABA biosynthesis 
inhibitor, on wild-type plants and the subsequent rescue by co-treatment with 
ABA (Paper II). Taken together, basal ABA levels in the Arabidopsis root 
are required for proper xylem formation. 
 
Canonical ABA signaling is dependent on the inhibition of the phosphatase 
ABI1, a negative regulator of ABA signaling, upon ABA perception by the 
PYL/PYR/RCAR class of receptors (Park et al., 2009). We found that abi1-1 
mutant, in which a point mutation renders the protein insensitive to ABA 
(Leung et al., 1994) and leads to suppression of ABA signaling, phenocopied 
the ABA biosynthesis mutants (Paper II and III). ABA mediated inhibition 
of PP2Cs activates the SnRK2 subfamily members, SnRK2.2, SnRK2.3 and 
SnRK2.6 (Fujii and Zhu, 2009; Fujii et al., 2007). The triple mutants 
snrk2.2/2.3/2.6 in which ABA signaling is completely blocked have been 
shown to have severely compromised growth and are not viable (Fujii and 
Zhu, 2009). Analysis of the snrk2.2/2.3 double mutants and snrk2.6 single 
mutant (Fujii and Zhu, 2009; Fujii et al., 2007), in which ABA signaling is 
partially suppressed, did not alter the vascular pattern when grown under con-
trol conditions (Paper III). Based on single cell transcriptome data, all three 
kinases are expressed in the procambial and xylem precursor cells indicating 
a possible redundancy in function (Fujii and Zhu, 2009; Ryu et al., 2019). The 
activated SnRKs phosphorylate and activate bZIP transcription factors, ABA 
RESPONSIVE ELEMENT BINDING FACTOR1 (ABF1), ABF2, ABF3, ABF4 
and ABA INSENSITIVE 5 (ABI5) (Choi et al., 2000; Jakoby et al., 2002; 
Nakashima et al., 2009). The ABFs, particularly, ABF1,3 and 4 have been 
shown to have overlapping targets, meaning one could expect a high degree 
of redundancy at this level of ABA response as well (Song et al., 2016). In the 
future, it will be interesting to study the expression domains and higher order 
mutant phenotypes of the SnRKs, their downstream bZIP transcription factors 
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and identify the genes they target to reveal possible roles they might play in 
mediating Arabidopsis xylem development.  
  
In summary, our results reveal that reducing ABA biosynthesis levels or sup-
pressing ABI1 mediated signaling caused the formation of breaks in xylem 
strands. A similar phenotype but only in the protoxylem vessel has been ob-
served in ahp6 mutants (Mähönen et al., 2006). In these mutants the breaks 
are caused due to cells in the protoxylem positions retaining their stem cell 
nature and eventually even start to divide. Is this what happens upon ABA 
treatment as well? Some hints about ABA’s role emerges from studies on the 
secondary vascular development in ABA biosynthesis mutants (Campbell et 
al., 2018). Through time course transcriptomic analysis after induction of xy-
lem expansion in the Arabidopsis hypocotyl, Campbell et al., identified ABA 
biosynthesis genes to be upregulated during the formation of phase II xylem, 
a period of growth when the rate of xylem development is higher than that of 
phloem and the formation of xylem fibers occur. Analysis of ABA biosynthe-
sis mutants revealed that there was a delay in phase II xylem formation and 
hence fiber differentiation (Campbell et al., 2018). Similarly, a delay in the 
suberization of the endodermis has been observed in ABA biosynthesis and 
signaling mutants (Barberon et al., 2016). Therefore, it is possible that the xy-
lem breaks seen during primary vascular development are due to basal ABA’s 
effect on xylem differentiation rather than on cell identity determination indi-
cating that ABA probably acts downstream of auxin/cytokinin mediated pat-
terning and specification of vascular identity. 

The endodermal ABA signaling influences xylem 
development non-cell autonomously 
Investigations into signaling components of various hormones have revealed 
that they can have both cell autonomous and non-cell autonomous effects 
(Möller et al., 2017; Ubeda-Tomás et al., 2009). Studies using the tissue spe-
cific expression of abi1-1 has revealed that ABA signaling in specific cell 
types are required for primary root and lateral root development during salt 
stress and in the differentiation of endodermis (Barberon et al., 2016; Duan et 
al., 2013; Geng et al., 2013). A similar strategy revealed that suppressing ABA 
signaling in any of the stele cell types did not affect xylem formation under 
non-stressed conditions (Paper II and III). In contrast, suppression of ABA 
response in the ground tissue or epidermal cell layers could recapitulate the 
defects seen in abi1-1 mutants suggesting that under non-stressed conditions, 
the effect of ABA signaling on xylem development is primarily non-cell au-
tonomous (Paper II and III).  
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Immunostaining studies have shown that under non-stressed conditions, ABA 
is localized to the endodermal cell layer of the root and suppression of ABA 
signaling in this layer has been shown to delay suberization of the endodermis 
(Barberon et al., 2016; Doblas et al., 2017; Ondzighi-Assoume et al., 2016). 
ABA signaling suppression by expressing abi1-1 under the SCR promoter re-
sulted in xylem breaks indicating that continuous xylem formation, like endo-
dermal suberization, was dependent on basal ABA signaling in the endo-
dermis (Barberon et al., 2016; Doblas et al., 2017; Ondzighi-Assoume et al., 
2016; Paper II). In the study on endodermal suberization, the use of CASP1 
and ELTP1 promoters, specific to the differentiated endodermis, to express 
abi1-1 revealed ABA’s role in the differentiation zone of the root (Barberon 
et al., 2016). In our study, we used the SCR promoter which is expressed in 
the endodermis of the entire root (DiLaurenzio et al., 1996; Kobayashi et al., 
2017). In the future, it would be interesting to resolve if ABA signaling that is 
important for xylem development is dependent on signaling in the differenti-
ation zone. 
 
The endodermally expressed microRNAs, miR165/166 have been shown to 
play an essential, non-cell autonomous role in controlling xylem development 
through their action on HD-ZIP III TFs (Carlsbecker et al., 2010). Pharmaco-
logical block of ABA biosynthesis by Flu resulted in decreased transcription 
of MIR165A. In addition to this, quantification of mature miR165 levels after 
endodermal ABA signaling suppression showed a reduction in mature 
miR165 levels. This correlated with an increase in transcript levels of the 
miRNA targets, HD-ZIP III TFs (ATHB8 and REV). Furthermore, single and 
double loss of function HD-ZIP III mutants showed partial insensitivity to Flu 
suggesting the requirement of HD-ZIP III activation for Flu induced xylem 
breaks (Paper II). In summary, endodermal ABA signaling is required for the 
proper activation of MIR165A and reducing ABA signaling or biosynthesis 
resulted in lower miR165 levels causing aberrant xylem development.  
 
The results from Paper II has identified ABA as another factor in the rapidly 
expanding vascular regulatory network controlling developmental stability. 
Interestingly, like auxin, ABA signaling pathway also shows a tight integra-
tion with the HD-ZIP III pathway. So, do the HD-ZIP III transcription factors 
act at the intersection of the auxin and ABA response pathways? ChIP studies 
have revealed that PHB regulates ABA homeostasis and response through di-
rect regulation of a gene coding for an enzyme involved in deconjugation of 
ABA-glucosyl ester, BETA-1,3 GLUCANASE 1 (BG1), and ABI4 suggesting 
that PHB not only controls auxin signaling regulators (Paper I) but is also 
involved in maintaining proper ABA signaling and levels (Yan et al., 2016). 
ABA has been shown to promote Arabidopsis root meristem maintenance in 
a MP dependent manner (Zhang et al., 2010). On the other hand, the agravi-
tropic growth caused by treatment with inhibitors of auxin transport was 
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suppressed in ABA biosynthesis mutants (Han et al., 2009) suggesting that the 
action of the two hormones are dependent on each other in certain contexts. 
While no role for the HD-ZIP III transcription factors have been reported in 
gravitropism response, gain of function phb7d mutants display a reduced me-
ristem size (Carlsbecker et al., 2010) providing a possible scenario where the 
three components intersect to maintain meristem size. The xylem phenotypes 
observed in the ABA and auxin signaling mutants indicate that while the 
auxin-HD-ZIP III interaction is important for early specification of xylem 
identities and patterning, the ABA-HD-ZIP III interaction might act more at 
the later stage of xylem differentiation. Further studies to understand the dif-
ferent levels of regulation between these pathways would answer how devel-
opmental robustness is achieved in patterning and differentiation of the xylem. 

Exogenous ABA alters root xylem morphology and 
differentiation rate 
The integration of ABA signaling into the vascular regulatory network raises 
an interesting question: Does the increase in ABA levels caused by environ-
mental perturbations influence xylem development? In other words, does the 
Arabidopsis root xylem display ABA mediated developmental plasticity? In-
deed, we found that the growth of wild-type plants in the presence of exoge-
nous ABA or water limiting conditions resulted in changes to xylem morphol-
ogy and differentiation rates indicating that plants could employ stress medi-
ated enhancement of ABA levels to alter xylem development (Paper II and 
III). The treatment with ABA or growth in media with low water potential 
resulted in the formation of protoxylem or reticulate xylem in outer metaxy-
lem position, extra protoxylem strands and also increased the xylem differen-
tiation rate (Paper II and III, Fig. 1B). Characterization of the xylem re-
sponse dynamics to ABA revealed that 8h was the minimum time required to 
observe significant xylem morphology changes and was sufficient to cause 
changes to the secondary cell wall pattern of xylem forming in the outer met-
axylem position from pitted to reticulate (Paper III). The continued ABA 
treatment over longer periods resulted not only in an increase in the frequency 
of the reticulate xylem phenotype but also caused the formation of protoxylem 
like spiral SCW pattern in the outer metaxylem position and an extra protoxy-
lem next to the existing protoxylem vessel (Paper II and III).  
 
The reticulate xylem seen in ABA treated plants is particularly striking since 
this SCW pattern normally doesn’t occur in young Arabidopsis roots. It has 
been shown previously that the pattern of deposition of SCW is controlled by 
the recruitment of cellulose synthase complexes to specific region by the cor-
tical microtubules (Gardiner et al., 2003). The formation of secondary cell 
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wall free regions, pits in the case of metaxylem, is due to the selective depol-
ymerization of cortical microtubules by MIDD1 (Oda et al., 2010) . The 
changes in SCW pattern brought about by ABA provides an opportunity to 
investigate the mechanisms behind the dynamics of microtubule reorganiza-
tion. Interestingly, ABA has been shown to influence microtubule depolymer-
ization during stomatal closure suggesting the possibility for a similar role in 
xylem SCW formation (Jiang et al., 2014) .  
 
In addition to the effect on xylem morphology, ABA had a major effect on the 
xylem differentiation rate as well, indicated by the presence of a differentiated 
metaxylem (with SCW) closer to the meristem even in conditions where root 
growth was not compromised (Paper III). The early xylem differentiation ob-
served upon ABA is strikingly similar to the ABA induced early suberization 
of the endodermis (Barberon et al., 2016). In the future, ABA can be used as 
a tool to investigate the coordination of differentiation programs of these two 
tissues and also identify if this extends into other cell types of the roots (such 
as root hair formation in the epidermis) revealing ABA’s function as a general 
differentiation regulator.  
 
The transfer of ABA treated seedlings back to mock conditions to understand 
how plants develop their vascular system after an initial period of stress re-
vealed that removal of ABA from the media resulted in a complete reversion 
of xylem developmental program suggesting that the ABA mediated changes 
to the developmental program are plastic, not permanent and requires contin-
uously high ABA levels or signaling (Paper III). These results support the 
hypothesis that the plant might alter its vascular system as an acclimation to 
stress and when conditions become ideal, normal developmental program is 
followed. However, metabolite profiling has revealed that when plants expe-
rience drought stress, ABA levels increase rapidly but go down after a few 
days (Weng et al., 2016). This decrease in ABA levels is due to the catabolic 
conversion of ABA into its hydroxylated form and then into phaseic acid (PA) 
or neo phaseic acid. A recent study identified that the life time of PA is longer 
than ABA and that PA accumulates in large quantities after stress (Weng et 
al., 2016) leading to the hypothesis that PA might be important for long term 
response to stress. ABH2 encodes for a protein that plays a role in the conver-
sion of PA into an inactive form dihydrophaseic acid (DPA) and abh2-1 mu-
tants which showed increased PA levels were tolerant to water deficit condi-
tions supporting their function in mediating stress responses. Furthermore, 
even though ABA and PA activated a common set of genes, the response was 
much stronger to ABA compared to PA (Weng et al., 2016). Our results sug-
gest that the continued presence of ABA was required for the ABA mediated 
xylem phenotypes arguing against the role for an ABA catabolite such as PA 
in this process. However, it is possible that the different dynamic range in the 
action of ABA and PA might mean that in our treatment conditions, we do not 
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allow for sufficient accumulation of PA to observe its role. In the future it 
would be interesting to perform long term treatments with PA to understand 
how plants respond to extended periods of drought. We find that the effect of 
ABA on the xylem phenotype is diverse; affecting both morphology and dif-
ferentiation rate. It would be interesting to test if there is a sub functionaliza-
tion of ABA and its catabolite products in mediating different xylem responses 
to understand if certain modifications play a role in long term stress acclima-
tion.  
 
Interpretations of phenotypes that are caused in response to stress can be tricky 
due to the difficulty in isolating the symptomatic changes from the adaptive 
ones. Studies on various species have shown a xylem response to drought that 
is similar to those observed in our study suggesting that the altered xylem net-
work can help in stress acclimation (Arend and Fromm, 2007; Brunner et al., 
2015; Fonti et al., 2013). Functional evidence for these changes being useful 
comes from a Genome Wide Association Study (GWAS) that identified 
XND1, a negative regulator of xylem differentiation as a candidate gene that 
influences root hydraulic conductivity. Loss of function mutations in this gene 
result in faster differentiation of xylem with no apparent changes to root 
growth and these plants displayed enhanced tolerance to drought stress (Tang 
et al., 2018). Hence, it is highly likely that the ABA induced changes to xylem 
developmental program are useful for acclimation to low water availability 
and the identification of genetic regulators of this process would help breed 
for drought tolerance. A straightforward but unspecific way to improve toler-
ance to drought would be to use plants that overproduce ABA. This strategy 
has been employed in the design of the ABA overproducing tomato transgenic 
line, sp12. A recent study made some striking observations regarding the sp12 
transgenic lines grown on well-watered conditions. While the sp12 lines ex-
hibited improved water use efficiency under these conditions, it was also more 
vulnerable to xylem embolisms (Lamarque et al., 2019). This increased vul-
nerability in sp12 plants would lead to a higher risk of hydraulic failure under 
water deficit conditions. Hence, it is important to understand the genetic 
mechanisms behind ABA’s influence so that appropriate pathways can be ma-
nipulated to bring forth specific trait modifications.  
 
Components of the ABA signaling pathway have been shown to be important 
for mediating salt stress, nutrient stress and hydrotropism responses (Barberon 
et al., 2016; Dietrich et al., 2017; Duan et al., 2013; Geng et al., 2013) . Similar 
to these effects, ABI1 mediated ABA signaling was also important for modi-
fications to xylem morphology and differentiation rate (Paper II and III). 
Mutants of SnRK kinases, snrk2.2 snrk2.3, that have been shown to control 
cortical cell expansion to influence hydrotropic movement of roots, showed a 
partial suppression of ABA mediated xylem morphology changes but did not 
affect ABA’s influence on xylem differentiation rate (Paper III; Dietrich et 
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al., 2017). Additionally, mutations in the phylogenetically related SnRK2.6 
kinase did not affect ABA response suggesting a redundant role with the other 
SnRKs (Paper III). It would be interesting to test if the hydrotropic responses 
seen by Dietrich et al., are accompanied by changes to xylem development 
(Dietrich et al., 2017) . 
 
The SnRK2 kinase activated bZIP transcription factors bind to cis elements 
referred to as ABA responsive elements (ABREs) in the promoters of down-
stream targets and alter their expression (Choi et al., 2000; Yoshida et al., 
2015). Similar to the DR5 auxin response reporter that is based on auxin re-
sponsive elements (AuxREs) (Ulmasov et al., 1997), an ABA response re-
porter based on ABREs to visualize ABA response domains has been recently 
published (Wu et al., 2018). Wu et al., showed an activation of ABA response 
in all cell types of the root apical meristem upon exogenous ABA and upon 
salinity stress treatments (Wu et al., 2018). Similarly, water limiting condi-
tions resulted in a broad activation of ABA response in the epidermis, endo-
dermis, cortex and in the stele (Paper III). Detailed characterization of the 
stele ABA response domain through optical cross sections showed that the 
vascular ABA response maxima was localized to the xylem precursor cells 
and xylem pole pericycle cells indicating that ABA signaling occurs in the 
xylem domain. Supporting the role for xylem cells in ABA response, the sup-
pression of ABA signaling by xylem specific abi1-1 transactivation revealed 
that the suppression of ABA signaling in the xylem axis effectively blocked 
both ABA’s effect on xylem morphology and on differentiation rate. How-
ever, suppression in the ground tissue affected mainly ABA mediated xylem 
morphology changes (Paper II and III). Taken together, we show that canon-
ical ABA signaling functions through cell autonomous and non-cell autono-
mous pathways to alter the vascular system during stress. While cell autono-
mous pathway functions in the formation of reticulate xylem/protoxylem in 
outer metaxylem as well as in the enhancement of xylem differentiation rate, 
the non-cell autonomous pathway had a major influence on the shift to retic-
ulate xylem/protoxylem in outer metaxylem position and only slightly af-
fected xylem differentiation rate (Paper II and III). 

Core xylem development regulators are involved in 
ABA mediated phenotypic plasticity 

The miR165-HDZIP III pathway is co-opted to mediate stress response 
Basal ABA signaling acts non-cell autonomously through the control the 
MIR165A transcription (Paper II) prompting the hypothesis that this pathway 
could also be employed when ABA levels increase (on exposure to stress) to 
affect xylem morphology. The effect of water deficit on xylem morphology 
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was reduced when abi1-1 was expressed specifically in the endodermis sug-
gesting that ABA signaling in the endodermis is important during stress (Pa-
per II). Further, the phenotype, protoxylem in outer metaxylem position, ob-
served in ABA treated seedlings is similar to those seen upon reduction of 
HD-ZIP III activity (Paper II; Carlsbecker et al., 2010). The role for miR165 
to be the non-cell autonomous endodermal signal is supported by the elevated 
mature miR165 levels observed upon exposure to exogenous ABA/water lim-
iting conditions and the subsequent reduction in HD-ZIP III transcript levels 
(Paper II). The different HD-ZIP III members act redundantly in this process 
since ABA treated HD-ZIP III double mutants showed a stronger phenotype 
and resembled higher order HD-ZIP III mutants (Paper II). The involvement 
of HD-ZIP III transcription factors is further supported by recent results re-
vealing the partial insensitivity of miRNA resistant phb1-d mutants to ABA 
(Bloch et al., 2019). Thus, both during non-stressed and stress conditions, 
ABA signaling acts through the miR165-HD-ZIP III pathway to influence xy-
lem development. 

Stelar ABA signaling acts through VND transcription factors to modify 
root xylem  
The early xylem differentiation phenotypes caused by ABA is similar to those 
observed in loss of function xnd1 mutants (Zhao et al., 2008; Tang et al., 
2018). XND1 is expressed in the xylem cells and hence might serve as an ideal 
candidate to mediate cell autonomous effects of ABA. However, the early xy-
lem differentiation phenotype in xnd1 loss of function mutants was enhanced 
by treatment with ABA suggesting that there are additional players in this 
pathway (Paper III). Expression analysis of well characterized xylem devel-
opment regulators revealed that the expression of a number of VASCULAR 
RELATED NAC DOMAIN (VNDs) and MYB domain transcription factors 
was rapidly upregulated (as early 2h) by ABA. Since the VNDs have been 
shown to act upstream of the MYBs in regulating secondary cell wall for-
mation (Taylor-Teeples et al., 2015), we focused on members of the VND 
transcription factor family that responded to ABA. Transcriptional reporter 
analysis showed that VND1, VND2, VND3 and VND7 are expressed in par-
tially overlapping patterns in the root meristem. While VND1 and VND2 are 
specific for the metaxylem precursor cells, VND7 is expressed in the protoxy-
lem precursors. VND3 expression domain encompasses the entire xylem axis 
overlapping with all the other three VNDs. This showed that the VND expres-
sion domain and the domain of ABA response important for xylem develop-
mental changes overlapped (Paper III). Corroborating the relation between 
the two, the upregulation of VND1, VND2 and VND3 seen after ABA treat-
ment was dependent on ABA signaling in the xylem precursors. The activa-
tion of VND7, however, depended on ABA signaling both in the xylem axis 
and in the ground tissue suggesting that the endodermal signal, miR165, could 
also function through VND7 (Paper II). Supporting their role in ABA 
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mediated xylem responses, vnd2 vnd3, vnd1 vnd2 vnd3 and vnd7 mutants 
showed altered response to ABA. Strikingly, the mutant analyses revealed that 
the two phenotypic effects mediated by ABA, on xylem morphology and xy-
lem differentiation rate, were dependent on specific VNDs. While the conver-
sion to protoxylem and the formation of reticulate xylem was partially blocked 
in the vnd7 mutants, ABA’s role in enhancing xylem differentiation rate was 
suppressed in the vnd2 vnd3 mutants.  
 
Furthermore, under normal growth conditions, the vnd2 vnd3 mutant and the 
triple mutant vnd1 vnd2 vnd3 displayed large xylem breaks showing striking 
resemblance to the phenotypes observed in abi1-1 or when ABA signaling 
was suppressed in the ground tissue (Paper II and III). Expression analysis 
revealed that under mock condition, the expression of VND1 and VND2 was 
reduced when ABA signaling was suppressed in the ground tissue layer sug-
gesting that the miR165-HD-ZIP III pathway might function through the 
VNDs to cause xylem defects under non-stress conditions (Paper III). In sum-
mary, these results suggest that the different members of the VND transcrip-
tion factor family play an important role in different aspects of ABA mediated 
modification of the xylem network during stress and might also have roles in 
mediating the effects of basal endodermal ABA signaling. The genetic isola-
tion of the two different phenotypes caused by ABA provides avenues for test-
ing the contribution of the different phenotypes under different stress condi-
tions. 
 
The presence of cell-autonomous and non-cell autonomous regulation of xy-
lem development by ABA (Fig. 2) raises the question about the need for such 
a complex regulation. ABA levels increase in response to a number of stresses, 
however the phenotypic responses to these stresses are specific. The specific-
ity could be brought about by compartmentalizing stress responses to specific 
cell types. The vascular phenotypes observed upon ABA treatment provides 
an excellent way to test this hypothesis. We have observed that water limiting 
conditions result in changes to xylem SCW pattern causing the switch to re-
ticulate xylem/protoxylem in outer metaxylem position and early xylem dif-
ferentiation. Interestingly, salt stress results in enhanced xylem differentiation 
but does not cause changes to SCW pattern (Bloch et al., 2019; Taylor-Teeples 
et al., 2015). The availability of spatio-temporal transcriptomic data analyzing 
the changes that occur in response to salt stress provides an opportunity to 
identify how some of the regulators involved in water limiting conditions be-
have in response to salinity stress (Geng et al., 2013). Such comparisons can 
then be used to identify differences in genetic regulation that might influence 
unique phenotypes caused by different stresses. 
 
In our study, we have investigated the changes to the vascular system caused 
by water deficit in in vitro conditions. While in vitro growth can help dissect 
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the genetic pathways acting under a particular stress condition, usually in na-
ture several stresses coexist. A meta-analysis of transcriptional response to 
various biotic and abiotic stresses in rice showed that a significant number of 
genes responded similarly in biotic and abiotic stress conditions (Cohen and 
Leach, 2019). Jasmonic acid (JA) has been shown to be important in plant’s 
response to biotic as well as abiotic stresses (Kazan, 2015; Wasternack and 
Hause, 2013). A striking observation from the meta-analysis was that a num-
ber of JA responsive genes responded to ABA as well (Cohen and Leach, 
2019). So, does the vascular system change under biotic stress conditions as 
well? Are similar vascular developmental regulators involved is response to 
biotic factors too? 
 
Evidence for JA’s role in vascular development comes from a study on stolons 
of potato plants where exogenous JA treatment resulted in early protoxylem 
differentiation (Cenzano et al., 2003). The mechanism behind this process was 
shown in Arabidopsis where JA treatment induced the expression of an amine 
oxidase gene, AO1, in the xylem causing early differentiation of protoxylem 
(Ghuge et al., 2015). Copper amine oxidases such as AO1 produce hydrogen 
peroxide as a result of polyamine oxidation and the early xylem differentiation 
caused by JA coincided with an accumulation of hydrogen peroxide in the root 
(Ghuge et al., 2015). Treatment with scavengers of hydrogen peroxide abol-
ished the early xylem differentiation effect of JA (Ghuge et al., 2015). Strik-
ingly, the expression domain of AO1 was localized to the protoxylem and met-
axylem cells in the transition and differentiation zones which has been shown 
to be the location of hydrogen peroxide accumulation (Tsukagoshi et al., 
2010). Interestingly, ABA has been shown to function through the production 
of hydrogen peroxide in stomatal closure (Zhang et al., 2001). It would be 
interesting to investigate if ABA through its regulation on xylem developmen-
tal regulators increases hydrogen peroxide levels to cause the increase in xy-
lem differentiation rate. 
 
A recent study has shown that MeJA treatment causes the formation of extra 
protoxylem by suppression of cytokinin signaling (Jang and Choi, 2018; Jang 
et al., 2017). The formation of extra xylem required long treatment periods of 
3-7 days and was caused by differentiation of a procambial cell. This is similar 
to the response we observe with ABA, where longer treatment times caused 
the formation of extra protoxylem. It is indeed surprising that two hormones, 
ABA and JA, involved in stress responses give rise to presumably similar xy-
lem phenotypes. Understanding the cross talk between the two hormone sig-
naling pathways might help understand how vascular response happens when 
both biotic and abiotic stress factors coexist. Several observations already pro-
vide evidence for such an interaction. The xnd1 mutants, which display higher 
hydraulic conductance due to increased xylem differentiation, were also more 
susceptible to pathogens (Tang et al., 2018). Conversely, several reports have 
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shown that exposure to infectious agents such as fungi or viruses rendered the 
plants resistant to drought stress (Dastogeer et al., 2018; Xu et al., 2008; Re-
usche et al., 2012). One such study on the infection of fungal pathogen Verti-
cillium longisporum investigated the phenotypic changes observed in re-
sponse to the fungal infection and how it might contribute to enhanced drought 
tolerance (Reusche et al., 2012). Interestingly, the infection resulted in the 
trans-differentiation of bundle sheath cells into xylem cells and also caused a 
higher proportion of xylem in the vascular bundle of leaves, stem and roots. 
The infected plants which displayed de novo xylem formation were drought 
tolerant compared to their non-infected counterparts. The formation of these 
extra xylem upon infection was dependent on VND7 because suppression of 
VND7 activity by expressing VND7-SRDX under a Verticillium infection in-
ducible promoter reduced the amount of de novo xylem formation. The 
drought tolerance caused by the fungal infection was abolished in the VND7 
suppression lines supporting the relationship between the extra xylem for-
mation and tolerance to water stress (Reusche et al., 2012). It remains to be 
seen if this relationship between fungal infection and drought tolerance is rel-
evant under natural conditions and if ABA and JA interact to accomplish this. 

ABA’s role in xylem differentiation is widespread in 
other developmental and evolutionary contexts 
Arabidopsis and tobacco cell suspensions consisting of inducible VND7 or 
VND6 constructs have shown that xylem differentiation can be induced by the 
overexpression of these VND TFs (Yamaguchi et al., 2010). Since we found 
that ABA could upregulate the expression of a number of VNDs we speculated 
that ABA could be used in a similar xylem induction system. Recently, an in 
vitro tissue culture system, Vascular Cell Induction Culture System Using Ar-
abidopsis Leaves (VISUAL), was developed to study phloem and xylem dif-
ferentiation in Arabidopsis cotyledons (Kondo et al., 2016). In this system, 
addition of bikinin, a GLYCOGEN SYNTHASE KINASE3 (GSK3) inhibitor 
along with the reprogramming factors, auxin and cytokinin, could promote the 
trans-differentiation of mesophyll cells into xylem. Similar to this system, the 
addition of ABA along with auxin and cytokinin caused ectopic xylem differ-
entiation in Arabidopsis cotyledons (Paper III). This ABA mediated shift in 
identity from mesophyll to xylem cells was dependent on ABI1 indicating an 
important role for canonical ABA signaling in this process. Further, vnd1 vnd2 
vnd3 and vnd7 mutants displayed reduced ectopic xylem area compared to the 
wild type showing that ABA acts through these factors also during the trans- 
differentiation process. In support of ABA’s integration into the vascular de-
velopment program, we also found that early xylem differentiation seen upon 
ABA in Arabidopsis was also observed in Solanum lycopersicum, Nicotiana 
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benthamiana and Phtheirospermum japonicum (Paper III). ABA caused an 
activation of VND homologs in tomato suggesting a conservation in regula-
tory responses as well. Taken together, these results provide concrete genetic 
evidence for the general importance of ABA in promoting xylem differentia-
tion and that this might be evolutionarily conserved. 
 
The successful plant colonization of dry land depended on the development of 
tissues that were able to transport water. In the moss, Physcomitrella patens, 
water is taken up by the rhizoid cells and then hydroid cells of the stem and 
leaf aid in distribution to the entire gametophyte (Xu et al., 2014). The moss 
homologs of VNDs, PpVNS1, PpVNS4, PpVNS6 and PpVNS7 were found to 
play a role in the formation of hydroid cells in the leaves and stem (Xu et al., 
2014). It is tempting to speculate that the co-option of VND mediated vascular 
development pathway to stress response might have occurred early during 
evolution when plants moved to land. Recent investigations into the origin of 
ABA signaling pathway revealed that the genetic innovation leading to the 
dependence of the PP2C-SnRK signaling pathway on ABA was important in 
the movement to drier environments (Sun et al., 2019) and ChIP-seq studies 
in Arabidopsis have revealed that some of the VNDs might be under the direct 
regulation of ABRE binding factors, ABF3 and ABF4 (Song et al., 2016). 
Further characterization of ABA’s influence on hydroid cell formation and 
identification of transcription factor binding sites in PpVNS promoters would 
help answer the question if the ABA-VND regulatory network is an ancient 
one. 
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Figure 2: ABA regulates xylem plasticity by influencing xylem development 
regulators. In the wild-type root, consistent patterning of the xylem axis with proto-
xylem (P) in the periphery and metaxylem (M) towards the centre is dependent on 
the regulation of auxin signaling components, MP and IAA20/30, by the HD-ZIP III 
TFs (Middle panel, Paper I). Levels of the HD-ZIP III TFs are post transcription-
ally controlled by miR165/166, which move into the stele from the endodermis 
(Carlsbecker et al., 2010). The expression of MIR165A is dependent on ABA signal-
ing in the endodermal cell layer and suppression of ABA signaling in the endo-
dermis results in the downregulation of MIR165A causing elevated HD-ZIP III TF 
levels. This non-cell autonomous action of ABA signaling perturbs xylem develop-
ment causing breaks (X) (Left panel, Paper II). During water limiting conditions or 
in the presence of high ABA levels, ABA signaling acts both cell-autonomously 
through the VND TFs and non-cell autonomously through miR165 to alter xylem 
morphology and differentiation rate (Right panel, Paper II and III). Thus, by regu-
lating core xylem developmental regulators, ABA mediates xylem developmental 
plasticity in response to water limitation. The top row shows the radial cross section 
of the Arabidopsis root with the ABA signaling domains marked in green. The mid-
dle row shows a root cross-section image zooming in on the endodermal and stele 
cells with different xylem development regulators depicted in their expression do-
mains. The bottom row displays confocal micrographs of fuchsin stained roots visu-
alizing the xylem pattern under different conditions. P, M and R represents protoxy-
lem, metaxylem and reticulate xylem respectively. X marks the position of xylem 
defect. 
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Summary 

In this thesis, I have focused on deciphering the regulatory pathways that can 
influence primary xylem development with the main goal to identify genetic 
regulators that can influence developmental stability and flexibility of the Ar-
abidopsis vascular system.  
 
The miR165/166-HD-ZIP III TF regulatory network has a prominent role in 
the development of plant vascular system. Previous research has shown that 
HD-ZIP III TFs act together with auxin in this process. We have contributed 
to the understanding of this interplay between the two components by identi-
fying a transcriptional regulatory module downstream of the HD-ZIP III TFs. 
The HD-ZIP III transcription factors directly control the transcription of MP, 
an auxin signaling activator and IAA20, an auxin signaling repressor. We pro-
pose that through these genetic interactions, the HD-ZIP III transcription fac-
tors are able to maintain a steady level of auxin signaling in the xylem axis 
and hence maintain a stable xylem pattern. It remains to be seen the extent to 
which this pathway is involved in maintaining stability to environmental per-
turbations.  
 
Next, we identified a novel role for the hormone, ABA, in continuous xylem 
formation. During normal growth, the influence of ABA signaling is non-cell 
autonomous. The non-cell autonomous action of ABA is accomplished by its 
control over MIR165A transcription which affects HD-ZIP III levels in the 
vasculature. We also provide evidence for the role of this pathway in mediat-
ing responses to water deficit. Under water deficit conditions, the MIR165A 
levels increase causing the HD-ZIP III levels to decrease thus acting as medi-
ators of xylem developmental plasticity. 
 
Predictably, the miR165-HD-ZIP III pathway is not the only regulators of xy-
lem development during stress. We found that during water stress, ABA re-
sponse in the stele is activated. The vascular ABA signaling acts through the 
VND family of transcription factors to control xylem morphology and differ-
entiation. We also find that phenotypic response to ABA is similar in S. lyco-
persicum, N. benthamiana and P. japonicum alluding to the possibility of con-
servation in responses. We propose that the non-cell autonomous and cell au-
tonomous pathways might function during different stresses to elicit different 
phenotypic responses.  
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In light of these results, one could imagine a somewhat macroscopic view on 
Waddington’s landscape. Due to changes in global climate, the landscape 
looks much different from how it was a few years back and understanding 
how plants respond and cope with these changes have become all the more 
important. This thesis work has led to the identification of deviations that oc-
cur to the developmental path of xylem cells under water limiting conditions. 
A holistic approach of integrating these results with other water stress induced 
developmental changes will help breed for crops that display stellar perfor-
mance under drought.  
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Svensk sammanfattning 

Stabilitet och flexibilitet är två egenskaper som är essentiella för överlevnaden 
av alla livsformer på jorden. Även om de kan framstå som motsatser behöver 
dessa två egenskaper inte vara oberoende av varandra, eller som den kände 
baskettränaren John Wooden sagt: ”Flexibilitet är nyckeln till stabilitet”. I min 
avhandling fokuserar jag på dessa två aspekter när jag studerar ledningsväv-
nadens utveckling hos modellväxten Arabidopsis thaliana, och identifierar ge-
netiska mekanismer som ligger till grund för dess stabila och samtidigt flex-
ibla utveckling. Detta är viktigt eftersom förändringen i jordens klimat har 
reducerat tillgången till vatten för många jordbruksgrödor. Den alarmerande 
hastighet med vilken den globala temperaturökningen sker kräver att vi stude-
rar hur växter kan svara på klimatförändringarna.  
 
Växters ledningsvävnad består av två vävnadstyper, xylem, som transporterar 
vatten, och floem som transporterar fotosyntesprodukter. Vatten från jorden 
tas upp via rotens epidermis och rothår, och transporteras sedan från rötterna 
till skottet via xylemkärlen. I roten hos Arabidopsis anläggs vävnadernas cel-
ler i ett mycket robust mönster, som gör att man enkelt ser förändringar som 
orsakats av mutationer eller genom påverkan från omvärlden. I rotspetsen 
finns stamcellerna där cellernas identitet och vävnadernas mönster etableras. 
I mitten av roten bildas ledningsvävnaden som också kallas stelen. Centralt i 
stelen bildas en axel av xylemceller. Dessa anlägger en tjock sekundär cell-
vägg, och genomgår sedan programmerad celldöd. Resultatet blir ett rör ge-
nom vilket vatten kan transporteras. Xylemets kärl karaktäriseras som an-
tingen protoxylem eller metaxylem, beroende på hur deras sekundära cellväg-
gar ser ut; om de är spiralformiga eller porformiga. 
 
Koncentrationen av en specifik typ av reglerande protein, så kallade klass III 
homeodomän-leucin-zipper (HD-ZIP III) transkriptionsfaktorer, bestämmer 
att protoxylem normalt bildas i periferin av xylemaxeln och metaxylem i mit-
ten. Ett mikroRNA, miR165/166, bestämmer i sin tur koncentrationen av de 
här proteinerna. Dessa mikroRNAn bildas i endodermis, som ligger just utan-
för stelen, och de rör sig via plasmodesmata in till de yttre delarna av stelen, 
där de begränsar koncentrationen av HD-ZIP III faktorer. Vi har visat att HD-
ZIP III faktorerna i sin tur verkar genom att reglera tre faktorer, INDOLE-3-
ACETIC ACID INDUCIBLE20 (IAA20), IAA30 och MONOPTEROS (MP), 
vilka alla är viktiga för auxin-signalering. Hormonet auxin är en annan viktig 
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faktor som reglerar xylemets utveckling, och IAA20/IAA30 fungerar som ne-
gativa komponenter i auxinsignalering medan MP agerar positivt. Stabilitet i 
anläggningen av ledningsvävnaden regleras alltså genom att HD-ZIP III-fak-
torerna reglerar och balanserar auxinsignalering genom att aktivera både ne-
gativa och positiva auxinsignaleringskomponenter. 
 
Vi har också funnit att anläggningen av xylemcellerna är beroende av hormo-
net abskissinsyra (ABA). ABA-signalering sker i endodermis, och styr där ut-
trycket av MIR165A. Mutanter där ABA-signalering är påverkad får därmed 
en lägre nivå av miR165. Detta ger i sin tur en ökad koncentration av HD-ZIP 
III i stelen, vilket leder till att xylem-strängarna inte utvecklas normalt utan 
får brott vilket inte ger kontinuerliga rör. Hormonet ABA ökar snabbt under 
abiotisk stress, och inducerar stress-svar hos växten. Vi har funnit att ABAs 
kontroll av MIR165A-uttrycket också triggas när växten upplever brist på vat-
ten, för att ändra utvecklingen av xylemet som svar på stressen. Ökningen av 
ABA inducerar uttrycket av MIR165A och därmed nedregleras HD-ZIP III-
nivåerna. Den förändringen leder till bildning av extra protoxylemkärl. 
Bildandet av dessa extra protoxylemkärl är alltså kontrollerat på distans, av en 
icke cellautonom ABA-signalering.  
 
Nedreglering av ABA-signalering specifikt i endodermis blockerar dock inte 
samtliga effekter av ABA, vilket indikerar att parallella signalvägar för ABA 
påverkar xylemets svar på stress. Vi fann mycket riktigt att ABA-signalering 
också sker direkt i de omogna xylemcellerna, och cell-autonomt kontrollerar 
nivåerna av flera så kallade ’VASCULAR RELATED NAC-DOMAIN’ 
(VND) transkriptionsfaktorer. Vi fann också att dessa faktorer krävs för nor-
mal utveckling av xylemet under normala förhållanden. Under stress aktiveras 
dessa faktorer av ABA, och det leder till en förändring i den sekundära cell-
väggen på xylemet som går från porig över nätformig till spiralformig, och 
dessutom snabbas utvecklingen av xylemet på, så det mognar närmare rotspet-
sen. Vi fann även att liknande fenotypiska och molekylära svar på ABA också 
sker i andra avlägset besläktade arter, som tomat och tobak, vilket indikerar 
att ABAs påverkan på utvecklingen av xylemet är vida spridd bland blomväx-
terna.  
 
Vi har alltså funnit att flexibiliteten i utvecklingen av xylemet står under på-
verkan av omvärldsfaktorer, som verkar via faktorer som reglerar stabiliteten 
i dess utveckling. Omvärldens påverkan sker via ABA-signalering, vilken 
agerar både lokalt och på distans, cellautonomt och icke-cellautonomt. Iden-
tifieringen av genetiska faktorer som påverkar xylemets plasticitet öppnar för 
nya möjligheter att förädla jordbruksgrödor som är bättre anpassade till en 
värld med begränsad vattentillgång. 
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