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Abstract

Plants are known to adjust the orientation of their organs, shoot and root, to ensure maximal energy
generation and nutrient uptake, but also to avoid toxic growth conditions. Directional growth regulation
depends on asymmetric plant organ growth and it is crucial to ensure plant survival. It is orchestrated on
cellular level in concert with exogenous and intrinsic signals. Even though tropistic growth responses of
plants were described by Darwin on macroscopic level already in 1880, now it is necessary to understand

molecular mechanisms that underpin efficient modulation of directional plant growth.

During my studies I focused on factors that modulate directional root growth regulation. The root is a
complex, three-dimensional object, which continuously modifies its shape and growth path. Since the root
needs to expand its surface to supply the plant with nutrients and water, it is important to understand how
roots cope with changing growth conditions while exploring the soil. If the root cannot manage to grow
through soil efficiently, mechanical impedance and lack of resources will also restrict shoot growth as
well. Manifold signaling pathways coordinate the complex processes that underpin efficient root growth,
including those modulated by phytohormones, sugars, flavonoids and other metabolites. Detailed
mechanistic studies of how those signaling cascades are interconnected on subcellular level are still partly
missing. Previously published studies showed that the key molecular players, which are responsible for
the asymmetric distribution of auxin, often called a morphogen, delimit directional root growth and speed
depending on growth conditions, including changing energy supply. On molecular level, auxin distribution

is controlled through precise regulation of localization, abundance and activity of auxin carriers.

My thesis consists of published articles that demonstrate on one side the importance of molecular
regulation of a proteins involved in auxin distribution and thereby modulation of root growth.
Furthermore, I showed how the inability to steer directional root growth in mutants with delimited auxin
distribution in roots impairs the roots’ ability to react to exogenous growth conditions. My research
allowed to describe the importance of two highly conserved cysteines in the protein sequence of the auxin
transporter PIN-FORMED 2, which determine the protein abundance and subcellular distribution. This
results in different root waving pattern, which reflects the difficulty of the root to compensate deviation of
root growth that occurs when a root is grown on the surface of agar supplemented growth medium. The
intensive study of root growth dynamics further resulted in a better understanding of how cultivation
conditions affect orchestration of directional root growth. Therefore, in my follow-up publications I
described the relationship between exogenous signals and auxin dependent modulation of directional root
growth by observing root growth responses of mutants lacking either a well-studied plasma membrane

located auxin importers or exporters.



Finally, I contributed to two studies that dissect the interplay of efficient actin cytoskeleton assembly and
auxin homeostasis for proper root growth. I am highly interested in establishing novel methods to enhance
the sensitivity of mass-spectrometric analysis of phytohormonal metabolism. I measured and evaluated the
differences of hormone metabolism in mutants (i), lacking a central modulator of actin branching, ARP2/3
complex, and (ii), a mutant with altered phospholipid content that lacks two phosphatidylinositol 4-

kinases.

In summary, my efforts allowed to further dissect levels of directional root growth regulation, which is

highly dependent on fine-tuned auxin distribution and signaling in the root tip.



Souhrn

U rostlin je znamo Ze maji schopnost nasmérovat svoje Casti, jak pryt, tak kofeny, pro zabezpeceni
maximalniho zisku energie a pfijmu Zivin, ale taky pro moznost vyhnout se toxickym podminkam pro sviij
rust. Regulace sméru rustu, ktery zabezpecuje preziti rostliny, zavisi na schopnosti rostlinnych organt rist
asymetricky. Asymetricky rist je regulovan na buné¢né urovni na zakladé exogennich i internich signalt.
Jiz v roce 1880 Darwin popsal tropismy a smérovy rist na makroskopické tirovni; v soucasnosti je
nevyhnutelné pochopit molekularni mechanismy, které zajistuji efektivni regulaci smérového ristu

rostlin.

V ramci svého studia jsem se zamétil na mechanismy regulace sméru rtstu u rostlin. Kofen je komplexni
trojrozmérny objekt, ktery stale upravuje svlyj tvar a smér rustu. Vzhledem k tomu, Ze kofen potfebuje
zvétSovat svlj povrch, aby byl schopen zajistit pfisun Zivin a vody, je dilezité¢ pochopit, jak je kofen
schopen adaptaci na konstantné¢ se meénici ristové podminky zplsobené prortstanim dal do pudy
zvladnout. Pokud koten neni schopen prorustat ptidou efektivné kvili silnému mechanickému odporu
nebo nedostatku zivin, pak je ovlivnén i rlst prytu. Optimalni riist kofene je komplexni proces, na kterém
se podili rozmanita splet’ signalnich drah, které jsou ovlivnény rostlinnymi hormony, cukry, flavonoidy a
jinymi metabolity. Detailni studie propojeni téchto drah na bunééné trovni zatim chybi. Publikované
studie potvrdily vliv faktorG ovliviiujicich asymetrickou distribuci auxinu (n¢kdy téz oznacovaného jako
morfogen) na rychlost a smér rlstu kotene v zavislosti na okolnich podminkach, véetné dostatku energie.
Distribuce auxinu je na molekularni urovni kontrolovana pomoci regulace lokalizace, mnozstvi a aktivity

auxinovych pfenasecu.

Moje prace sestava z publikaci, poukazujicich na vyznam regulace proteinti dtlezitych pro distribuci
auxinu na molekularni Grovni, a zaroven ovliviujici riist kofenti. Dale poukazuji na ztratu schopnosti
kotent reagovat na vné&jsi podminky u mutantii s poruchou smerového ristu, kde je schopnost spravné
distribuce auxinu v kofeni narusena. Mj vyzkum umoznil popsat vyznam dvou vysoce konzervovanych
cysteind v proteinové sekvenci auxinového prenasece PIN-FORMED?2, kde tyto cysteiny urcuji abundanci
a subcelularni lokalizaci tohoto proteinu. Vysledkem zdmény téchto cysteind za alanin je zména ve
schopnosti korigovat smér rastu kofene, coz vede k odlisnému vzorci rlstu na kultivaénim médiu.
Intenzivnim studiem dynamiky kofenového rdstu jsem piispél k lepSimu pochopeni, jak kultivacni
podminky ovlivituji smérovy riist kofene. Proto jsem se v dalsich publikacich soustfedil na popis vztahi
mezi vnéjSimi signdly a smérovym ristem kofene v zavislosti na auxinu, a to pomoci sledovani ristovych
odpovédi mutantd, kterym chybi funkce nékterych proteinti podilejicich se na auxinovém transportu na

plasmatické membrang.



Nakonec jsem piispél svou praci ke dv€ma publikacim, které zkoumaji interakci mezi spravné sestavenym
aktinovym cytoskeletem a homeostazi auxinu pro zabezpeceni optimalniho riistu kotfene. Dal$im z mych
experimentalnich zajmt a zaméfeni je zlepSovani citlivosti metod hmotnostni spektrometrie pro méteni
metabolitl rostlinnych hormonti. Zméfil jsem a zhodnotil zmény hormondlniho metabolismu v mutantech,
které postradaji funkéni centrdlni modulator aktinového vétveni — komplex ARP2/3, a mutanti dvou

fosfatidylinositol-4-kinas, které maji zmény ve svém fosfolipidovém sloZeni.

V souhrnu, ma prace prispéla k rozklicovani riznych Grovni regulace smérového rustu kofene, ktery je

zavisly na pfesné nastavené regulaci distribuce auxinu a pfijmu auxinovych signalli v kofenové Spicce.



Abbreviations

Arp2/3 Actin related protein 2/3 complex

ArpC3 Actin related protein 2/3 complex subunit3
ArpC4 Actin related protein 2/3 complex subunit4
AUX1 AUXIN RESISTANT 1

D-root dark grown root system

Dz differentiation zone

EZ elongation zone

IAA INDOLE-3-ACETIC ACID

LatB Latrunculin B

LR lateral root

M meristem

PAT polar auxin transport

PI4KB162 PHOSPHATIDYLINOSITOL-4-PHOSPHATE KINASES 1 and 2
PIN2 PIN-FORMED 2

PM plasma membrane

TZ transition zone
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1. Aims

This cumulative thesis consists of published studies that dissect the importance of fine-tuned auxin
distribution and homeostasis for efficient modulation of directional root growth. Additionally, the studies
demonstrate the immense impact of exogenous growth conditions on the modulation of root growth

direction.

Therefore, the aims of the thesis cover:

a) Post-translational regulations of the plasma-membrane-located auxin efflux transporter PIN2 and

how they impact directional root growth modulation.

b) Effect of growth conditions on directional root growth and the importance of the auxin influx
carrier AUXI and efflux transporter PIN2 to counterbalance deviation of root growth depending

on exogenous stimuli.

¢) Analyzing auxin metabolism in mutants mimicking the auxin-related phenotypes.



2. Introduction.

2.1 Phytohormone auxin and its role in root growth modulation

Already in the 19th century, Charles and Francis Darwin described a compound (at that time still
chemically unidentified) that was regulating phototropic response. In 1928 Frits Went was able to isolate
the major, still unknown compound, that was later identified as indole-3-acetic acid, IAA, and named after
the Greek word auxein for 'to grow'; (/). Later on, more native compounds related to IAA were
discovered, such as indole-3-butyric acid (IBA) (2), 4-chloroindole-3-acetic acid (4-CI-IAA) (3) and
phenyl acetic acid (PAA) (4).

The phytohormone auxin is well-known for its fundamental role in orchestrating plant growth (3,
6, 15, 7-14) . Auxin transport, biosynthesis and metabolism are constantly modulated to build up the
necessary auxin gradients in the plant, which finally orchestrate developmental processes and shape the
plant architecture depending on environmental conditions (//, 16, 17). Auxin signaling modulates
transcription, translation and post-translational regulation of proteins, which result in altered cell
proliferation, elongation and subcellular reorganization (0, 11, 18, 19) Auxin is not produced all over the
plant, but it is required in all plant cells to orchestrate their development and adaptation (12, 13, 20-24) .
Auxin is primarily synthesized in young leaves, from where it is transported actively, with the assistance
of plasma membrane (PM)-integrated system of influx and efflux carriers, from cell to cell, building up
gradients, which underpin almost all growth processes. This process is known as polar auxin transport

(PAT) (13, 25).

IAA as a weak organic acid; its non-dissociated form allows for diffusion across the PM into the
cell, and its active influx, mostly via AUX1/LAX protein family, increases uptake speed by 10 to 20 fold
(26-28). Since the cytoplasm has a neutral pH, in which IAA dissociates into [AA-anion and proton, the
IAA-anion is trapped in the cell and it can be transported out of cells only via active export (29) through
PIN and/or ABCB proteins.

The modulation and regulation of PM localization of the auxin carriers were studied thoroughly
for PIN proteins. In contrast, less is known for AUX1/LAXes, maybe because of the importance of PINs
for mediating auxin flow directionality, while AUXI1 is needed “only” to maintain the appropriate
transport speed (9, 30, 39—42, 31-38) . In roots, the root-specific PIN2 spatial and temporal distribution
along the PM needs to be rapidly adapted to continuously changing environmental conditions, to allow the
efficient developmental and growth adaptation (11, 18, 40, 41, 43—47). In general, subcellular distribution
and intracellular trafficking of PIN proteins is maintained by reorganization of the endomembrane system

in concert with other organelles, including proper assembly of the cytoskeleton, which all depend on the



growth conditions of the plant (15, 40, 5658, 48-55). The impact of the so-called short looped PINs
(PINS, PIN6, PIN8) and members of other auxin transporting proteins upstream of directional root growth
control are less understood but also considered (/3, 59-64). Together with regulation of auxin
biosynthesis and its metabolic control, PAT defines local variations in the hormone levels, which are
perceived and transmitted to induce hormonally controlled adjustments in gene expression and activity
(60, 65-68). Different components of auxin signaling are known to orchestrate plant plasticity in shoot
and root. Among many responses in the root, root architecture, including root length, number of lateral
roots, and root hair development are affected. However, a detailed mapping of events required for

directional root growth adaptation is still under investigation (10, 15, 16, 67, 69-72).

2.2. Polar Auxin Transport

2.2.1 Auxin influx

Active auxin uptake into cells is mediated by influx carriers, represented predominantly by the
AUXINI/LIKE-AUX1 (AUXI1/LAX) protein family (73). The AUXI1/LAX family in Arabidopsis
thaliana consists of four highly conserved genes called AUXI, LAXI, LAX2, and LAX3 (39, 74). The most
studied family member is AUX1, followed by LAX3 (39). Whereas aux! mutants are agravitropic and
have a decreased number of lateral roots, /ax3 mutation results in delayed lateral root (LR) emergence,
and together, LAX3 and AUX1 act concomitantly to regulate lateral root development by regulating the
LR priming and emergence (75, 76) . Auxin uptake experiments in heterologous expression systems have
confirmed that AUX1 and LAXes are high-affinity auxin transporters (28, 77-80). AUX1 activity was
proven to be especially important for root development and growth adaptation, and in the root, it is
expressed in the columella, lateral root cap, epidermis, and stele tissues to mediate auxin transport from

shoot and root (27, 81, §2).

On the cellular level, AUX1 acts as an auxin and proton symporter to enhance auxin uptake by
10-20 fold, with maximum functionality at pH 5.7, which was supported by lophl, a loss-of-function
mutant of AUXI that exhibits diminished root growth at low pH (27, 83, 84). Furthermore, ATP
hydrolysis and H+ extrusion activities of the PM H+-ATPase were reduced in lophl roots, which together
with lower auxin redistribution along the root suggest that AUX1 activity is required to also modulate the
PM-H+-ATPase function (84). AUXI activity was also connected to cytoskeleton rearrangements, and
AUX1-mediated influx inhibits cell elongation immediately in the root (85—87). Detailed studies of the
spatial distribution of AUX1 using reduction of its expression in individual root tissues showed that

AUXI is required in the lateral root cap cells and epidermis cells to modulate directional root growth (27).



The epidermal auxin response is essential for establishing the gravitropic curvature, whereby a lateral
auxin gradient is supposed to influence the expansion ability of all cells in all elongation zone tissues (88).
Therefore, it was not surprising that our most recent publication described that AUX1 is involved in
directional root growth modulation and elongation rate orchestration in so-called root growth penetration

assays (82) See chapter 3.2.3.

Although no changes in AUX1 subcellular distribution upon induced tropistic stimuli were
observed, evidence for the AUX1 intracellular trafficking was delivered from studies dealing with mutants
of proteins involved in various intracellular sorting events (§9-97/). AUX1 abundance at the PM is
diminished under growth conditions requiring primary root growth stop, including exposure to toxic

compounds (92).

2.2.2 Auxin efflux
A well-studied protein family of auxin efflux transporters, the PIN-FORMED (PIN) proteins,

shows a rate-limiting and directional function in cellular auxin efflux (5, 93—-95). The family of
Arabidopsis PIN genes consists of eight members (PINI-PINS), and five out of corresponding proteins,
i.e. PIN1-4 and PIN7 proteins are located at the PM with partially polar distribution to define the auxin
gradient establishment (29, 52, 95-100) . PINI is expressed in the stele, which is involved in the rootward
auxin transport (101, 102). Redistribution of auxin from the very root tip is associated with PIN3 and
PIN7 that localize to the PM of root cap columella cells and were shown to gain polar distribution upon
gravitropic stimulus, which could then initiate asymmetric auxin distribution upstream of root growth
direction adaptation (57, 103). pin3 or pin7 single mutants and their combination exhibit only subtle
defects in root gravitropism, suggesting redundant activities of other auxin transport proteins (57). In
contrast, knock-out mutants of AUX1 and PIN2 show pronounced loss of directional root growth control,
and their ability to facilitate shootward auxin transport along the lateral root cap cells and epidermis
towards the root elongation zone underpins the regulation of root growth adaptation (27, 104-106).
Opposite to the known details about the AUX1 action and the corresponding cell biology knowledge, the
present information about the biochemistry behind PIN-facilitated auxin transport is still limited; however,

the detailed mechanism of namely PIN2 intracellular transport is intensively studied now (14, 34, 38, 39,

107) .



2.2.2.1. The fundamental role of PIN2 for directional root growth

control

Loss of or mis-regulation of PIN2 activity results in altered root development and growth
adaptation (13, 15, 50, 108, 109). PIN2 activity, abundance and distribution are rapidly adjusted according
to perceived signals of exogenous and internal events (/4, 15, 112-116, 25, 37, 40, 41, 49, 50, 110, 111).
PIN2 abundance is modulated from transcriptional to post-translational level through different cellular
mechanisms, including orchestration of tRNA modifications to balance the translation rate, till rearranging
its intracellular trafficking routes to regulate its degradation (44, 45). In their long loop, which is
integrated between two PM-integrated transmembrane domains, PIN proteins possess, several well-
documented phosphorylation sites, which upon phosphorylation either contribute to the proteins polarity
regulation or even activity status (11, 14, 25, 117-119). Although several post-translational modifications
of PIN2 are known, they still cannot be assigned to particular developmental or growth adaptation

processes.

2.2.2.2Post-translational modifications of PIN2 determine its function

The complex relationships between PIN2 protein modifications and their impact on root
physiology have been particularly dissected (47). Reporter proteins with constitutive modifications of the
PIN2 protein sequence partially helped to understand the intracellular redistribution of PIN2 along the PM
or the endomembrane system. Those modifications resulted either in the changed distribution along or
lower abundance at the PM, with visible alterations of root growth pattern (43, 45, 47). Fusion between
the PIN2 protein sequence and one ubiquitin moiety stimulated its continuous internalization from the PM
followed by intracellular transport towards the lytic vacuole, which lowers its abundance dramatically at
the PM and results in agravitropic root growth (45, 46, 120). Replacing with alanines the only two
conserved cysteines in the PIN2 protein sequence, which are flanking the loop and according to
computational modelling they face towards the PM, changed the ability of the protein to anchor in the PM
partially, thereby changing its distribution pattern along the PM. When grown on inclined surfaces, the
roots exhibit less pronounced root waviness (47). Putative requirement of those cysteines as targets of
modifications upon changes in the redox status of the root during the root growth adaptation cannot be
excluded, and further investigations are needed to decipher in more detail the tight connection that is
suggested between regulation of PIN protein function and reactive oxygen species/flavonol-orchestrated

cellular processes (47, 50, 121-127).

Intracellular distribution of proteins relies on flawless establishment of the endomembrane

system, which is tightly connected to properly and flexible arrangements of the cytoskeleton (40, 51, 54,



55, 57, 58, 128-130). Recent studies have shown that proper actin filament assembly is tightly
interconnected with proper endomembrane trafficking (/37) and plays a role in various cellular responses
such as adaptation to environmental changes, immunity and differentiation (7, 57, 56, 87, 132). However,
in plants, we have still minimal knowledge on the molecular basis of the role of actin filament structure
and its distinct influence on proper auxin carrier targeting to the lytic vacuole (51, §7). Interestingly, the
induction of actin depolymerization by applying Latrunculin B (Lat B), accompanied by reduced PAT, did
not inhibit but even promoted root gravitropism, even though other studies showed Lat B action is highly
concentration-dependent (/33-735). Actin filament depolymerization with Lat B promotes PIN2
accumulation in the root elongation zone by inhibiting F-actin assembly, linking proper actin filament
assembly to auxin carrier regulation (55). This corresponds to the requirement of proper actin filament
assembly for PIN2 transport towards the lytic vacuole, as depolymerization of the actin cytoskeleton
inhibits this pathway (/30). So, in the case of understanding the interplay between subcellular
reorganization and rearrangement of trafficking routes of PIN2 upon individual stimuli and the resulting
adaptation processes, much effort was made. Nevertheless, more detailed studies are necessary to decipher
the orchestration of individual processes upstream of directional root growth control and root growth
pattern formation, as the root simultaneously perceives and responds to manifold stimuli. Adaptations of
experimental setups, which reduce the number of perceived stimuli, are getting more and more popular
and include careful control of media supplementation, shading roots from direct root illumination or
experiments under microgravity, and growing roots inside instead of along growth medium, as well as

improved microscopy techniques to avoid undesirable gravitropic stimulus.

2.3 Interplay of environmental signals and auxin dependent root growth
responses

Root growth adaptation to changing environmental conditions requires efficient growth
rearrangements, which in the case of tropistic stimuli require the immediate establishment of asymmetric
auxin gradients (107, 136). Symmetric and asymmetric auxin distribution is actively regulated along the
plant body and depends not only on exogenous stimuli but also on plant internal signals, including

information about the plant's health, resources, and energy status (13, 16, 39, 49, 95, 98, 108, 137—139)

During the efforts to dissect the interplay of environmental stimuli on auxin transport, and thereby
on root growth, it became evident that direct illumination and exogenous sugar supplementation has a
profound impact on auxin dependent root growth responses (50, 82, 140, 141) Roots of higher plants
evolved to grow in darkness and surrounded by soil, along the gravity vector, towards beneficial and away
from toxic areas (50, 123, 132, 142, 143). They adjust growth direction and speed according to their ever-

changing environment, which includes e.g. changes in soil density or depletion of nutrients, such as e.g.



sugars. It also results in reduced root growth and directional root growth control, which - in the
combination of different genetic backgrounds - can result in a wide range of alterations of root growth
pattern formation (41, 49, 147, 148, 50, 111, 115, 140, 142, 144-146) . A comprehensive review about all

known tropistic root responses was recently published by (/49).
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Figure 1. Overview of processes described in the introduction that require fine-regulated auxin flow in the
root tip. Root shape and function is highly dependent on proper spatial and temporal modulation of shootward auxin
transport. Establishment of auxin maxima and minima are crucial to regulate almost every aspect of plant
development and growth adaptation, including meristematic activity, cell elongation till cell fate determination.
Diminished or wrongly regulated auxin distribution through the root tip results in impaired root development and
reduced ability to respond to environmental stimuli, including the orchestration of directional root growth. Finally,
proper root function requires adjustment of the root system architecture, by outgrowing lateral roots and root hairs, to

enlarge root surface, which is also delimited when shootward auxin transport is mis-regulated.



As summarized in Figure 1, PIN-FORMED 2 (auxin efflux) and AUXIN-RESISTANT 1 (auxin
influx) are necessary for regulation of meristem (M) activity including transition of cells to elongation,
transition and differentiation zone (TZ, EZ, DZ). Local modification of cell expansion in elongation zone
is crucial to changes of root growth direction based on tropistic responses which establish root movement

patterns

Root epidermis consists of trichoblast/root hair and atrichoblast cells. Auxin is priming the
identity of root hair cells and promotes their elongation rate which increase the active surface of roots for
acquiring water and nutrients. Directional root growth regulation depends on modulation of cell
elongation, which among others, is regulated by the AUX1 and PIN2 actions. Perhaps, depending on
available energy resources, modulation of the elongation rate in the root elongation zone (EZ) depends on
the speed of the cytoplasmic streaming, which represents an intracellular force that defines autonomous
movement of lateral root cap responding to internal cues (150, 151). Overall, energy availability in the
form of carbohydrates, which are generated as a product of photosynthetic activity, profoundly affects cell
morphology and flexibility. The impact of individual sugars on root development regulation is currently in
the focus of research (48, 49, 156, 111, 140, 141, 144, 152—155) . Sugars act as both energy resource and
signaling molecules, and they also serve as building bricks of cell components, including the cell wall,
which all together underpin the speed of cellular processes and define mechanical properties of a cell (48,

65, 157-164).

2.3.1 Modulation of directional root growth depending on growth conditions

The force of gravity is defined as weak but continuous, and it acts during a plant life from the
same position with the same strength (/73, 165). Higher plants evolved to grow their above-ground organs
opposite to the gravity vector (negative gravitropism), and below-ground organ — primary root - along the
gravity vector (positive gravitropism) (113, 166—168) . It is the root tip that is sensing the direction of the
gravity vector, and it is assumed that it goes through the movement of the statoliths in the columella cells,
although it is not definitely proven yet (107, 113, 169, 170). Further, it is unknown how the perceived
signal is transmitted to execute directional root growth correction. However, besides aux/ and pin2, there
are several mutants, corresponding proteins of which are ranging in their function from cell fate
modulators to regulators of subcellular organization, which exhibit root growth deviation from vertical
axis or show diminished response to gravitropic stimulus (/07). Anyway, a detailed map of cellular and
subcellular events showing how perception, transmission and adaptation of gravitropism are aligned to
ensure efficient directional root growth is still missing and will probably require more stringent
experimental setups that eliminate unnecessary additive exogenous stimuli. Over time, it became more and

more evident that other stimuli can override gravitropic response and that individual mutants and growth



conditions can modify root to such an extent that form and dynamics of the root tip are strongly altered
(171-173). Up-to-date, a positive gravitropic response seems to be divided into four steps:, sensing the
gravity vector in the columella, biochemical signal production and its transduction, differential cell
adaptation to induce bending, and finally, a period of gravitropic signal attenuation to prevent over
bending (45, 88, 107, 113, 170, 174). Gravitropic index, which defines root growth deviation from vertical
axis, is often evaluated to compare the ability of a mutant to maintain directional root growth or to
investigate the impact of growth conditions (/717). Deviation from vertical axis, of course, can be mediated
by diverse exogenous and intrinsic events and must be taken with precaution when gravitropism is studied
(111, 140, 144, 155, 175). For example, not only is PIN2 abundance and trafficking differently regulated
upon unilateral and direct root illumination, but direct root illumination, additively with sucrose
supplementation, result in more deviation (50, 110, 115, 140). A detailed summary, to which extent of the
direct root illumination interferes with directional root growth modulation, and which experimental setups
were developed to reduce the impact of light on root growth was recently published by Lacek et al.,

2021(50).



3. Published content

3.1. Review articles

3.1.1. Polar Auxin Transport

Authors: Jozef Lacek, Katarzyna Retzer, Christian Luschnig, Eva ZaZimalova

Summary:

This review is focused on group of plant signaling compounds (auxins) and their proper distribution
highlighting polar auxin transport in plants. Proper plant growth, development and adaptation to external
and internal stimuli is regulated by auxins. Temporal and spatial control of auxin levels, which cause
asymmetric auxin distribution and establishes auxin minima and maxima, is a key to activate mechanisms
of plant growth development and adaptation processes. The appropriate local auxin level is achieved by
regulation of its biosynthesis as well as metabolic control, and through the active, cell-to-cell transport
relying on auxin carriers that are embedded in the plasma membrane. Polar auxin transport is mediated
from shoot apical meristem to root tip (basipetal) and from root tip upwards to root elongation zone
(acropetal). Owing to the physical-chemical properties of the auxin molecule, the asymmetric (polar)
localization of auxin efflux carriers, analogous in neighboring cells, determines the direction of

intercellular auxin flow.

PIN protein family is plant specific group of eight auxin carriers. Based on the size of their central loop,
two types of PINs can be distinguished: Type-I, which represents group of plasma membrane-localized
proteins with ability to maintain auxin efflux, and Type-II, which are at least partly present on the
membrane of endoplasmic reticulum and are likely to regulate localization/compartmentation of auxin
within the plant cell. Influx of auxin into cells is mediated via the AUX1/LAX protein family, which at
optimal pH can increase auxin influx from 10 to 20-fold compared to passive diffusion. ABC proteins are
known for transport of various cargo through the plasma membrane. Several ABC B-type proteins are
proven to specifically transport auxin, and in some cases, the direction of it can be regulated based on the
actual auxin content within the cell they are localized in. Regulation of polar auxin transport is mediated
through several mechanisms on different levels. Transcriptional level of auxin carriers’ control is
facilitated by specific auxin response factors while posttranslational regulation includes phosphorylation,
ubiquitination, as well as endocytosis and protein sorting. Lipid membrane composition and other
phytohormones also play important role in regulation of abundance and polarity of auxin carriers which in

turn regulates polar auxin transport.
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Based in part on the previous version of this eLS article ‘Polar Auxin
Transport’ (2007) by Isabelle Bohn Courseau and Jan Traas.

Auxins, a group of plant signalling compounds,
ensure proper growth and development of the
plant in relation to both external and inter-
nal stimuli. Within a plant, auxin is distributed
asymmetrically, thus creating local auxin maxima
and minima. Such asymmetric auxin distribu-
tion underlies many developmental and stress
adaptation processes and facilitates their spa-
tial and temporal coordination. The appropriate
local auxin level is achieved by regulation of
biosynthesis, metabolism and through active,
cell-to-cell transport relying on auxin carriers that
are embedded in the plasma membrane. Owing
to the physical-chemical properties of the auxin
molecule, the asymmetric (polar) localisation of
auxin efflux carriers, analogous in neighbouring
cells, determines the direction of intercellular
auxin flow (polar auxin transport). With respect
to the important function of polar auxin transport
for plant development, the polar auxin transport
machinery is subject to a tight control at multiple
regulatory levels.

Introduction

Auxins, which represent a group of rather simple organic com-
pounds, are nowadays known as key regulators of plant growth
(Bennett and Leyser, 2014; Habets and Offringa, 2014). However,
auxin research has a long and colourful history. Already in the
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nineteenth century, Julius von Sachs and Charles and Francis
Darwin postulated the existence of then unknown plant growth
regulators influencing diverse aspects of plant development and
adaptation to environmental changes. In 1926, Went was able
to isolate a major endogenous auxin, indole-3-acetic acid (IAA)
(Figure 1a), which was given its trivial name after the Greek
word ‘auxein’ — to grow, elongate — [reviewed by Retzer et al.,
(2014)]. Related auxinic compounds have been identified later on,
for example indole-3-butyric acid (IBA), 4-chloroindole-3-acetic
acid (4-CI-IAA) and phenylacetic acid (PAA), exhibiting activi-
ties distinct from but overlapping with those of IAA (Simon and
Petrasek, 2011). The biological role of IAA has been studied
extensively during the past decades, and its activities throughout
the life cycle of plants are meanwhile well understood (Bennett
and Leyser, 2014; Habets and Offringa, 2014). Auxin activities
in shaping plant architecture and morphogenesis can principally
be attributed to its impact on cell division, cell expansion and
cell differentiation. Variations in the intensity of auxin-induced
effects on these principal cellular processes define plant growth
and development in response to intrinsic and environmental deter-
minants and are influenced by various parameters: This involves
responsiveness to auxin, which depends on the effectiveness of
auxin perception and signalling, and the ways how auxin pool
becomes available (establishing auxin homeostasis) for signalling
pathways, thereby together modulating spatiotemporal variations
in auxin sensitivity. See also: Shoot Branching and Plant Archi-
tecture; Transcriptional Regulation in Plants

Variations in auxin homeostasis are under tight metabolic con-
trol, with several auxin biosynthesis pathways being charac-
terised in higher plants. In Arabidopsis, tryptophan-dependent
auxin biosynthesis has been characterised to some extent, with
juvenile organs representing a major site for auxin synthesis
(reviewed by Gao and Zhao, 2014). IBA represents another
auxin source; as in some species and/or tissues, it is con-
verted to IAA via (-oxidation in peroxisomes and suggested
to backup tryptophan-dependent auxin metabolism (Strader and
Bartel, 2011). Intracellular compartmentalisation represents an
additional means to control activity of auxin, as suggested for
auxin shuttling between cytoplasm and endoplasmic reticulum
(ER) or, alternatively, the vacuolar compartment (reviewed by

elS © 2017, John Wiley & Sons, Ltd. www.els.net 1
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Figure 1 Auxin and its transport. (a) Chemical structure of the most abundant native auxin indole-3-acetic acid (IAA). (b) Auxin flow through plant.
Postembryonic plant growth and development is regulated by auxin distribution (symbolised by arrows) to create auxin minima and maxima. In the shoot,
reverse, and in the root, inverse fountain-like auxin flow (Benkova et al., 2003) maintains proper plant growth and allows adaptation to environmental
changes. Main processes regulated by auxin are emphasised. Adapted from Prusinkiewicz and Runions (2012) © John Wiley and Sons Ltd. (c) Cell-to-cell
auxin transport. The short-distance, cell-to-cell auxin transport is achieved by the defined, often polar, localisation of individual transporters and underlies the
formation of auxin minima and maxima, which are important for proper plant growth and adaptation to environmental stimuli. IAA (auxin) can enter the
cell either in a protonated form (IAAH) via passive transport or as an anion through the influx carriers from the family AUX1/LAX and some members of
the ABCB family. Inside the cell, IAAH dissociates because of the higher pH within the cytoplasm. IAA anion (IAA”) cannot pass the membrane by passive
diffusion; therefore, it must be exported by active transport through plasma membrane-localised efflux carriers belonging to either PIN of ABCB families.
Thus, the auxin efflux carriers represent bottlenecks in auxin movement through cells and it is their polar localisation (if analogous in neighbouring cells)

that determines the direction of the auxin flow.

Scheuring and Kleine-Vehn, 2014); movement of auxin across the
ER membrane seems to be mediated by transport proteins belong-
ing to PIN-FORMED (PINS, PIN6 and PIN8; Mravec et al.,
2009) and PIN-LIKES (PILS) families (reviewed by Barbez and
Kleine-Vehn, 2013), whereas vacuolar transport requires activity
of WALLS ARE THIN 1 (WATT; Ranocha et al., 2013). Conjuga-
tion to various simple organic compounds has been described for
ER-resident IAA, resulting either in reversible inactivation of the
growth regulator or representing an intermediate of irreversible,
oxidative auxin degradation (Gao and Zhao, 2014).

Finally, and main subject of this overview, -carrier
protein-mediated cell-to-cell transport of auxin has been found
to be crucial for a tight control of auxin-regulated developmental
processes (examples are given in Figure 2). Specifically, varia-
tions in abundance, activity and subcellular localisation of such
plasma membrane-(PM)-localised transport have been associated
with establishment and maintenance of auxin concentration and
hence activity gradients (Petrasek and Friml, 2009; Grones and
Friml, 2015). Owing to the central role in plant morphogenesis
that has been attributed to controlled auxin distribution within
the plant body, it is no big surprise that elements of the auxin

transport machinery have been subject to intense investigation.
Here, we try to summarise recent progress in this quickly pro-
liferating field of plant research, with particular emphasis on
regulatory and physiological implications of directional (polar)
auxin transport in the plant’s interaction with its environment.

Polar Auxin Transport and Its
Mediators

From the first zygotic cell division on, active auxin transport
shapes differentiation of the entire plant body (Smit and Weijers,
2015). This depends on the establishment of auxin transport
routes from source to sink sites, ensuring timely delivery of the
growth regulator to its target sites. This process is known as
polar auxin transport (PAT), which was initially characterised
by applying labelled IAA to plant tissue and was demonstrated
to be an active, protein-mediated process although one part of
auxin pool is transported by passive auxin-flux in the phloem
over long distances [reviewed by Petrasek and Friml, (2009)].

elS © 2017, John Wiley & Sons, Ltd. www.els.net
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Figure 2 Auxin transporters and auxin flow during embryogenesis and root gravitropic response. Auxin regulates many aspects of plant development and
adaptation to environmental stimuli. In this figure, we describe the involvement of polar auxin transport at early steps of plant development (embryogenesis)
and during the response of the root to gravitropic stimulus. Adapted from Petrasek and Friml (2009). (a) Auxin distribution during embryogenesis. Arrows
indicate auxin flow mediated by a particular transporter; dotted lines indicate the cell-type-specific localisation of particular auxin transporters with no
obvious polarity. PIN7, localised at the apical sides of the suspensor cells (s), transports auxin towards the apical cell (a) that forms the proembryo; therefore,
PIN1, which is localised at all inner cell sides, distributes auxin homogenously. ABCB1 and ABCB19 cooperate during this initial stage and are localised
apolarly in all cells or only in the uppermost suspensor cell, respectively. The crucial moment in the setting of the basal end of the apical-basal embryonic
axis occurs during the early globular stage, when PIN1 starts to be localised basally in the proembryonal cells, and PIN7 is simultaneously shifted from the
apical to the basal plasma membrane of suspensor cells. These PIN polarity rearrangements reverse the auxin flow downwards and, with the aid of PIN4,
lead to auxin accumulation in the forming hypophysis (h). At this stage, ABCB19 helps to maintain the auxin distribution in the outer layers of the embryo. In
triangular- and heart-stage embryos, bilateral symmetry is established through auxin maxima at the incipient cotyledon (c) primordia. These auxin maxima
are generated by PIN1 activity in the epidermis; in the inner cells of cotyledon primordia, however, PIN1 mediates basipetal auxin transport towards the
root pole. SAM, future shoot apical meristem. (b) Positive root gravitropism. In starch-containing, gravity-sensing columella cells, PIN3 is relocalised from a
symmetric distribution (left) towards the newly established bottom side after gravistimulation (right). The auxin that is redirected to the lower side of the root
tip is further transported to the elongation zone by epidermal PIN2/AUX1mediated flow, where it inhibits the cell growth and causes the downward bending
of the root. ABCB4 and ABCB19 are considered to regulate gravitropic response, as their mutants show enhanced root gravitropic bending. Coloured arrows
indicate auxin flow mediated by a particular transporter; dotted lines indicate the cell-type-specific localisation of particular auxin transporters with no
obvious polarity and black arrows indicate the gravity vector (left) and the direction of bending (right). Adapted from Petrasek and Friml (2009) © Company
of Biologists Ltd.

Major PAT routes (Figure 1b) involve transport from the shoot
apex towards the root tip (basipetal in shoot and acropetal in root
or ‘rootward’ transport) and furthermore from the very root tip
into the root elongation zone [basipetal, or ‘shootward’ transport;
review by Petrasek and Friml (2009)]. Additional transport routes
have been associated with defined processes, such as lateral auxin
transport in the regulation of directional, tropic organ growth and
auxin cycling in the outer cell files of root meristem, crucial for
stabilising established auxin maxima (Petrasek and Friml, 2009;
Habets and Offringa, 2014).

PAT occurs via coaction of the active cell-to-cell transport and
passive diffusion (Figure 1c¢), in a polar manner to create hor-
mone maxima and minima [reviewed by Reemmer and Murphy
(2014)]. TAA is a weak acid (pK, 4.75) and in the apoplast at a
pH of 5.5, around 15% of IAA is protonated (IAAH). According
to the chemiosmotic hypothesis for PAT, protonated and thus
less polar IAAH would enter the cell via diffusion across the
PM, followed by its deprotonation in the almost pH-neutral
cytoplasmic compartment (reviewed by Habets and Offringa,
2014). As aresult, any further translocation of the resulting [AA-
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anion across the PM thus would rely predominantly on specific
protein-dependent transport activities. Consequently, variations
in the distribution of relevant carrier proteins in distinct PM
domains would define the overall directionality of auxin flow
throughout cell files or entire organs. Several auxin transport
activities have been identified in recent years [reviewed by
Zazimalova et al., (2010)], which were initiated with charac-
terisation of AUXINI/LIKE-AUX1 (AUX1/LAX), facilitating
cellular auxin uptake and paralleling passive diffusion processes
(Bennett et al., 1996). In contrast, some members of the PIN
protein family act in cellular auxin efflux (Luschnig et al.,
1998; Gilweiler et al., 1998; review by K'rec’ek et al., 2009),
which has also been demonstrated for some MULTIDRUG
RESISTANCE/PHOSPHOGLYCOPROTEIN/ATP-BINDING
CASSETTE OF B-TYPE (MDR/PGP/ABCB) proteins, with
one of them reported to act both in auxin uptake and efflux
(Kubes et al., 2012). Apart from these canonical auxin transport
activities, additional PM-located transporters have been associ-
ated with PAT. Nitrate transceptor NRT1.1, for example, links
variations in nitrate availability to cellular auxin influx (Krouk
et al.2010).

AUX1/LAX Proteins

Auxin import into cells is facilitated by AUX1/LAX proteins,
structurally resembling amino acid permeases, and reinforcing
passive hormone diffusion specifically under physiological con-
ditions with a high demand for auxin (reviewed by Swarup and
Péret, 2012). Homologues of AUX1/LAX are present through-
out the plant kingdom and their sequence is highly conserved
(Hoyerova et al., 2008; Habets and Offringa, 2014). An ancient
function for members of this family is indicated by the iden-
tification of AUX1/LAX orthologs in several single-celled and
colony-forming chlorophyta species (De Smet and Beeckman,
2011). Arabidopsis AUX1 (AtAUX1) has been studied since the
early 1980s, when it was described as root gravitropism mutant,
resistant to the auxin analogue 2,4-p (Bennett ef al., 1996). Later,
it turned out that AUX1 expression and polar PM localisation,
specifically in root epidermis and lateral root (LR) cap cells, are
essential for gravitropic root bending (Figure 2b), presumably
via mediating auxin flow from the very root tip into the root elon-
gation zone (Sato ef al., 2015). Heterologous 4AUX1 expression
in Xenopus oocytes and further analysis in planta demonstrated
high-affinity IAA transport activity with a pH optimum between 5
and 6 and approximately 15-times greater than passive membrane
diffusion [review by Swarup and Péret (2012)]. This appears also
the case for additional members of the Arabidopsis AUX1/LAX
family, jointly involved in various developmental events. Redun-
dant, overlapping activities for AUX1/LAX proteins are, for
example, essential for the control of phyllotactic leaf pattern-
ing, reflected by severe aberrations in leaf positioning of aux/
lax loss-of-function mutant combinations (cf. Figure 3d, f and g)
(Robert et al., 2015). AUX1 and LAX3 in particular have been
implicated in LR development, jointly acting in LR initiation and
emergence, highlighting key functions for members of this pro-
tein family in plant organogenesis (Swarup and Péret, 2012).

PIN-FORMED Proteins

Perhaps the most prominent case of so far identified auxin trans-
port proteins is represented by the PIN-FORMED (PIN) fam-
ily. Originally, identified as mutants with severe defects in plant
development, subsequent cloning and functional characterisa-
tion of several different PIN proteins then revealed their central
function in the regulation of polarity establishment in course of
plant development (Petrasek and Friml, 2009; Zazimalova ef al.,
2010; Grones and Friml, 2015). The so-called type-I PIN proteins
show PM localisation and are characterised by two hydrophobic
domains, each with five predicted transmembrane helices, that
are separated by a hydrophilic domain which apparently faces
the cytoplasm (K'rec“ek et al., 2009; Nodzyn'ski et al., 2016).
Type-1I PINs (almost) lack the central loop and show preferen-
tial localisation to the ER, where they might control intracellular
auxin transport (Mravec et al., 2009; K'rec"ek et al., 2009). How-
ever, and as is the case for AUX1/LAX proteins, the topology
of PIN proteins remains poorly understood, with exception of
a singly study, utilising pH-dependent quenching of different
fluorescent reporter proteins and resulting in a first glimpse on
the possible topology of PM-localised PINs (Nodzyn'ski et al.,
2016).

Eight PIN genes have been identified in the Arabidopsis
genome, with PIN-FORMED 1 (PIN1), PIN2, PIN3, PIN4 and
PIN7 localising to the PM and acting in cellular auxin efflux
(Vieten et al., 2007; K'rec“ek et al., 2009; Petrasek and Friml,
2009; Grones and Friml, 2015). PIN1 and PIN2 exhibit polar
PM localisation, whereas PIN3, 4 and 7 exhibit both polar
and nonpolar PM-localisation, depending on the cell type and
growth conditions [reviewed by Habets and Offringa (2014)].
Such protein distribution, and dynamic variations therein, is
believed to be essential for establishment and maintenance of
auxin concentration gradients driving manifold processes dur-
ing embryo patterning, organogenesis and tropisms (Petrasek
and Friml, 2009; Zazimalova et al. 2010; Smit and Weijers,
2015). PM-localised PIN1, PIN2, PIN3, PIN4 and PIN7 all con-
tain a large central hydrophilic loop characteristic for type-I
PINs, while ER-resident PIN5 and PINS lack this domain. PIN6
is predicted to form an intermediate sized central loop and it
was shown to be localised on both the PM and the ER (Simon
et al., 2016). Interestingly, PIN proteins are found exclusively
in plants and they seem to originate in streptophyte algae at
the ER. However, the capacity to change PIN localisation at
the PM from polar to nonpolar is crucial for developmen-
tal events in seed plants, and it was first established during
polarised growth of tip-growing plant cells (Viaene et al., 2013,
2014).

Among the Arabidopsis type-I PINs, PINI acts in control
of auxin distribution essentially throughout the entire lifecycle
of plants (Okada et al., 1991; Gélweiler ef al., 1998; recent
review by Grones and Friml, 2015). Loss of PINI results in
pin-shaped inflorescence axes that fail to produce fertile flow-
ers (cf. Figure 3a and b), a phenotype that can be pheno-
copied by application of high concentrations of inhibitors of PAT,
such as 1-naphthylphthalamic acid (NPA) or 2,3,5-triiodobenzoic
acid (TIBA) (Okada et al., 1991; Gélweiler et al., 1998), while
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Figure 3 Mutant versions of crucial auxin transporters. Often, single mutants of auxin transporters do not show a dramatic phenotype, owing to the high
redundancy within the protein families [described in Vieten et al., (2005)]. The figure shows the most obvious phenotypes of selected auxin transporter
mutants. (a) Phenotype of full-grown wild type plant. (b) The auxin efflux carrier PIN-FORMED 1 (PIN1) is expressed almost everywhere in the plant, but
pin1 mutants are characterised typically by an inflorescence meristem that does not initiate any flowers, resulting in the formation of a naked inflorescence
stem (Galweiler et al., 1998). (c) The abcb19 (ARABIDOPSIS THALIANA ATPBINDING CASSETTE B19) mutant shows phenotype consisting of several features
connected to auxin action but the most obvious one is reduced stem height (partial dwarfism; Noh et al., 2001). (d) Phenotype of wild-type Arabidopsis
seedling. (e) Loss of function of an auxin influx transporter, aux1 (AUXIN RESISTANT 1 (AUX1); Bennett et al., 1996), as well as of the efflux transporter pin2

(f) (EIR1/PIN-FORMED 2 (PIN2)/AGR1; Luschnig et al., 1998; Miller et al., 1998), results in agravitropic roots, as auxin is not only regulating proper plant
growth but also adaptation to environmental changes, such as gravity stimulus. (g) Proper auxin distribution is crucial for organ development; therefore,
the triple mutant of the auxin influx carrier aux1 lax1/2 results in misshaped seedlings (Robert et al., 2015). (h) Loss of the closely related AGCVIII protein

kinases pid wag1 wag2, which orchestrate the proper localisation of distinct auxin carriers, results in arrested development (Dhonukshe et al., 2010).

localised application of auxin to pin/ inflorescences induces flo-
ral organ formation underlining a key role for position-dependent
auxin gradient formation during organogenesis. Together with
additional PINs, PIN1 mediates rootward PAT from the shoot
apex into the very root tip of Arabidopsis seedlings, controlling a
range of patterning processes (Petrasek and Friml, 2009; Habets
and Offringa, 2014). These events are well understood in root
meristems, in which the entire set of Arabidopsis type-1 PIN pro-
teins orchestrates auxin distribution via redundant and nonredun-
dant activities (PetraSek and Friml, 2009; Habets and Offringa,
2014). This requires activities of PIN1 together with PIN4 and
PIN7 to accumulate auxin in columella root cap cells via the stele
(Petrasek and Friml, 2009). Further shootward transport into the
root elongation zone is mediated by PIN3 and PIN7 activities in
the root cap cells, followed by PIN2-controlled auxin transport
via LR cap and epidermis cells into root elongation zone. Notably,
PIN2 has also been suggested to function in rootward transport
via the root cortex, which together with its shootward transport
activity establishes an auxin reflux loop, crucial for stabilising
auxin flow in the process of root proliferation and differentiation
(Figure 2b) (Petrasek and Friml, 2009). See also: Gravitropic
Signaling in Plants

ABCB Proteins

ABCB proteins belong to a large membrane transporter family;
few of them were shown to act as auxin transporters (Noh et al.,
2001), which are localised mostly in a nonpolar manner to the
PM and show less dynamic trafficking compared to PIN proteins
(Cho and Cho, 2013). ABCB1, ABCB4 and ABCB19 (abcb19
mutant is shown in Figure 3c¢) require immunophillin-like pro-
tein TWDI for their targeting to the PM (Geisler et al., 2003).
ABCBI1 and ABCB19 were associated with long-distance auxin
transport, as rootward auxin transport is even stronger reduced
in abcbl9 and abcblabcbl9 than in pinl mutants (Cho and
Cho, 2013). ABCB19 was further described as a negative reg-
ulator of auxin-dependent tropic bending responses, owing to the
increased rates of phototropic bending of the mutant (Peer et al.,
2011). ABCBI19 stabilises PIN1 at the PM, as it localises to parts
of the PM called detergent-resistant membrane (DRM), enriched
in sitosterol and glucosylceramide. ABCB4 acts as influx carrier
under low IAA concentration, whereas it changes to an efflux
pump at high TAA amount (Kubes§ er al., 2012). ABCB4 is
involved in root growth processes, shootward auxin transport and
the mutant displays slightly enhanced root gravitropic bending.
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Figure 4 Predicted auxin transporters topology. (a) Auxin transporters of the AUX1/LAX family represented by the auxin influx carrier AtAUX1, auxin
transporters of the PIN family represented by the auxin efflux carrier AtPIN1 with long cytosolic loop, (b) the endoplasmic reticulum (ER)-localised auxin
carrier AtPIN5 with short cytosolic loop (b) and (c) auxin transporters of the ABCB family represented by the auxin efflux carrier AtABCB19. Adapted from
Petrasek et al. (2011) © Springer. (d) AtNRT1.1 primarily functions as a dual-affinity transporter, which can change its affinity for nitrate in response to
substrate availability. The figure shows a cylinder representation of the AtNRT1.1 dimer with highlighted Thr101. The two monomers are coloured in pale

green and light blue, according to Sun and Zheng (2015).

ABCB proteins support the other auxin carriers in the auxin dis-
tribution through the plant, as auxin is transported from the shoot
to the root tip by PIN1 and ABCB19, while in the root, ABCBI
and ABCB19 exclude auxin from root cap cells and PIN2 and
ABCBH4 redirect auxin shootward in cortical and epidermal cells
[reviewed by Cho and Cho (2013)].
Predicted topology of various auxin carriers is shown in

Figure 4.

Regulation of the Polar Auxin
Transport Machinery

Perhaps due to their important function in plant development,
auxin transport proteins were found to be subject to stringent
control mechanisms at multiple regulatory levels. This involves
adjustments of carrier activities via transcriptional as well as
posttranscriptional control. Variations in auxin transport activities
arising from such regulation, cause variations in auxin flow, ulti-
mately resulting in a delicate fine-tuning of plant patterning and
adaptation (monograph by Zazimalova et al., 2014 and references
therein).

Regulation of auxin carriers transcription

Transcription of auxin transport proteins has been shown to
respond to various stimuli, and recently, a few reports demon-
strated how such regulation might participate in the regulation

of plant morphogenesis. Auxin controls transcript levels of its
transporters, which requires the activity of AUXIN-RESPONSE
FACTOR (ARF) transcriptional regulators (Grones and Friml,
2015; Enders and Strader, 2015). For example, Arabidopsis
ARF5/MONOPTEROS (MP) was shown to bind to PINI, 3
and 7 promoter elements, a response that appears essential for
pattern formation and organogenesis throughout the plant’s life
cycle (Krogan et al., 2016). In related approaches, AUXIN
RESPONSE FACTOR?7 (ARF7) and the ARF7-regulated FOUR
LIPS/MYB124 (FLP) were found to control PIN3 as well as LAT-
ERAL ORGAN BOUNDARIES-DOMAIN 29 (LBD29) tran-
script levels, via binding to their respective promoters (Chen
et al., 2015; Porco et al., 2016). LBD29 in turn regulates tran-
scription of auxin influx transporter LAX3, which, together with
auxin-mediated variations in P/N3 transcription, has pronounced
effects on LR formation (Chen et al., 2015; Porco et al., 2016).
These findings beautifully highlight the importance to coordinate
activities of distinct auxin transport mechanisms via transcrip-
tional circuits. Numerous additional stimuli were found to impact
on transcript levels of auxin transport proteins, and it will be excit-
ing to learn about the biological roles of resulting adjustments in
auxin transport and distribution.

Posttranslational regulatory mechanisms
orchestrating intracellular trafficking

Deciphering mechanisms of posttranscriptional control of auxin
transport proteins has led to amazing insights into protein sorting
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in general and its implications for plant development in partic-
ular (Luschnig and Vert, 2014; Armengot et al., 2016). As is
the case for any PM protein, sorting of auxin transport proteins
involves a defined order of events, guiding their subcellular distri-
bution and abundance in a spatiotemporal context, which in turn
defines auxin transport rates with all its consequences for mor-
phogenesis. PM proteins are subject to vesicular transport from
the ER via the Golgi and trans-Golgi network/early endosomes
(TGN/EE) to the PM (Luschnig and Vert, 2014). Components of
the secretory sorting pathway appear well conserved in eukary-
otes. The multisubunit exocyst protein complex, for example, is
also present in plants and seemingly required for PIN delivery
to the PM (Drdova et al., 2013), indicated by alterations in PAT
and pronounced defects in PIN sorting upon loss of Arabidopsis
exocyst subunit SEC6 (Tan et al., 2016).

Protein targeting to the PM is followed by their
(re)-internalisation via an endocytic sorting pathway. In case of
PIN proteins, initial steps depend on recognition by the clathrin
sorting machinery, guiding cargo back to the TGN/EE. From
there, cargo protein is either recycled to the PM or internalised
into multivesicular bodies (MVBs) for its ultimate degradation
in the lytic vacuole. Protein recycling has been linked to the
function of ARF-GEF GNOM as well as the activity of the
retromer protein complex, implicated in cargo recognition. This
is indicated by mutant phenotypes, which in case of a loss of
GNOM, results in cargo accumulation in the so-called recy-
cling endosomes (RE), while deficiencies in retromer activity
have been associated with increased vacuolar targeting of PM
cargo. Sorting into MVBs, and subsequent cargo release into the
vacuole on the other hand, requires elements of the so-called
ESCRT-machinery, mediating cargo recognition and further
guidance to the lytic compartment [reviewed by Luschnig and
Vert (2014)].

It is the interplay between these distinct protein trafficking
routes, taking places at various intersections, which ultimately
decides about cargo retention time and abundance at the PM.
Mechanisms and processes controlling this interplay are various,
some of which demonstrated to affect auxin transport proteins as
well.

Posttranslational modification
by ubiquitination regulating auxin
carrier abundance

A key determinant, triggering vacuolar sorting of membrane
proteins is their reversible modification by the small protein
modifier ubiquitin (Luschnig and Vert, 2014). Ubiquitination
has so far been demonstrated for root-specific PIN2, which is
seemingly modified by ubiquitin chains linked via lysine 63,
a type of modification, signalling vacuolar targeting in eukary-
otes. Upon interference with PIN2 ubiquitination by mutage-
nesis of a substantial number of lysines found in its central
hydrophilic loop and representing potential ubiquitination sites,
PIN2 was no longer efficiently targeted to the vacuole and
such mutant pin2 alleles were no longer capable of rescu-
ing a pin2 loss-of-function allele, indicating that this type of
modification is indeed essential for protein function (Leitner

et al., 2012). Thus, reversible protein ubiquitination seemingly
affects PIN protein levels at the PM, which in turn could influ-
ence auxin flow rates and interdependent developmental pro-
cesses.

Posttranslational modification
by phosphorylation controlling auxin
carrier polarity and abundance

Control of phosphorylation represents another type of protein
modification, which was found to affect the function of auxin
transport components at different regulatory levels [reviewed
by Armengot et al. (2016)]. Specifically, members of the AGC
protein kinase family were shown to modulate polar targeting
as well as the activity of PIN and ABCB proteins, respectively.
PINOID (PID) represents the founding member of the AGCVIIL
subfamily in Arabidopsis, mutants of which develop growth
defects strikingly resembling those of pinl loss-of-function
alleles. Further analysis demonstrated an apical-to-basal shift
of polarly localised PIN proteins in pid mutant background
(Friml et al., 2004). Related findings were made in a pid wag!
wag?2 triple mutant defective in three closely related AGCVIIL
protein kinases (Figure 3h), in which apically located PIN2
in root epidermis cells got relocated to the basal PM domain
(Dhonukshe et al., 2010). Opposite observations have been made
in a PID overexpression line, in which basally localised PIN
proteins underwent a basal-to-apical switch in their subcellular
localisation. Evidently, such relocation of PINs should result in
major adjustments in the directionality of auxin transport, which
is indicated by pronounced variations in the expression pattern
of auxin-responsive reporter proteins. Severe mutant pheno-
types that can be observed in pid/wag loss- or gain-of-function
lines therefore are likely the result of redistribution of PIN
proteins. This led to the question whether or not PIN pro-
teins represent actual substrates for PID/WAG-encoded kinase
activity. Several experiments suggest that this could indeed
be the case: Both in vitro and in vivo experiments indicated
that PID recognises three highly conserved potential phos-
phorylation sites found in the hydrophilic PIN loop region.
Mutagenesis of these sites creates pin alleles either mimick-
ing constitutive phosphorylation or no longer phosphorylated,;
here, altered PIN localisation observed in pid/wag gain- and
loss-of-function lines could be recapitulated. This indicates
that PID/WAG-mediated phosphorylation of PINs functions
indeed as a PIN polarity determinant. Furthermore, PROTEIN
PHOSPHATASE 6 (PP6) holoenzyme has been identified as
antagonist of PID/WAGs, catalysing dephosphorylation of PIN
proteins (Ballesteros et al., 2013). Consistently, a loss of PP6
subunits results in PIN localisation opposite to that observed
in pid/wag loss-of-function lines, supporting models in which
dephosphorylated PINs have a tendency to accumulate at the
basal domain, whereas phosphorylation triggers their sorting to
the apical pole.

Apart from antagonistic activities of PID/WAG and PP6,
additional kinases belonging to the AGC1 subfamily were found
to modify PIN proteins at a distinct but overlapping set of
phosphorylation sites (Zourelidou et al., 2014). D6 PROTEIN
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KINASE (D6PK) and closely related D6PK-LIKE (D6PKL)
were found to localise predominantly to the basal pole of
cells, colocalising with basally accumulating PIN proteins
(Barbosa et al., 2014; Willige et al., 2013). However, unlike
PID/WAG-mediated phosphorylation, D6PKs do not strikingly
affect localisation of PIN proteins, but rather affect activity of
PIN proteins in cellular auxin efflux, as has been convincingly
demonstrated by transport assays in Xenopus oocytes (Zoure-
lidou et al., 2014). Differing effects of PIN phosphorylation
at overlapping, and differing phosphorylation sites, argue for
distinct roles of protein kinase activity in the regulation of
PINs. This might also be the case for ABCB-type proteins,
as PID was demonstrated to phosphorylate ABCB1 and to
modulate its activity upon heterologous expression in tobacco
cells (Henrichs et al., 2012). Furthermore, ABCB19-driven
auxin efflux activity is negatively regulated by the action of
the blue-light photoreceptor kinase PHOTROPIN1 (PHOTI;

Christie et al., 2011). It is still unclear though, if and how afore-
mentioned kinase activities could affect interlinked functions
of PINs and ABCBs in directional distribution of auxin. It is
also not known by which mechanisms phosphorylation of auxin
transport proteins could affect protein localisation and activi-
ties. Recently, Arabidopsis peptidyl-prolyl cis/trans isomerase
Pin1At has been demonstrated to modulate distribution of PIN1
via pathways, overlapping with activities of PID and PP6 (Xi
et al., 2016). The authors of this study furthermore provided
experimental evidence for a scenario, in which PIN phospho-
rylation promotes PinlAt-catalysed cis/trans conformational
changes in the central loop domain (Xi et al., 2016). It will be
very interesting to learn whether or not such conformational
changes could impact on function and subcellular localisation
of PINs.

Cellular processes that are involved in regulation of auxin
carrier proteins are depicted in Figure 5.

PIN at ER
:"S Nucleus
n
GNOM
>
DIEPI PID/
WAG

- J

Figure 5 Cellular processes involved in auxin transport regulation. This figure shows a schematic overview of cellular distribution of main auxin carriers
and processes that are involved in control of their abundance, localisation and activity. Cellular uptake of auxin is mediated by proteins from the auxin
influx carrier family AUX1/LAX and by selected ABCB transporters. Cellular auxin efflux requires the action of certain ABCB transporters, and PINs (PIN1, 2,
3, 4, 7) at the plasma membrane (PM). Localisation of PINs (PIN5, 6, 8) at the endoplasmic reticulum (ER) membrane, together with some proteins from
the PILS family, leads to compartmentalisation of auxin between cytoplasm and lumen of the ER, thus modifying overall auxin metabolic conversion. Auxin
homeostasis is sensed by nuclear TIR1/AFB-Aux/IAA coreceptor complexes. Intracellular trafficking of the auxin transporters regulates their abundance at the
PM, comprising both recycling back to the PM (GNOM-dependent, over early endosomes, EE) and the targeting to the lytic vacuole for degradation (over
sorting endosomes (SE) and the trans-Golgi network (TGN)). Although all auxin transporters undergo intracellular trafficking, PIN2 was most studied so far.
Endocytic sorting and further targeting of PIN proteins into the lytic vacuole depends on putative retromer subunit SNX1, which functions as a gating factor,
promoting protein recycling to the PM and thereby antagonising vacuolar sorting. CLASP-mediated tethering of SNX1 to microtubules links PIN sorting
to cytoskeleton components. Posttranslational modifications regulate the abundance, polarity and activity of auxin transporters: ubiquitylation targets PINs
towards the lytic vacuole, phosphorylation regulates either their polarity (by PID/WAG) towards apical PM or their activity (by D6PK). U, ubiquitin; P,
phosphate and MT, microtubules. Adapted from Retzer et al. (2014) © Springer.
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Membrane Lipid Composition
Mediating Auxin Carrier Sorting

Lipid composition of cellular compartments represents another
major determinant in the regulation of protein sorting and some
studies revealed its role in the regulation of PAT. Sterols, together
with saturated phospholipids and sphingolipids, cluster together
with diverse membrane proteins at the TGN, influencing sorting
to the PM and thereby contribute to trafficking of PINs, ABCBs
and AUXI1 to their respective membrane domains (Yang et al.,
2013). Upon loss of Arabidopsis CYCLOPROPYL ISOMERASE1
(CPD1), in particular, PIN2 was found to accumulate at apical
and basal domains of root meristem epidermis cells, highlight-
ing a role for sterol composition in sorting decisions and cellular
polarity establishment. Deficiencies in sphingolipid biosynthe-
sis interfere with the sorting of PINs and AUX1 during early
steps of the secretory pathway [reviewed by Luschnig and Vert
(2014)]. This also appears to be the case for sphingolipids char-
acterised by a-hydroxylated acyl-chains that become enriched in
secretory vesicle subdomains of trans-Golgi network, modulating
PIN2 polar sorting to apical PM domains in root meristem cells
(Wattelet-Boyer et al., 2016).
Phosphatidylinositol phosphates (PIPs) represent a class of
lipid molecules characterised by different phosphorylation pat-
terns at their inositol group. While representing only a minor
fraction among membrane lipids, PIPs control various aspects
of membrane protein sorting. A characteristic feature of dis-
tinct PIPs is their quite heterogeneous distribution in different
cellular compartments, a feature underlying their function as
docking platforms mediating intracellular vesicle translocation
along defined sorting routes. PI4P and PI(4,5)P2, for example,
were found to exhibit a slightly polar PM localisation, enriched
at basal and apical domains. Consistently, phosphatidylinositol
4-phosphate 5-kinases PIPSK1 and PIP5SK2, which mediate phos-
phorylation of PI4P on position 5 to give P1(4,5)P2, exhibit a
similar polar localisation and were also found to affect PAT.
Pip5kl pip5k2 double mutants, in particular, exhibit prominent
deficiencies in auxin-controlled aspects of plant morphogenesis
and adaptive growth responses, which has been associated with
altered PIN sorting dynamics and polar PM distribution observed
in these mutants [currently reviewed by Armengot et al. (2016)].
It is not yet clear how variations in PIP composition might
affect sorting and polarity of PIN proteins, but some kind of
interplay with additional PIN polarity determinants appears pos-
sible. PI4P and P1(4,5)P2 were shown to interact with AGC-type
kinases PID and D6PK in vitro, and PID targeting to the PM
appears to depend on electrophysiological properties of PI4P
(Armengot et al., 2016). Whether or not such sorting control
impacts on phosphorylation and hence subcellular targeting of
PIN proteins remains to be determined though.

Additional Regulatory Mechanisms

Apart from the aforementioned controlling machineries that are
currently explored in more detail, numerous additional effectors
of PAT have been identified. This involves small compounds,

acting as inhibitors of PAT, affecting protein sorting or activity
of auxin transport proteins [reviewed recently by Klima et al.,
(2016)]. Several of these are synthetic compounds and they serve
to elucidate various aspects of PAT and its physiological signifi-
cance (above all NPA, and TIBA). However, there is an increasing
body of evidence indicating the existence of naturally occurring
compounds interfering with auxin transport and/or establishment
and maintenance of auxin homeostasis (e.g. products of phenyl-
propanoid pathway, Steenackers et al., 2016).

There are also established links between various
hormone-signalling events and their effects on PAT. Strigo-
lactone, for example, affects shoot branching by modulating
PIN1 sorting in a clathrin-dependent manner, influencing auxin
distribution in the stem and regulating lateral bud outgrowth
(Shinohara et al., 2013). Further interactions were reviewed by
Luschnig and Vert (2014): Cytokinin specifically regulates PIN1
trafficking and polar deposition at the PM at early stages of LR
primordium formation; gibberellic acid controls PIN2 sorting
and auxin distribution in gravistimulated roots, presumably
by differential stabilisation of PIN2 at the PM; related effects
on endocytic PIN sorting have been observed in response to
treatment with methyl jasmonate.

These examples highlight excessive crosstalk between PAT and
a highly diverse array of signalling events taking place throughout
the life cycle of a higher plant. It remains essentially unresolved
though, how all these pathways might combine in order to coor-
dinate various signals and PAT in the developing plant body.
Integration of these events into a single coherent model remains
a challenge for future research.
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Abstract: The root is the below-ground organ of a plant, and it has evolved multiple signaling
pathways that allow adaptation of architecture, growth rate, and direction to an ever-changing
environment. Roots grow along the gravitropic vector towards beneficial areas in the soil to provide
the plant with proper nutrients to ensure its survival and productivity. In addition, roots have
developed escape mechanisms to avoid adverse environments, which include direct illumination.
Standard laboratory growth conditions for basic research of plant development and stress adaptation
include growing seedlings in Petri dishes on medium with roots exposed to light. Several studies have
shown that direct illumination of roots alters their morphology, cellular and biochemical responses,
which results in reduced nutrient uptake and adaptability upon additive stress stimuli. In this review,
we summarize recent methods that allow the study of shaded roots under controlled laboratory
conditions and discuss the observed changes in the results depending on the root illumination status.

Keywords: D-rootsystem; direct root illumination; root growth; reactive oxygen species; flavonols;
abiotic stress; light escape mechanism; auxin; cytokinin; dark-grown roots

1. Introduction

Plants have evolved a finely tuned network of signaling pathways to simultaneously
adapt to multiple, continuously occurring changes in environmental conditions [1-4].
Environmental changes can either affect shoot or root development locally or influence the
development and growth behavior of the entire plant [1,2]. External stimuli range from
changing light conditions that affect the photosynthetic activity and serve as a signal to
control organ growth, to energy-consuming responses to abiotic and biotic stresses that
challenge plant productivity [1,5,6]. Plants are very flexible and have an amazing ability
to change cell shape and tissue organization to respond to exogenous stimuli [7-11]. To
ensure efficient plant growth and productivity we need to understand how plants adapt
under less beneficial environmental conditions. Plants are divided into the aboveground
located shoot and the underground located root [2,4]. The shoot produces energy in the
form of carbohydrates via photosynthesis, wherefore its productivity primarily depends on
light quality and intensity [4,6,12-14]. Plant productivity also depends on the delivery of
water and nutrients from the soil, which are taken up over the root [4,15]. The root needs to
navigate through the soil towards beneficial areas rich in water and nutrients, but to avoid
obstacles, also in the form of toxic compounds [16-18]. To orchestrate root development
and the modulation of directional root growth, plants have evolved cellular mechanisms
that rely on the spatially and temporally regulated distribution of signaling molecules,
including sugars, phytohormones, and Reactive Oxygen Species (ROS) [4,9,18-24]. Direct
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root illumination not only affects root growth alone but leads to altered communication
between shoot and root, which also modulates the distribution of signaling molecules and
eventually reduces efficient nutrient uptake, and negatively affects the ability of plants to
adapt to additive stress stimuli [6,9,25,26]. In this review, we summarize recent findings
showing how established laboratory growth conditions, which include plant cultivation on
growth medium with roots exposed to light, affect plant development and root responses
to abiotic stresses.

2. Standard Laboratory Conditions and Their Effects on Root Growth

Environmental conditions, on the one hand, shape the overall architecture of the plant,
but also determine its ability to cope with additive stress stimuli at the level of individual
organs down to the cells [3,9,23,26-30]. Roots have evolved to anchor the plant in the soil
and also to absorb water and minerals from it [3,4] Furthermore, roots developed to direct
the growth direction along the gravity vector and to avoid direct illumination [9,26,30]. As
early as 1880, Darwin and Darwin suggested in their study 'The Power of Movement in
Plants' directional root growth depending on growth conditions [31]. Like all land species,
terrestrial plants developed mechanisms to orient themselves along the gravity vector [18].
However, negative phototropism of the root, the active root growth away from light, is also
mediated in the very root tip [32]. Therefore, the conditions under which the plants are
grown must be taken into account, as they can lead to additive responses or even mask
phenotypes [9,26,29,30,33]. To make roots accessible for microscopy, phenotypic analysis,
cell biological, and biochemical approaches, seedlings are grown in laboratories on plates
with roots exposed to light (Figure 1), often in combination with sugar supplementation
to enhance seedling growth [24,26,29,30]. While these standardized laboratory growth
conditions may seem convenient and practical at first glance, they have recently been
shown to have profound effects on root growth, architecture, root hair emergence and
elongation, nutrient uptake, and ultimately whole plant growth [26,28-30]. In particular,
the combination of light exposure of roots and exogenous sugar supplementation, usually
sucrose or glucose, resulted in the biggest changes in root growth and responses to other
exogenous stimuli compared to non-illuminated roots [24,29,30]. Sugars, as products of
photosynthesis in the leaves, are actively distributed to the roots, where they not only
function as building blocks for new molecule biosynthesis and energy source to enhance
cellular activity, but also as signaling molecules [4]. By combining exogenous carbon
sources and phytohormones with different illumination conditions for shoot and root, it
became clearer to what extent the signaling cascades are interdependent and even overlap
each other [26,29,30,34].

The regulation of root growth (e.g., the timing of lateral root and root hair emer-
gence, directional root growth) is highly dependent on the finely tuned distribution of
numerous signaling molecules, including sugars, ROS, phytohormones, and other small
molecules whose availability per cell is strongly modulated by internal and external con-
ditions [4,16,19,29,33,35-37]. Therefore, the direct interplay of phytohormones, light, and
sugar signaling pathways in roots exposed to direct illumination compared to shaded roots
has been the target of several recent studies [4,21,23,24,26-28,32,37-40]. Overlapping results
show particularly striking differences in ROS production and distribution along the root,
but also changes in phytohormone regulated responses have been reported [9,27,38,41].

The number of studies addressing the effects of direct root illumination on the out-
come of stress response experiments, nutrient uptake, shoot-root communication, and the
ability to modulate root architecture and directional root growth, is steadily increasing. In
addition to efforts to track root growth directly in soil [42], several experimental setups
have been described, which allow cultivation of seedlings in plates on sterile medium, but
shade the roots from direct light exposure [43]. The reasons behind the efforts to keep roots
growing under more natural light conditions, but still on a sterile medium, result from the
wish to prepare plant material for microscopy studies, phenotypic analysis, and further
molecular biological studies. These approaches range from optimized medium preparation
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with charcoal [41] to the use of the so-called D-root system, which has recently become
very popular [26]. Laboratories either use the D-root box available for purchase, as first
described by Silva-Navas et al., 2015 [26-30,33], adaptations to study root illumination
responses [6,44] or versions made of black cardboard [36,45]. However, regardless of the
method used to shade the roots from direct root illumination, the results obtained are
reproducible. Among the most obvious differences in root trait establishment depending
on the illumination status include reduced root growth by direct root illumination due
to lower meristematic activity, but increased root elongation rate, also known as root
escape mechanism. In addition, seedlings with roots exposed to direct root illumination
show an overall lower nutrient uptake capacity and a more sensitive response to abiotic
stresses [9,26-30]. Finally, differential root development under direct illumination results
in altered shoot growth, as shoots with shaded roots accumulate less mass and antho-
cyanins, demonstrating differential distribution of resources throughout the plant and
fitness depending on the experimental growth conditions chosen [26].

TTTT ﬁ

LGR DGR

Figure 1. Schematic representation of the principle of light versus dark-grown roots. To shade roots from direct illumination,

a cover is used, often made of methacrylate or black cardboard. A video showing how to assemble the so-called D-root

system, which is widely used in the D-root community studying Arabidopsis thaliana and was designed by the del Pozo

laboratory, is available online https://www.researchgate.net/publication/281436423_Assembling_the_D-root_system
(accessed on 23 November 2021) [26].

3. Differences in Root Growth Adaptation Depending on Root Illumination Status
3.1. Root Traits Altered by Direct Illumination

Roots are positive gravitropic and negative phototropic, and they evolved to grow
into soil shaded from light [4,7,44]. Roots also express photoreceptors, which allows them
to adapt directional root growth to avoid direct illumination [3,21]. Furthermore, light
perception also results in altered root growth rate, sensitivity to additive stress stimuli, and
changes in root system architecture establishment depending on the activated photore-
ceptor and the illuminated area of the root [1,32,40]. Therefore, roots respond differently
to direct root illumination depending on the wavelength or direction of illumination.
Comprehensive reviews of the photoreceptors expressed in roots and involved in the
modulation of root growth can be found in Zdarska et al., 2015, Silva-Navas et al., 2015
and van Gelderen et al., 2018, among others [3,21,26]. Root meristem activity is modulated
upon exogenous and endogenous stimuli [2,4,46-50]. Cell proliferation comes to a halt
when environmental conditions are not favorable for the plant, such as when red, energy-
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1 stress sensitivity

intensive light is perceived [9,23,26,32]. After leaving the meristem, cells pass through the
transition and elongation zone towards the differentiation zone, where cell fate depends
on maturation and growth as well as environmental stimuli. It has been reported that blue
light receptors appear to modulate the elongation rate above the meristem [9,26,51].

The application of the D-root system confirmed that the quality of light has an impact
on root growth, by studying the effect of individual wavelengths on plants lacking single
photoreceptors [26]. Silva-Navas et al., 2015, in their comprehensive study of differences in
plant growth between seedlings with light- and dark-grown roots (LGR, DGR), showed
that LGR are up to 25% shorter compared to DGR [26]. Garcia-Gonzalez et al., 2021a, and b,
showed that the difference in total root length is more pronounced when sucrose is added
to the growth medium [29,30]. When comparing publications that evaluated total root
length as a function of root illumination status, it became clear that the difference in root
length was less pronounced in seedlings younger than seven days after germination, but
was striking from twelve days after germination [26,30] (Figure 2). Direct root illumination
also causes root growth to deviate from vertical (Figure 2), which in turn is enhanced by
the addition of sugar to the growth medium [24,29]. In addition, the length of root hairs
closer to the meristem is increased, which is likely due to the increased concentrations
of ROS in LGR [28,29]. Recently, ROS were shown to be critical modulators of root hair
elongation and lateral root outgrowth and root growth in general [26,27,40,52-56]. It has
also been shown that ROS modulate negative phototropism even upon brief irradiation
with blue light of 82 ymol m™2s™! for 10 s, and roots immediately responded by producing
ROS in the root tip, which was accompanied by a rapid increase in root growth rate, a
phenomenon they termed Root Escape Tropism [9,23,32,40,41].

b oo il
nutrient —
length

AN

total root Ienght‘

1 elongation -

rate TZ
j |

/ gravitropic index

meristem size

Figure 2. Summary of repeatedly observed root traits, which differ depending on the root illumination status. When roots are
shaded from direct root illumination, independent studies from different laboratories confirmed a higher activity of the meristem,
better efficiency in nutrient uptake, and better coordinated directional root growth. Furthermore, cell elongation rate in the

transition zone (TZ) is reduced, as the light-induced Root Escape Mechanism is missing. Moreover, light-grown roots show

enhanced sensibility towards additive stress treatment and cope less efficiently or slower upon stress application, probably due to
elevated reactive oxygen species production (ROS), which activates stress response signaling pathways. Elevated ROS levels are
suspected further to induce root hair outgrowth and elongation closer to the meristem in light-grown roots.
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3.2. The Modulation of Root Growth at the Cellular Level Depends Strongly on the Interplay
between Reactive Oxygen Species and Flavonols

The root absorbs water and nutrients from the soil, which determines the productivity
of the plant [2,4]. Direct illumination of the root results in decreased accumulation of
nutrients, including potassium, sodium, and molybdate [26]. Only iron was accumulated
in the root and shoot of plants whose roots were exposed to light, and since iron dissolution
is modulated by redox reactions [57], photocatalysis of various ROS in LGR could stimulate
iron accumulation [26]. In addition, accumulation of ROS also plays an important role
in modulating additive stress responses of roots, such as nitrogen deficiency [26]. Total
root length and ion accumulation are reduced in LGRs under N deficiency, while DGRs
show limited reduction in total root length under N deficiency [26,58,59]. LGRs have an
overall increased content of individual ROS [55], but the content of ROS scavengers is also
increased, which eventually leads to a decrease of specific ROS compared to DGR, which
needs further investigation [26]. ROS scavengers in the form of secondary metabolites,
especially flavonols, accumulate in LGR, which are crucial for the proper regulation of root
light avoidance [27]. Silva-Navas et al, 2016 described how phototropic reactions in LGR
are orchestrated by hydrogen peroxide and cytokinin, which stimulate the accumulation of
flavonols along the transition zone to promote cell elongation, even in an asymmetric man-
ner under unilateral root illumination [27]. Under unilateral illumination, roots accumulate
flavonols closer to the light source, resulting in asymmetric cell elongation that forces the
root to bend away from the light [27]. Blue light is known to activate the PHOTOTROPIN1
(PHOT1) receptor in the root transition zone, where it is associated with modulation of the
subcellular distribution of the auxin efflux carrier PIN-FORMED 2 (PIN2) [51,60].

The length of the root is determined by the proliferation rate of the meristem, which
is reduced when the root is directly illuminated, and by the elongation rate of the cells,
which is stimulated to enable the light escape mechanism in the root [9,27]. It is worth
noting that the proliferation rate is suppressed in LGR due to phototoxicity, which has
been associated with increased flavonol levels [27]. Meristematic activity is also reduced
when the whole plant is shifted into darkness, but the gradual shutdown of root growth
results from the reduction of photosynthetic activity of the shoot and changes in shoot-root
communication [3] Therefore, data obtained from whole plants shifted to darkness or
even etiolated plants should be taken with caution and cannot be compared with results
from D-root experiments [30]. Previous studies have already shown that the suppres-
sion of meristematic activity in illuminated roots is primarily due to UV-B triggered ROS
accumulation [9,55]. Overall, meristematic activity is balanced by ROS accumulation
depending on environmental conditions and the ability to produce ROS scavengers to
maintain efficient root growth [27,40,49,56,61,62]. The rate of cell elongation in the tran-
sition zone of DGR is slower than in LGR or DGR treated with flavonols, while the final
cell size in differentiated cells is similar in DGR and LGR [27]. This is also consistent with
a study showing that illuminated roots respond more slowly when exposed to a NaCl
gradient [9]. Cell expansion depends on the finely tuned establishment of the cytoskeleton,
and several studies have shown that direct illumination of roots alters its appearance,
including increased actin polymerization and bundling, which could be the reason for
altered dynamics of root growth responses of LGR [9,43]. Modulation of the cytoskeleton
is responsible for various morphological changes at the cellular and subcellular levels,
including the properties of lytic vacuoles, intracellular trafficking, and plasma membrane
(PM) responses [33,37,39,63-65]. Several changes have been linked to the regulation of
auxin distribution in the root, so it is not surprising that responses to hormones are also
affected by direct root illumination [21,23,33].

3.3. Phytohormones

Phytohormone biosynthesis, distribution, and metabolism, either to store or to degrade
them, highly depends on the developmental stage of the plant, but also the availability
of resources and growth conditions [2,22]. Shoot and root influence each other in the
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production of individual hormones and exchange them to promote or inhibit the growth
of individual organs or tissues [2]. Since recent studies have shown that the illumination
status of individual plant organs has a profound effect on overall plant growth, it is not
surprising that LGR and DGR responded differently to exogenous hormone application [26].
Exogenous hormone treatment showed greater inhibition of total root length of DGR
compared to LGR when treated with epi-brassinolide (eBl), abscisic acid, the cytokinin
6-benzylaminopurine, the synthetic auxin 2,4-dichlorophenoxy-acetic acid (2,4-D), and the
auxin transport inhibitor 1-N-naphthylphthalamic acid [26].

The close interplay of auxin transport, biosynthesis, conjugation, perception, and
signaling [66-68] enables constant plant growth through a balance between cell division
and elongation. While total root length was more inhibited by 2,4-D in LGR compared to
DGR, the natural auxin indole-3-acetic acid had the opposite effect, suggesting that light
attenuates the inhibition of root growth by 2,4-D [26]. Mutants of genes involved in auxin
signaling, auxin resistance protein 1-12 and transporter inhibitor response 1-1, developed a
higher number of lateral roots in DGR compared with wild type, but total root length was
not affected [26]. Root illumination might affect auxin homeostasis, which would explain
the differential response to different auxins as well as root growth and morphogenesis, but
detailed studies have not yet been completed. So far, preliminary insights have been gained
into the modulation of auxin carrier distribution and subcellular localization in response to
root illumination status [33,38,51]. Fine-tuned polar auxin transport ensures over long dis-
tances an active and regulated transport and gradient establishment on tissue and cellular
level, followed by subcellular rearrangements to modulate plant growth [65,68,69]. Auxin
efflux carriers have been extensively studied in terms of their intracellular distribution,
transport, and posttranslational modifications that modulate their activity and abundance
at the PM [16,33,35,70,71], but all of these studies were either done in LGR or in plants that
were grown etiolated or dark-shifted. Only recently, a few studies have been published
focusing on the distribution of PIN1 and PIN2 in DGR. Direct root illumination results
in lower levels of PINT1 in the stele of the root, which have been shown to be modulated
post-translationally, as the transcript levels did not change depending on the illumination
status of the root [27]. Furthermore, internalization of PIN2:mcherry occurs from the PM
towards the lytic vacuole, which is not visible when PIN2 is tagged to a pH sensitive fluo-
rescent protein [27,33,38,39,51]. The intracellular targeting of PIN2 to the lytic vacuole is
mediated by ubiquitination, and fusion between PIN2 and a single ubiquitin unit increases
the turnover of PIN2 from the PM directly into the lytic vacuole, which can be inhibited
by exogenous eBL treatment [33,72]. While PIN2:ubq turnover in LGR can be inhibited by
eBL, leading to increased PIN2:ubq levels at the PM, wild-type PIN2 abundance at the PM
increases significantly after eBL treatment only in DGR, but no longer in LGR, which is
consistent with previous studies suggesting that root illumination leads to stabilization of
PIN2 at the PM [33]. In addition, a recent study showed that direct root illumination, which
leads to increased root hair outgrowth closer to the meristem in wild-type roots, is reduced
in the PIN2 knockout mutant eirl-4, consistent with the importance of shoot-directed
auxin transport for PIN2-mediated root hair outgrowth [4,29,73]. Regulated shootward
auxin distribution has been well described to ensure proper root growth and thus plant
nutrition [19,74,75]. This includes processes such as cell division, regulation of cell ex-
pansion, directional root growth, root hair outgrowth, and development of lateral roots,
which are modulated by finely tuned auxin gradients, thus most studies have targeted
auxin-related mechanisms [1,4,76,77]. The regulatory role of auxin distribution and sig-
naling in the root were intensively studied, but the understanding of how exactly auxin
distribution and homeostasis are modulated upon distinct environmental conditions is
still incomplete [29,37,73,78,79]. Therefore, reducing external stimuli by using the D-root
system allows us to dissect better which signaling pathways are in which way intercon-
nected [15,48,80]. It has been shown that direct illumination of roots increases the amount
of flavonols, and exogenous application of flavonols results in lower PIN1 levels in the
root, which could limit the delivery of auxin from the shoot to the root tip [27]. Flavonols
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are known to control auxin distribution in the root at multiple levels, including inhibition
of auxin transport and modulation of indole-3-acetic acid (IAA) catabolism [81-84]. The
reduction of LGR meristem size could on one hand directly result from lower auxin levels,
as auxin drives meristematic activity to a certain extent [85,86], but data showing auxin
distribution along the root depending on the illumination status are still outstanding.
Alternatively, an altered cytokinin:auxin ratio might modulate the cell fate switch between
meristem and transition zone [27,87,88]. Cytokinin itself seems in LGR to induce flavonol
biosynthesis via SHORT HYPOCOTYL 2 (SHY2) to reduce auxin transporter abundance
and thereby, delivery of auxin to the root tip [27]. This corresponds to previously obtained
data that describe how cytokinin and auxin signaling pathways interact to modulate root
meristem [27,87,89]. Moreover, the application of the D-rootsystem allowed defining a
new role of the cytokinin cis-zeatin in orchestrating root growth adaptation, including
regulation of root hair outgrowth, upon phosphate deficiency [28].

Possible, cross-talks in-between individual phytohormonal signaling pathways and
responses to root illumination status are outstanding, and could probably reveal regulatory
mechanisms that were masked so far. Light perception and root growth modulation are
connected over signaling pathways of other hormones too [32], but how far they differ in
DGR must be still investigated. For example, BR signaling is induced in roots upon blue
light illumination and is known to modulate ROS and ethylene synthesis to restrict root
growth [90,91]. Plant roots are very plastic and can adjust their tissue organization and
cell appearance during abiotic stress responses, whereby direct root illumination results in
changes the sensitivity of plants towards individual external stimuli [26,92].

3.4. Additive Stress Responses under Direct Root [llumination

Environmental conditions are constantly changing and plants, as sessile organisms,
must often adapt rapidly to stimuli that occur simultaneously [1]. The composition of
the soil is also not uniform and can change during root growth. Not only are nutrients
unevenly distributed or dissolved, but there may be a sudden accumulation of toxic com-
pounds or a decrease in the availability of water [1,28,49,93]. Environmental pollution
and extreme weather conditions affect plant growth by activating multiple response path-
ways simultaneously, usually leading to reversible growth arrest or even plant death [94].
Direct root illumination triggers additional stress responses that do not occur in DGR;
therefore, to understand how roots respond in nature the D-root system or similar advice
will provide more accurate results [26]. The establishment of ROS gradients in the root
tip is known to be crucial to rapidly modulate root architecture and growth upon stress
exposure [26,27,53,55,56]. As elevated ROS levels impair N uptake in roots, which mas-
sively affects resource accumulation required for mass production of plants [58], it is not
surprising that LGR are shorter than DGR under N deprivation [26]. Phosphate deficiency
(Pi) combined with direct root illumination significantly inhibited root meristem activity
by up to 50% and stimulated root hair outgrowth closer to the root meristem, whereas root
hair elongation was impaired [28]. Total root length was even more impaired of LGR under
osmotic or salt stress [26]. Application of osmotic stress in the form of 250mM mannitol
inhibited root growth of LGR by 55% but only 44% of DGR and treatment of LGR with
100mM NaCl resulted in 40% shorter roots while DGR where inhibited only by 27% [26]. In
addition to a more drastic reduction in root growth of LGR when grown directly on NaCl,
LGR also show slower salt avoidance, halotropism, when grown on split plates where NaCl
is added only to the lower part of the plate and seedlings are placed on medium without
salt [9]. Furthermore, it has been shown that particular irradiation of the root tip with UV-B
lowers root response to salinity [9]. Moreover, the UV-B receptor UV RESISTANCE LOCUS
8 (UVRS8) is involved in growth reduction under drought, which again shows that multiple
stress responses are regulated by overlapping signaling pathways, and additional stress in
form of direct root illumination may mask or alter research outcomes [9]. AtUVRS further
complements an osmosensitive Saccharomyces cerevisiae mutant and its overexpression in
Arabidopsis thaliana leads to reduced primary root growth, especially under osmotic and
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salt stress, which is again associated with flavonoid accumulation [9,95]. On the one hand,
lateral root growth seems to be rather promoted under salt stress growth conditions to
increase root surface area and search for water and nutrients [1], but it is impaired when the
root is exposed to excessive illumination, especially UV-B [9]. Studying the adaptation of
root system architecture under toxic growth conditions, including salt stress and drought,
is crucial as the availability of unpolluted soil and water for crop production continuously
decreases, leading to devastating crop losses [93,96-98]. To study plant stress responses in
soil, Rhizotrons, also known as Rhizoboxes, are used, which still allow monitoring of root
growth under controlled conditions [42,96,99,100]. Results obtained from DGR are more
comparable to studies done on soil compared to LGR. Recent studies on the adaptation of
pearl millet root growth to drought in so-called high-temperature tubes with sensors at the
top and bottom of the tube to monitor water content made it possible to observe changes in
the proteome and metabolome during drought stress [96]. Combined evaluation of changes
at the proteomic level and metabolomic analysis of root exudates confirmed modulation of
auxin homeostasis and linked increased flavonoid production to the observed reduction in
root growth [101]. This demonstrates the importance of performing basic research under
more natural conditions to allow a smoother transition of findings into applied science.
Furthermore, Rhizotrons are commonly used to examine the interaction of roots with the
rhizosphere, which is very sensitive to light, and most studies have been conducted on
roots grown in soil [100,102]. Therefore, recent attempts to study biotic interactions with
the root, which can be beneficial or threatening, include the use of transparent artificial soil
for DGR, which in turn will allow a more detailed study of root growth adaptation at the
cellular level under more natural conditions [103,104].

4. Conclusions

Roots have evolved as below-ground organs of the plant, and direct light illumination
triggers stress responses that result in escape growth away from the light source and
morphological and cellular changes, including responses to phytohormones and other
small molecules that act as signaling molecules, such as ROS and flavonols. Two growth
conditions of Arabidopsis thaliana seedlings are manifested in the majority of laboratories
studying plant development and growth adaptation. One is to grow seedlings on agar
plates with roots continuously exposed to light to the same extent as the shoot. Direct root
illumination results in altered root architecture, which origins in changes at the subcellular
level, including altered auxin carrier abundance and subcellular distribution. The other
habit is to add sugar to the growth medium to enhance the growth rate of the seedlings,
which has a massive impact on the genetics, molecular biology, metabolomics, etc., of the
roots. The triggered responses negatively affect nutrient uptake and lead to molecular
changes, including altered gene expression, proteome and metabolome, not only in the root
itself but also in the shoot. In addition, fine-tuning of directional root growth is affected,
reducing the efficiency of root maneuvers. Finally, recent studies have shown that direct
illumination masks phenotypes or alter the responses of the experiments performed. The
application of tools that protect roots from direct light illumination will lead to results that
are closer to natural plant responses and will allow a more reliable transfer of knowledge
from basic to applied plant science. Since most of the research data obtained so far come
from studies with roots exposed to light and fed exogenous sugars, we will make surprising
revelations and discover new connections between signaling pathways in the future, but
overall, these findings will help us to better understand how roots and plants adapt to
ever-changing environmental conditions.
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Summary:

Modulation of growth responses in plants is maintained by several tightly controlled mechanisms. Auxin
as growth regulator helps to regulate growth and adaptation mechanisms by establishing concentration
minima and maxima at specific tissues and organs in particular time. Plants developed multi-layered
regulation of auxin transporters to establish required spatial and temporal distribution of auxin. This study
focusses on post-translational modifications of root specific Arabidopsis PIN2 carrier. It is well-known
that PIN proteins are regulated by phosphorylation and ubiquitination. We show functional implications of
the two evolutionary conserved cysteines, which might be accessible to redox-status-controlled
modification. We show that by exchanging these especially conserved cysteines for alanine we affect

PIN2 mobility on the membrane which then affect the fine tuning of polar auxin transport.
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Abstract: Coordination of plant development requires modulation of growth responses that are
under control of the phytohormone auxin. PIN-FORMED plasma membrane proteins, involved in
intercellular transport of the growth regulator, are key to the transmission of such auxin signals and
subject to multilevel surveillance mechanisms, including reversible post-translational modifications.
Apart from well-studied PIN protein modifications, namely phosphorylation and ubiquitylation, no
further post-translational modifications have been described so far. Here, we focused on root-specific
Arabidopsis PIN2 and explored functional implications of two evolutionary conserved cysteines,
by a combination of in silico and molecular approaches. PIN2 sequence alignments and modeling
predictions indicated that both cysteines are facing the cytoplasm and therefore would be accessible
to redox status-controlled modifications. Notably, mutant pin2¢4 alleles retained functionality,
demonstrated by their ability to almost completely rescue defects of a pin2 null allele, whereas high
resolution analysis of pin2C_A localization revealed increased intracellular accumulation, and altered
protein distribution within plasma membrane micro-domains. The observed effects of cysteine
replacements on root growth and PIN2 localization are consistent with a model in which redox
status-dependent cysteine modifications participate in the regulation of PIN2 mobility, thereby
fine-tuning polar auxin transport.

Keywords: Auxin; PIN proteins; plasma membrane protein sorting; protein mobility; intracellular
distribution; root phenotype; Arabidopsis; protein modeling; SRRF

1. Introduction

Auxin, a versatile plant growth regulator, is involved in a multitude of developmental
processes [1-3]. This versatility is largely dependent on a very flexible molecular machinery, mediating
directional transport of the phytohormone throughout the entire organism [4-6]. Plasma membrane
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localized PIN-FORMED (PIN) proteins, in particular, have been connected to the cellular efflux of
the growth regulator, a critical step that defines directionality and rates of polar auxin transport and
requires tight regulation [4,7].

Key to the function of PIN proteins at the plasma membrane is a stringent control of their
localization, activity and abundance, which has been linked to specific cellular activities. PIN trafficking
to and from the plasma membrane is mediated by evolutionary conserved elements of secretory and
endocytic sorting machineries, essential for maintenance of and adjustments in PIN distribution.
Exocytotic sorting occurs via the TGN (Trans Golgi network), and is dependent on ARF-GEF (ADP
Ribosylation Factor-Guanine Nucleotide Exchange Factor) and exocyst complex activities. Plasma
membrane-resident PIN proteins are subject to lateral diffusion processes, which is eventually followed
by clathrin-dependent endocytic sorting to the TGN. From there, PINs appear to be either rerouted to
the plasma membrane, or sorted towards late endosomes en route to the lytic vacuole [4,7].

Some PIN sorting decisions have been linked to reversible, post-translational protein modifications
(PTMs), allowing for rapid adjustments in protein function. Phosphorylation of PIN proteins by
members of the AGCVIII (cAMP dependent, cGMP dependent, and protein kinase C) protein kinase
family has been implicated in the regulation of PIN activity as well as in the control of polar PIN
localization at the plasma membrane [8-10]. Although it is not yet entirely resolved, how variations
in PIN phosphorylation could mediate such responses, structure-function analyses of a number of
conserved phosphorylation sites within the PIN central hydrophilic loop revealed their essential
function in the regulation of PINs. Specifically, a set of evolutionary conserved serines, found in the
N-terminal portion of the central loop domain, has been analyzed extensively and revealed divergent
but overlapping roles of distinct phosphosites in polar sorting of PIN proteins and in the activation of
PIN-mediated auxin transport across membrane boundaries [9].

Another signal, triggering endocytic sorting of plasma membrane cargo involves reversible
covalent attachment of the small protein modifier ubiquitin [11,12]. Recognition of ubiquitylated
cargo by distinct adaptor protein complexes triggers a cascade of downstream events, ultimately
resulting in cargo delivery to and degradation in lytic vacuoles [13,14]. In case of PIN proteins,
ubiquitylation has so far only been demonstrated for Arabidopsis PIN2, which is subject to decoration
by K63-linked ubiquitin chains [15]. Abolishment of PIN2 ubiquitylation by mutagenesis of several
potential ubiquitin attachment sites in the central loop domain caused deficiencies in the protein’s
endocytic sorting and functionality, underlining an essential role for ubiquitin-controlled sorting of
PIN2 [15].

Next to phosphorylation and ubiquitylation of distinct amino acid side chains, proteinogenic
cysteines are subject to a range of different modifications. Cysteines represent the principal target
of Reactive Oxygen Species (ROS), with its sulfur atom allowing for several different oxidation
states, causing disulfide bond formation, S-glutathionylation, or S-nitrosylation, to name just a few,
with distinct effects on protein fate [16]. Recently, links between auxin and redox signaling [17]
were established, as variations in the cellular redox balance, triggered by altered ROS levels,
were found to affect auxin-controlled plant morphogenesis [18-20]. A key role in controlling
the cellular redox status has been attributed to the NADPH-dependent thioredoxin/glutaredoxin
(TRX/GRX) and the NADPH-dependent glutathione (GSH) systems, both in the context of preventing
oxidative damage as well as in the modulation of redox signaling events [18]. Loss of enzymatic
activities, required for regulation of GRX/TRX and/or GSH homeostasis, was found to cause
striking developmental aberrations, with combinatorial effects on auxin-controlled development.
This is indicated by phenotypes exhibited by an Arabidopsis ntra ntrb cab triple mutant, affected in
NTRA and NTRB NADPH-dependent thioredoxin reductase as well as GSH1 y-glutamylcysteine
synthetase, strikingly resembling mutants defective in polar auxin transport. Moreover, this mutant
combination is characterized by a dramatic reduction in PIN transcript levels and protein abundance,
which could be phenocopied by application of buthionine sulphoximine (BSO), a potent inhibitor
of GSH biosynthesis [19,21]. Therefore, it appears plausible that reduced expression of PINs could
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at least partially account for auxin-related phenotypes described for ntra ntrb cab. This hypothesis
is supported by another study, demonstrating that miao, a leaky GLUTHATIONE REDUCTASE 2
(GR2) loss-of-function allele, markedly interferes with expression of regulators of auxin responses,
including PLETHORA transcriptional regulators and PIN auxin transport proteins [20]. Whether
alterations in these mutants’ redox status directly affect distribution and sorting of PIN proteins at a
post-transcriptional level remains to be addressed.

Indirect evidence for post-transcriptional regulation of PINs by GSH and/or nitric oxide came
from the characterization of an Arabidopsis mutant deficient in S-nitrosoglutathione reductase (GSNOR),
catalyzing reduction of GSNO and thereby adjusting levels of S-nitrosylated proteins. Specifically, loss
of GSNORTI in gsnor1-3 results in severe developmental perturbations, signifying wide-ranging effects
of increased protein S-nitrosylation [22,23]. Defects involve lowered sensitivity to auxin, indicated
by diminished proteolytic turnover of an AXR3/IAA17 reporter protein in response to the hormone
as well as reduced lateral root formation, when grown in the presence of synthetic auxin 2,4-D.
Moreover, gsnol-3 seedlings are characterized by a reduction in polar auxin transport, which coincides
with diminished levels of PIN auxin transport proteins, similar to observations made for mutants
affected in GSH/TRX/GRX homeostasis [23]. However, unlike the situation in ntra ntrb cab, PIN
protein down-regulation in gsnor1-3 is not correlated with a corresponding decrease in PIN transcript
levels [19,23]. In addition, another article reported elevated nitric oxide (NO) levels to cause a reduction
of PIN1 protein abundance, without significantly affecting its transcript levels, pointing towards an
involvement of protein S-nitrosylation in the post-translational control of PIN proteins [24].

Analysis of Arabidopsis mutants impaired in GSH and/or NO homeostasis revealed pronounced
alterations in PIN protein abundance. However, whether such changes in protein fate arise as
a consequence of redox status-induced PTMs of PINs remains unknown. In a pilot approach,
we therefore set out and explored the functional significance of highly conserved cysteines found in
the PIN protein family, utilizing modeling approaches and site-directed mutagenesis of Arabidopsis
PIN2. Our findings indicate that, whilst almost dispensable for functionality in root gravitropism, PIN2
cysteines impact on protein distribution, highlighting their potential contribution to the fine-tuning of
polar auxin transport.

2. Results

2.1. PIN Proteins Share Conserved Cysteines that Contribute to Protein Functionality

To address the hypothesis that cysteines do function as cis-acting regulators of PIN protein
function, we reasoned that such residues should exhibit a high degree of conservation within the PIN
family. Multiple sequence alignments performed with Arabidopsis PINs revealed a variable number
of cysteines encoded by the different members of the gene family. This variability ranged from eight
residues found in the PIN5 ORF (Open Reading Frame) to only two cysteines found in PIN2 (Figure 1A).
Notably, these two cysteines are highly conserved in the Arabidopsis PIN gene family, which generally
appears to be case for PINs encoded by Tracheophyta, including ferns and clubmosses (Figure 1B).
Additional alignments performed with predicted canonical PINs from Physcomitrella patens, Marchantia
polymorpha and additional sequences from Charoyphyta revealed that both cysteines are present
in Marchantia and Physcomitrella PINs, indicative of a high degree of conservation in Embryophyta.
In contrast, PIN representatives from charophyte green algae rarely contain both cysteines (Figure 1B).
Taken together, our analysis of PINs found in land plants demonstrates a high degree of
evolutionary conservation of a few, distinct cysteines within the protein family.
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Figure 1. Conservation and predicted localization of conserved PIN cysteines. (A) Alignment of

Arabidopsis PIN protein domains flanking conserved cysteines. Conserved cysteines are displayed in red;

(B) Alignment of PIN protein domains flanking conserved cysteines, from representative Embryophyta
and charophyte green algae. Conserved cysteines are displayed in red. Lack of indicated amino acid
positions denotes incomplete sequences; (C) 2-D model displaying potential membrane conformation
of PIN2. Red barrels represent predicted transmembrane helices, separated by loop domains (black
lines). According to these predictions, both cysteines are facing the cytoplasm. The positions of Cys-39
in loop 1 and Cys-560 in loop 7 are indicated (yellow circles).

Among Arabidopsis PINs, PIN2 turned out to be unique, as it contains only those two cysteines
that are highly conserved in PINs. As the case with any canonical PIN protein, PIN2 hydrophobicity
plots indicated the presence of 10 transmembrane helices, which are organized as two blocks of five
helices, separated by a central spacer region [25-27]. According to these predictions, Cys-39 would
localize to the junction between loop 1 and helix 2, whereas Cys-560 would reside between helix 7
and 8. Considering that the PIN central loop region has been predicted to face the interior of the
cell [28], then these topology predictions would indicate that both conserved cysteines localize to the
cytoplasmic side of the plasma membrane (Figure 1C).

To obtain additional insights into PIN2 topology and accessibility of conserved cysteines, we
performed an in silico modeling. However, due to the structural heterogeneity of full-length PIN2
(647 aa), we decided that rather than modeling it as a whole entity, it was more feasible to separate it
into three constituting parts, and model each one individually, refining then the resulting structures
via molecular dynamics (MD) simulations (see Material and Methods for protocol details). Because of
the existing predictions of the protein structure [27], we considered the first part of the sequence as
going from Met-1 to Arg-155, corresponding to the first cluster of transmembrane helices, the second
part going from Gly-156 to Trp-495 and corresponding to the central loop, and the third part spanning
from Arg-496 to Leu-647, corresponding to the second cluster of transmembrane helices.

To generate the initial models for the three parts, we used Modeller [29], producing several
hundred structures, from which we selected the three best ones. Then, we refined these via MD
simulations using AMBER (http://ambermd.org/) [30]. The procedures we followed are different
for the loop and the helix clusters, since the latter are inside the cell membrane, and thus they are
surrounded by lipids, rather than by water molecules. Concerning the loop, we solvated it explicitly,
and then performed a two-step minimization of the structure: first, we minimized the position of water
and ions around the protein fragment by constraining the atoms of the latter to their initial coordinates;
then, we removed the constraints and minimized the whole system. Following minimization, we
heated up the system with periodic boundary conditions at constant volume, and after the heating
phase, we let it equilibrate at constant pressure for 1 ns. The behavior of temperature and energies
(Figure 2) shows that equilibration of the loop is indeed reached over the time of these initial MD steps.
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Finally, we extracted the lowest-energy conformation from the simulation trajectory and minimized it
as described above.
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Figure 2. Equilibration of the PIN2 loop. (A) Behavior of system temperature over the equilibration
period. The full raw data are in grey, while the red and blue lines show window averages over 10 and
100 ps, respectively; (B) Potential energy (green), kinetic energy (red) and total energy (black) of the
system over the same period.

For the helix clusters (parts 1 and 3 of the protein), we employed implicit solvation to approximate
the presence of a lipid bilayer as solvent of the protein fragments, which were treated individually and
independently. The lipid environment was simulated by imposing a relative permittivity of the implicit
solvent equal to 2.2, following the calculation before heating them and performing production runs of
part 1 for a total of 41.4 ns and part 3 for a total of 30.1 ns. Temperature and energy plots (Figure 3A,B)
show a good stability of the simulation over this time period. Then, we extracted the lowest energy
conformations from the trajectories. To check the structural stability of these folded states, we aligned
them with each individual frame of the whole simulation, computing a mass-weighted RMSD of the
backbones. The results show that the selected conformation for part 1 is stable approximately over the
last 20 ns, with an RMSD only occasionally greater than 2 A and always close to 1 A for the last 13 ns
(Figure 3C). This suggests that no further secondary structure changes are likely to happen. The same
conclusion can be drawn about part 3, with an RMSD fluctuating around an average of 1.3 A for the
duration of the production run.

Having obtained MD-refined models for the three regions of PIN2, we stitched them using UCSF
Chimera (https:/ /www.cgl.ucsf.edu/chimera/) [31], resulting in a single pdb file of the whole protein
on which we performed a final refinement. To start this, we carried out a two-step minimization: first
we constrained the positions of the atoms of the transmembrane regions, minimizing the conformation
of the loop using the solvent relative permittivity of water; then, we restrained the resulting position
of the loop and minimized the transmembrane domains with relative permittivity of the solvent equal
to 2.2. To heat up the protein, we decided to constrain the helix clusters and let the loop move freely,
since we expect that in the cell environment the rigidity of the loop is considerably smaller than that of
the transmembrane domains. Subsequently, we let the loop equilibrate for 1 ns, before constraining
it and equilibrating the conformation of the helix clusters for 1 ns. The final, globally equilibrated
conformation was then minimized with the same two-step procedure described above.

The in silico modeling yielded a 3-D structure of the entire, translated PIN2 coding region
(Figure 4A,B; Movie S1). Evidently, the calculated protein structure could represent a very useful
tool, suitable for addressing PIN function in polar auxin transport. Here, we would like to point
out that both cysteines are predicted to be positioned on the surface of modeled PIN2 (Figure 4A,B;
Movie S1). If true, then such a protein configuration makes both cysteines accessible for interactions
and modifications.
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Figure 3. Equilibration and stability of the folded PIN2 helix clusters. (A) System temperature of part
1 (left) and part 3 (right) over the full production run. The raw data are in black, while the red and
blue lines show window averages over 10 and 100 ps, respectively; (B) Potential energy (green), kinetic
energy (red) and total energy (black) of part 1 (left) and of part 3 (right) over the same period as in (A);
(C) RMSD of the lowest-energy conformation of part 1 (left) and part 3 (right) with respect to every
other frame in the simulation, after alignment (black); the red and light blue lines are window averages
over periods of 20 and 200 ps, respectively.

For a functional analysis of PIN2 cysteines, we initiated a site-directed mutagenesis approach,
and replaced either Cys-39 or Cys-560 with an alanine residue. In addition, we generated a mutant
pin2C395604 gllele, in which both cysteines were replaced by alanines. These mutant alleles as well as a
wild type copy of the PIN2 ORF were fused to the Arabidopsis PIN2 promoter and transformed into the
root agravitropic eir1-4 null allele of PIN2, in order to study functionality of pin2¢~4 alleles [15]. When
grown on vertically oriented nutrient agar plates, no striking difference was observed between wild
type controls and eir1-4 PIN2::PIN2 seedlings, demonstrating that the transgene complements loss of
endogenous PIN2 [15]. Similarly, when comparing growth of vertically oriented eir1-4 PIN2::PIN2 with
eirl-4 PIN2::pin2<394, eir1l-4 PIN2::pin22604 and eirl-4 PIN2::pin2C3%5604 seedlings, we did not observe
any prominent differences in gravitropic root growth, which was indistinguishable from growth of
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wild type Col-0 seedlings, indicating that pin2©~4 alleles have retained functionality, sufficient for
rescuing major eir1-4 growth deficiencies (Figure 5A-F). Closer examination of root growth, however,
revealed a reduction in root waviness for all three different pin2¢~* alleles, when grown on the surface
of vertically positioned agar medium (Figure 5A-E,G). Thus, whilst mutagenesis of cysteines does
not interfere with overall PIN2 functionality in root gravitropism, these residues nonetheless appear
critical for fine-tuning of directional root growth.

Figure 4. A 3-D model for PIN2: Ribbon diagram (A) and surface representation (B) of
assembled 3-D structural predictions for PIN2. The position of both cysteines is labeled in pink.
Rendering was performed within Chimera (https://www.cgl.ucsf.edu/chimera/) [31] using POV-Ray

(http:/ /www.povray.org/).

Pharmacological interference with GSH homeostasis by treatment of Arabidopsis seedlings with
BSO resulted in pronounced defects in root development, which coincided with reduced expression
of PIN genes [19,21]. In related experiments, we tested growth of pin2-~4 alleles in response to BSO,
which demonstrated increased root growth inhibition of eirl-4 PIN2::pin23%4, eir1-4 PIN2::;pin2<>60A
and eirl-4 PIN2:pin2C395€04, when germinated in presence of the drug (Figure 5H). Notably, this
apparent hypersensitivity to BSO treatment, was visible, even when testing pin2©3%°¢04 completely
lacking cysteines. This observation argues for additive effects of BSO-induced downregulation of GSH
biosynthesis and Cys-to-Ala substitutions introduced into pin2¢~4 alleles. Whilst the nature of this
interaction remains to be determined, it supports a role for the conserved cysteines in the regulation of
PIN2 function.

Taken together, mutational analysis of PIN2 cysteines revealed their requirement for full
functionality of the auxin transport protein. Nevertheless, expression of pin2-™4 alleles is sufficient
to rescue principal eirl-4 growth deficiencies, indicating that these point mutations do not generally
abolish PIN2 activity. Subtle growth deficiencies associated with pin2¢~4 alleles, would rather argue
for a role of PIN2 redox control in the fine-tuning of adjustments in root growth.
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Figure 5. Growth of pin2- alleles. (A-E) Comparison of: eirl-4 (A); eirl-4 PIN2::PIN2 (B); eirl-4
PIN2:pin2%394 (C); eirl-4 PIN2::pin2°%%4 (D); and eirl-4 PIN2::pin2©39°604 seedlings at 6 DAG. Size
bar corresponds to 10 mm; (F) Box plot displaying the root gravitropic index of eir1-4, eirl-4 PIN2::PIN2,
eirl-4 PIN2::pin2©3%4, eirl-4 PIN2:pin2©°%94, and eirl-4 PIN2:pin23%%¢0A, according to Grabov and
colleagues [32] at 6 DAG. In total, 13-27 roots were tested for each genotype. “a” indicates a significant
difference to eirl-4 (p < 0.01), determined by One-way ANOVA with post-hoc Tukey HSD test. No
significant differences were observed when comparing eirl-4 PIN2::PIN2 to eirl-4 PIN2:pin23%4, eir1-4
PIN2::pin2©%%04, and eir1-4 PIN2::pin23%%%04, Whiskers represent the entire range of outliers obtained
in the datasets; dark grey and light grey boxes display first and third quartiles, respectively. (G) Box plot,
displaying the root waviness of eirl-4, eirl-4 PIN2::PIN2, eirl-4 PIN2:;pin23%4, eirl-4 PIN2::pin2C2604,
and eirl-4 PIN2:pin2©39°604 at 6 DAG, grown on vertically orientated agar (1.5% (w/v)) nutrient plates.
In total, 21-27 roots were tested for each genotype. “a” indicates a significant difference to eirl-4
PIN2::PIN2 (p < 0.01), determined by One-way ANOVA with post-hoc Tukey HSD test. Whiskers
represent the entire range of outliers obtained in the datasets; dark grey and light grey boxes display first
and third quartiles, respectively; (H) Box plot displaying the primary root length of eir1-4 PIN2::PIN2,
eirl-4 PIN2::pin2©394, eirl-4 PIN2::pin2°04, and eir1-4 PIN2:pin2<3%°604 at 7 DAG, when germinated
in presence of indicated concentrations of buthionine sulphoximine (BSO). In total, 20-32 seedlings
were analyzed for each genotype “a” indicates a significant difference to eir1-4 PIN2::PIN2 (p < 0.01),
determined by One-way ANOVA with post-hoc Tukey HSD test. Whiskers represent the entire range
of outliers obtained in the datasets.
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2.2. Conserved Cysteines Are Determinants of PIN2 Intracellular Distribution

To test for possible consequences of pin2¢4 mutations on intracellular distribution and sorting

of PIN2, we generated Venus-tagged translational fusion constructs, which were then expressed in

eirl-4. The resulting eir1-4 PIN2::pin2C3%560A: Venuys lines exhibited phenotypes similar to those of lines
2C-A

expressing untagged pin alleles (Figure 6A-C), and were subject to further expression analysis.
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Figure 6. Analysis of PIN2::pin2“3%°04: Venys lines. (A,B) Comparison of: eirl-4 PIN2::PIN2:Venus (A)
and eir1-4 PIN2::pin2<39°004: Venus (B) seedlings at 6 DAG grown on vertically oriented nutrient plates.
Size bars correspond to 10 mm; (C) Root waviness of eir1-4 PIN2::PIN2:Venus and two independent
eirl-4 PIN2::pin2<3%°60AVenys lines at 6 DAG, grown on vertically orientated agar (1.5% (w/v)) nutrient
plates. In total, 25-28 seedlings were tested for each genotype. “a” indicates a significant difference to
eir1-4 PIN2::PIN2:Venus (p < 0.01), determined by One-way ANOVA with post-hoc Tukey HSD test.
Whiskers represent the entire range of outliers obtained in the datasets; dark grey and light grey boxes
display first and third quartiles, respectively.

Eirl-4 PIN2::pin2395604; Venus exhibited an expression pattern and polarly localized signals at
the plasma membrane, similar to wild type PIN2:Venus (Figure 7A-D). However, when comparing
subcellular distribution of PIN2:Venus and pin2©3%%0A:Venus protein in more detail, we observed an
increase of intracellular signals in epidermal cells of eir1-4 PIN2::pin2<3%%€04; Venus seedlings (Figure 7E).
This increase was apparent in trichoblast and atrichoblast cells of primary root meristems, indicative
of modifications in intracellular distribution/sorting of the mutant PIN2 reporter protein (Figure 7F).
Furthermore, when performing co-staining experiments with the endocytosed styryl dye FM4-64, we
detected a prominent overlap in signal distribution, demonstrating that mutant pin2©35694:Venus
has a strong tendency to enter the endocytic sorting pathway, which might explain the increased
intracellular accumulation of pin2©3?560A:Venus signals (Figure 7G,H).

We reasoned that the apparent differences in intracellular distribution of PIN2:Venus and
pin2©3%560A:Venus signals highlight a requirement for the conserved cysteines in PIN protein traffic.
Models for PIN2 sorting in root epidermis cells predicted super-polar exocytotic sorting to the
central section of the apical plasma membrane domain. A fraction of plasma membrane-targeted PIN2
was suggested to be subject to lateral diffusion, followed by clathrin-dependent endocytosis, initiated
at the outermost edges of the apical domain. In contrast, another fraction of exocytosed PIN2 was
described to accumulate in plasma membrane-associated clusters, exhibiting only limited mobility,
when compared to the kinetics of other plasma membrane proteins [33,34]. This led to models in which
the interplay between mobile vs. immobile PIN2 fractions at the plasma membrane could determine
abundance, distribution and hence PIN2 activity in cellular auxin efflux [33]. We analyzed PIN2:Venus
and pin2©392%0A:Venus reporter protein signals at the plasma membrane of root epidermis cells by
using conventional confocal microscopy. This analysis revealed discontinuities in signal distribution
along the plasma membrane, which might reflect the occurrence of PIN2 signal aggregates (Figure 8A).
Attempts to visualize these structures at higher resolution by super-resolution STED microscopy were
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not successful, due to very prominent signal bleaching, specifically of pin2<3?5604:Venus, and we
therefore utilized an alternative high resolution approach.
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Figure 7. Expression pattern and localization of PIN2::pin23%°04:Venys reporter lines. (A) Relative
transcript levels of PIN2:PIN2:Venus and two PIN2:pin253%%%0AVenys lines at 6 DAG. Two
biological repetitions have been used for each sample, with transcripts normalized to expression
of EFla (Atlg07940). Bars indicate standard deviations. One-way ANOVA with post-hoc
Tukey HSD test demonstrated no significant differences in transcript levels (PIN2::PIN2:Venus
vs. PIN2:pin2<3%5€04Venys 8-1, p = 0.1506725; PIN2:PIN2:Venus vs. PIN2:pin23%°0AVenys 9-3,

p = 0.5558223); (B,C) Expression pattern (yellow coloration) in: eirl-4 PIN2::PIN2:Venus (B) and
eirl-4 PIN2::pin23%5604 Venys (C) primary root meristems at 6 DAG is restricted to lateral root cap,
epidermis and cortex cells; (D) Reporter signal localization in epidermis (“e”) and cortical (“c”) in
eirl-4 PIN2:PIN2:Venus and eirl-4 PIN2:pin2<3%%%04Venys primary root meristem cells at 6 DAG.
Arrowheads indicate polar localization of the reporter signals; (E) Comparison of signal distribution
in eirl-4 PIN2::PIN2:Venus and eirl-4 PIN2::pin2©3%°04Venys primary root meristem epidermis cells
at 6 DAG; white arrowheads indicate intracellular reporter protein signals; (F) Signal quantification
in eirl-4 PIN2::PIN2:Venus and eirl-4 PIN2::pin2©3%°94Venys primary root meristem epidermis cells
at 6 DAG. The ratio of reporter signal intensities at the plasma membrane compared to intracellular
signals was determined in 36-57 trichoblast (“Tricho.”) and atrichoblast (“Atricho.”) cells for each
sample. Two-tailed t-test analysis of resulting values demonstrated significant differences (p < 0.001,
“a”); (G,H) Staining of eir1-4 PIN2::PIN2:Venus and eirl-4 PIN2::pin23%°04 Venuys (green) with FM4-64
for 30 min in the dark, followed by visualization at the CLSM. White arrowheads indicate co-staining

(yellow) in endocytosed compartments. Size bars: B-D =50 pm; E = 20 pm; G,H = 10 pm.
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Figure 8. Distribution and mobility of PIN2-Venus reporter proteins. (A) Upper row: Comparison of
PIN2:Venus (left) and pin2<3%560A:Venus (right) signals at the plasma membrane of root epidermis
cells, viewed by conventional CLSM imaging. Middle row: A single frame generated by fast SD
scanning (50 ms exposition), displaying PIN2:Venus (left) and pin2©3%2%0A:Venus (right) signals at
the plasma membrane of root epidermis cells. Bottom row: SRRF algorithm applied to 100 frames
generated by SD on the same sections as above. Scale bars 2 pm (CLSM) and 5 pm (SD); (B) Kymographs
representing the fluorescence of PIN2:Venus (left) and pin2<3%20A:Venus (right) signals over time.
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Scale bar 5 pm; (C) Top panel: Comparison of signal distribution in root epidermis plasma membrane
domains of PIN2:Venus and pin2©3*%%0A:Venus. Bottom panels: Box plots displaying PIN2:Venus and
pin2©3%%%0A - Venus signal intensity profiles at the plasma membrane calculated from CLSM (Leica SP5,
Zeiss LSM880) and SD images. Ninety membranes from images generated by Leica SP5, 150 from Zeiss
LSM880 and 40 membranes from SD images were used for these analyses. Two-tailed f-test analysis of
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resulting values demonstrated significant differences (p < 0.001, “a”; p <0.05, “b”).

The Super-Resolution Radial Fluctuations (SRRF) algorithm has been introduced recently, to allow
for generation of high resolution images, with illumination intensity requirements orders of magnitude
lower, than used by other super-resolution methods [35]. We made use of this approach, which allowed
us a comparison of signal distribution and signal intensities in eir1-4 PIN2::PIN2:Venus and eirl-4
PIN2::pin®39560A:Venus root meristem cells, derived from frame sets generated by fast scanning with
low laser power Spinning Disc (SD) confocal microscopy. This sub-diffraction analysis revealed distinct
structures in the sub-nanometer size range in eirl-4 PIN2::PIN2:Venus and eirl-4 PIN2::pin©3%°60A:Venus
root meristem cells (Figure 8A), likely reflecting PIN2 clusters that have been described earlier [33].
We then employed SD confocal microscopy and kymograph analysis to determine signal distribution
over time. These experiments indicated very limited cluster movement when analyzing either wild
type PIN2:Venus or pin2©39560A:Venus signals (Figure 8B). From that, we concluded that formation
of static PIN2 clusters at the plasma membrane is not categorically obstructed by mutagenesis of
PIN2 cysteines.
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To assess the distribution of PIN2:Venus signal at the plasma membrane we decided to evaluate
local fluctuations of fluorescence intensity in membranes of individual cells. The resulting values
were used for calculating the coefficient of variation of signal intensity profiles along plasma
membranes in PIN2:Venus and pin2-3%5694:Venus lines. Notably, evaluation of these profiles revealed
a prominent increase in the coefficient of variation in pin2©3%2%04:Venus signal intensities, when
compared to the wild type protein. Higher signal variabilities point towards a less homogenous
distribution of the mutant reporter protein at the plasma membrane, indicative of local alterations
in protein distribution (Figure 8C). Thus, apart from the increased intracellular accumulation of
pin2©39560A:Venus, Cys-to-Ala substitutions seemingly affect the pattern of PIN2 distribution within
plasma membrane micro-domains, hinting at an overall altered mobility of the mutant protein.

3. Discussion

Timely and coordinated responses to environmental parameters are important for the survival of
sessile organisms, well exemplified by the ability of higher plants to adapt to a wide range of growth
conditions. At the molecular level, adaptations to variable conditions involve a diversity of PTMs,
influencing distribution and mobility, steady state levels, conformation as well as activity of proteins.
Specifically, modifications of cysteines play a decisive role in such post-translational control of proteins,
and were found to be of general importance for all life on earth [16]. In this study, we tested the role of
two conserved cysteines identified in the PIN family of auxin transport proteins, revealing a role in
protein mobility and localization in plasma membrane micro-domains. Such altered PIN2 behavior
could be attributed to modifications in protein topology, caused by the point mutations introduced,
and would be consistent with a role of redox status-controlled cysteine modifications in the regulation
of PIN2 mobility.

At present, crystal structure and overall configuration of PIN proteins are not known, which makes
it difficult to draw conclusions solely based on the outcome of site-directed mutagenesis experiments,
as described in this study. Conversely, aquaporin-type water channel proteins, represent extremely
well characterized plasma membrane proteins, and have been subject to extensive analyses [36].
Notably, mutagenesis of a conserved cysteine found in plant PLASMA MEMBRANE INTRINSIC
PROTEIN-(PIP)-type aquaporins had effects similar to those that we observed for mutant pin2©C4,
Specifically, a PIP Cys-to-Ser substitution did not significantly interfere with protein function, as it had
no striking effects on protein sorting and protein activity, upon heterologous expression in oocytes.
Moreover, formation of the biologically active, tetrameric PIP configuration remained unaffected
by this mutation [37], questioning a contribution of the conserved cysteine to PIP maturation and
oligomerization. Consistent with these findings, another study identified several transmembrane
helix-localized residues as critical for intra- and inter-proteinogenic helix interactions, which turned
out to be essential for PIP sorting to the plasma membrane and for formation of functional PIP protein
tetramers [38]. Based on these observations, it appears that disulfide bond formation plays only
subordinate roles in establishing functional PIP protein complexes.

By analogy to PIPs, our analysis of mutant pin2©~4 suggests that disulfide bond formation is not
a principal prerequisite for activity of the auxin transport protein. This is indicated by the apparently
polar localization of pin2©3%560A:Venus, together with rather subtle root growth defects, associated
with expression of pin2¢~4 alleles in a pin2 null background. This contradicts a model, in which
redox status-induced PTMs are quintessential for the regulation of PIN2 polar targeting. Rather, we
conclude that PIN2 cysteine residues and potential redox signaling-controlled modifications contribute
to association to specific plasma membrane domains, thereby influencing PIN2 sorting processes.

A report by Kleine-Vehn and colleagues [33] provided evidence for the existence of distinct PIN
protein pools that can be found at plasma membrane domains. The majority of membrane-associated
PIN2 appears to form protein aggregates, visible as irregularly shaped signal clusters with a limited
tendency to move within the plasma membrane. In addition, another protein fraction was suggested
to show higher mobility, which is primarily based on observations, demonstrating clathrin-dependent
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PIN2 endocytosis at distal portions of the apical plasma membrane domain of root epidermis cells.
The biological significance of such distinct PIN2 fractions and mechanisms that would control the
equilibrium between such fractions, however, are not known [33].

PIN2 super-resolution SRRF analyses presented in this study, provides additional evidence for the
existence of distinct PIN2 pools. This is supported by signal quantification, based on SRRF-generated
images, together with SD analysis, demonstrating aggregations of immobile PIN2 signals for PIN2
wild type and pin2©39260A reporter lines. However, when determining intensity profiles by calculation
of reporter protein signal scattering, we observed a prominent increase in the local variations of
pin2©39590A gional intensities. These variabilities reflect adjustments in protein localization within
plasma membrane micro-domains, potentially arising from an altered intramembranous mobility
caused by Cys-to-Ala substitutions introduced into PIN2. We cannot categorically exclude a scenario, in
which an altered protein conformation caused by the point mutations introduced, is solely responsible
for the altered characteristics of pin2©35¢04, Due to the differences in their side chains, replacement
of cysteines by alanines might cause subtle changes in the overall structure of protein domains. This
however, might also be true for serine, frequently used for mutational analysis of cysteine residues, and
characterized by a hydroxyl group instead of a sulthydryl group in its side chain. These side chains
enable hydrogen bond formation between serines, when positioned in an adequate distance, thereby
influencing protein conformation. A detailed biochemical analysis of PIN2 protein conformation and
of potential redox status-controlled effects on PIN2 is required, to further address this issue.

Indirect support for redox status-dependent PIN protein modifications comes from experiments,
demonstrating that variations in NO levels and protein S-nitrosylation exert strong effects on PIN
abundance at the plasma membrane [22,23]. As a result, redox status-dependent variations in PIN
distribution would modulate auxin flow, via controlling protein mobility in the plasma membrane.
PIN2 thus could be subject to sorting control mechanisms, similar to those of Arabidopsis Salicylic Acid
(SA) receptor NONEXPRESSER OF PR GENES 1 (NPR1), which undergoes redox status-dependent
protein redistribution in response to pathogens. NPR1, a regulator of plant systemic acquired resistance
(SAR), resides in the cytoplasm and in the nucleus, where it functions as transcriptional co-regulator
of PR genes [39]. Cytoplasmic sequestration depends on intermolecular disulfide bond formation
between NPR1 monomers, which is promoted by S-nitrosylation of NPR1 [40]. Conversely, SA-induced
reduction of NPR1 oligomers, facilitated by thioredoxins, results in nuclear accumulation of monomeric
NPR1, where it modulates expression of defense-related genes [39-41]. This elegant mechanism
integrates stimulus-dependent variations in redox signaling and plant defense responses via control
of NPR1 conformation, and a related scenario could be envisioned for PIN2. By analogy to NPR1,
redox status-induced structural changes of PIN2 could be induced by reversible cysteine modifications,
which might influence conformation of the protein. This in turn, could transiently affect PIN2 mobility,
followed by altered distribution in plasma membrane micro-domains and variations in endocytic
protein sorting.

At this moment, we are still lacking conclusive experimental evidence for redox status-dependent
PTMs directly controlling mobility and sorting of PIN2. Specifically, whilst some reports demonstrated
dramatic effects of NO-signaling on post-transcriptional regulation of PIN protein abundance,
it remains to be determined, whether or not PINs represent substrates for associated protein
modifications [23,24]. This is also the case for our understanding of mechanisms, by which
redox-controlled PTMs could affect mobility of proteins at the plasma membrane. A recent study
suggested cross-talk between plant plasma membrane proteins and the cell wall as a determinant
of protein mobility, and such cross-talk appears essential for correct sorting and localization of PIN
proteins as well [34,42]. Adjustments in redox signaling could modify such hypothetical PIN2-cell
wall interactions in a quantitative manner, thereby influencing PIN2 mobility and function at the
plasma membrane.

Regardless of the hypothetical role of PIN2 cysteines in redox signaling, subtle phenotypes of
2C-A

pin alleles suggest that adjustments in the PIN2 redox status exert only limited effects on polar
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auxin transport and root growth. These mild developmental modifications are in striking contrast
to the severe auxin-related defects, described for mutants defective in the control of GSH and/or
NO homeostasis [19,20,23]. Hence, it appears that transmission of redox signals that decide about
PIN expression and activity depends on a combination of events [17,19,20,23,43]. Deciphering the
interplay between such distinct redox status-controlled processes and how they might jointly shape
auxin distribution and signaling events in the orchestration of plant development, remains a challenge
for future research.

4. Materials and Methods

4.1. Plant Lines, Growth Conditions and Vector Construction

Plants were grown on } x Murashige Skoog medium, or on PNS plant nutrient agar plates
(6 mM KNO;, 2 mM MgSOy, 2 mM Ca(NOs),, 250 mM KPO,, 70 pM H3BOs, 14 uM MnCly, 500 nM
CuSO4, 1 pM ZnSO;, 200 nM Na;MoOs, 10 pM NaCl, 10 nM CoCly,, 50 uM FeSOy; pH adjusted to 5.7;
supplemented with 1% (w/v) agar and 1% (w/v) sucrose; in a 16 h light/8 h dark regime at 22 °C).
PIN2::PIN2, PIN2::PIN2:Venus and eirl-4 have been described elsewhere [15,44]. For site-directed
mutagenesis, we generated primers 5-GGGATATTCACACCGGACCAAGCTTCCGGTATAAACCG
GTTGC-3" and 5-CGAACCGGTTTATACCGGAAGCTTGGTCCGGTGTGAATATCC-3"  for
mutagenesis of C39. As a template for PCR we made use of PIN2:PIN2 and PIN2:PIN2:Venus
binary vector constructs, as described previously. Resulting pin2394  candidate clones
were confirmed by sequencing and subsequently subject to another round of site-directed
mutagenesis, using primers 5-AACCAAAGATTATTGCGGCCGGAAAATCAGTAGCAGGG-3' and
5I-CCCTGCTACTGATTTTCCGGCCGCAATAATCTTTGGTT-3 for replacement of C560. Resulting
pin2395604 candidate clones were confirmed by sequencing. For generation of pin2°¢04, PIN2::PIN2
and PIN2::PIN2:Venus binary vectors were used as template DNA. Flowering Arabidopsis plants were
transformed by the floral dip method [45], using Agrobacterium tumefaciens strain GV3101/pMP90 [46].
Resulting T2 lines were confirmed for single transgene insertion sites and propagated to homozygosity
for further analyses.

4.2. Microscopy

Spinning disk confocal microscopy was performed using spinning disc microscope Eclipse Ti-E
(Nikon, Tokyo, Japan) with CSU-X1 SD unit (Yokogawa, Tokyo, Japan), 100% Plan-Apochromat
objective (NA = 1.45 Oil) and a dual camera system. Time series for SRRF analysis were acquired
with an EMCCD camera iXon3 897 (Andor Technology, Belfast, Northern Ireland) obtaining images
with no averaging at 32 fps with a pixel size of 110 nm. Kymograph imaging was performed with
a sCMOS camera Zyla (Andor Technology). Fluorescence signals were excited with a diode laser
(488 nm; Agilent, Santa Clara, CA, USA) and fluorescence emission recorded using Semrock Brightline
single-pass filters (Semrock, Rochester, NY, USA) for GFP or YFP. For kymograph analysis, a 120 s time
series was taken for each image.

CLSM images were generated using Leica SP5 (Leica Microsystems, Wetzlar, Germany) and Zeiss
LSMB880 (Carl Zeiss, Jena, Germany) microscopes. For imaging, we used the following excitation
conditions: 514 nm (Venus), 561 nm (FM4-64). For endocytic sorting studies, 5-6 day old seedlings
were transferred from horizontally oriented nutrient plates into 6-well plates with liquid medium and

incubated in presence of FM4-64 (Invitrogen, Waltham, MA, USA; working concentration 2 pM) for
30 min before CLSM visualization.

4.3. Homology Modeling and Molecular Dynamics

To find appropriate templates to model the three sequence parts, we submitted them to PSIPRED
for analysis via GenTHREADER [47-50], which identified the sodium bile acid symporter from Y.
frederiksenii (PDB code 4N7W) as a viable template for parts 1 and 3, and the capsid of the B19
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parvovirus (PDB code 1S58) as a homologous structure for part 2. We then employed Modeller, a
program that implements several methods to determine the structure of proteins via comparative
modeling. These were obtained, using the “slow” library scheduler and the “very slow” annealing
refinement, as these options provide the highest level of modeling accuracy. Each base model of
part 2 was then refined via loop optimization 16 independent times, yielding a total of 1024 models
for the central loop. Loop optimizations were also performed with the “very slow” annealing, and
repeated twice for each of the 16 independent refinements. To choose the best models for each part,
we considered the respective values of the Modeller objective function, the high-resolution discrete
optimized protein energy (d atomic potential).

To prepare the input for the molecular dynamics simulations, we explicitly solvated part 2 of the
protein in an octahedral box with a minimum allowed distance between solute atoms and box edges
of 8 A and the addition of 5 CI~ counter-ions to neutralize the electric charge. To prepare the input
for the molecular dynamics simulations, we explicitly solvated part 2 of the protein in an octahedral
box with a minimum allowed distance between solute atoms and box edges of 8 A and the addition
of 5 CI” counter-ions to neutralize the electric charge. The model we used for implicit solvation of
the transmembrane helix clusters (parts 1 and 3), as well as for the final, assembled protein, is the
Generalized Born with volume corrections of Ref. [51], with further optimizations for H, C, N, Oand S
atoms in proteins as described in Ref. [52]. The topology parameters for the loop were prepared using
the ff14SB force field for the protein fragment [53] and the TIP3P model for the water molecules [54].
For parts 1 and 3, and for the full protein, we used instead the ff14S5Bonlysc force field, which includes
the backbone parameters of the ff99SB force field [55] with the side-chain parameters of the {f14SB [53],
and which is known to yield the best results with the implicit solvation model we chose.

All minimization steps were automatically stopped when the RMS of the Cartesian components of
the energy gradient became smaller than 0.05 kcal/ (mol -A2). Whenever applied, positional constraints
on the atoms were obtained by applying a harmonic potential, with force constant of 500 kcal/ (mol -A2)
for part 2, and 20 kcal/ (mol -A2) for the full protein.

Heating was always carried out to a temperature of 295.15 K over a time of 400 ps with a
time-step of 2 fs, constraining the bond length of the protein fragment with SHAKE [56] and that of
water molecules, whenever present, with SETTLE [57]. The force constant for the harmonic potential
restraints during heating of the full assembled protein was 20 kcal/(mol -A2).

During equilibration and production runs, temperature control was achieved via Langevin
dynamics. The collision frequency was 2 ps™! for the simulations of the three individual pieces, and 5
ps! for the final full protein, where we wanted to maintain a tighter thermal coupling.

For the simulations of part 2, long-range electrostatic interactions were evaluated via a
particle-mesh Ewald procedure with a cutoff of 8 A. The implicit solvent simulations were always
carried out with an effectively infinite cutoff (larger than system size) for the non-bonded pair
truncation and for the maximum atom distance to consider in the effective Born radii calculation, with
the exception of the heating and loop equilibration steps for the assembled proteins, where we imposed
a cutoff of 16 A. In addition, during the implicit solvent simulations, forces dependent on effective
radii derivatives and interactions over more than 8 A were computed every two integration steps.

4.4. Data Acquisition and Processing

For root elongation assays, seedlings of each genotype were germinated on PNS in presence of the
indicated drugs. After incubation on vertically positioned nutrient plates, seedlings were scanned and
root length was determined, using Image]J/Fiji software [58]. For root gravitropism and root waving
assays, seedlings of each genotype were germinated on vertically oriented nutrient plates. Seedlings
were scanned and resulting images used for determination of the gravity index [32] and root waves
per root length. For assessment of reporter protein distribution, we determined relative grey values at
the plasma membrane and in endocytic/vacuolar compartments, by using Fiji/Image] software [58].
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Images acquired with Leica SP5, Zeiss LSM880 and spinning disc microscope were used
to evaluate protein accumulation in membrane micro-domains. For the quantification of CLSM
fluorescence at the plasma membrane, intensity profiles along individual membranes were generated
with Zen Blue software (Zeiss). For each membrane, the coefficient of variation was calculated as the
ratio of standard deviation to the mean florescence intensity, taking into account all fluorescence
intensities of individual pixels. These coefficients of variation were used as measures for local
fluctuations of fluorescence intensity in membranes of individual cells. Average values were depicted
as box plots, their statistical significance was calculated using Two-tailed t-test or Mann-Whitney Rank
Sum test in Sigma Plot (Systat, Chicago, IL, USA).

For SRRF analysis, the NanoJ-SRRF plugin for Fiji software was used [30]. Image stack of 100 SD
image frames (frequency 32 fps) was grabbed with NIS elements 3.1 software (Nikon, Tokyo, Japan)
in 14 bit color depth, image resolution 512 x 512 and pixel size 110 nm. Whole image stacks were
converted to Nano] file format and processed with SRRF analysis function with default values (ring
radius 0.5, radiality magnification 5 and 6 axes in ring). No drift correction was needed, because there
was no detectable growth and/ or shift of cells during fast scanning. Resulting SRRF images with
resolution 2560 x 2560 were obtained.

4.5. PIN Sequences and Alignments

PIN sequences from streptophyte algae were obtained from the NCBI SRA databases [59].
The sequence from Klebsormidium flaccidum was used as a query for tblastn search [60]. Short reads
were assembled with CAP3 [61] and resulting contigs were subjected to further blastn searches against
the respective SRA database to achieve additional sequence coverage. The obtained algal sequences
were added to an alignment of representative land plant PIN sequences published previously [27] by
means of the realigning MAFFT algorithm —add method with automatic parameter adjustment [62].
The degree of amino acid conservation reflected by the black-white color gradient was determined
with the Geneious program (Blosum62 matrix; threshold set to 1).

4.6. Expression Analysis

RNA was isolated from 6-days old Arabidopsis seedlings using RNeasy Plant Mini kit (Qiagen,
Hilden, Germany), treated with DNase I (Ambion, Waltham, MA, USA) and reverse transcribed using
oligo-dT primers and M-MLV Reverse Transcriptase (Promega, Fitchburg, WI, USA). First strand
cDNA was diluted 20x and qPCR was performed using the GoTaq® qPCR Master Mix (Promega) at
58 °C on a LightCycler 480 (Roche, Basel, Switzerland). The relative ratio of target gene expression was
calculated using the equation: ratio = (eff;ef""")/ (effrarget""), with effref representing PCR efficiency of
the reference gene and effiarge: representing PCR efficiency of the target gene. CPr and CPt represent
crossing points of reference and target gene, respectively [63].

Primers pairs used for PIN2 reporters were 5-ATTGCTTAGGGCGATGTACG-3! 5-TAAT

TGAACCAGCCGTCTCC-3" as well as 5-GGGGTGGTGCCCATCCTGGTCG-3" 5'-CCTCGGCG

CGGGTCTTGTAG-3'. For amplification of the reference gene EF1a (At1g07940) 5-"TGAGCACGCTCT
TCTTGCTTTCA-3" and 5-GGTGGTGGCATCCATCTTGTTACA-3' were used.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/18/11/
2074/51.
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Direct root illumination and sugar supplementation can mask phenotypes and cause changes in root
growth traits. Auxin signaling is crucial to establishing several root traits including total root length,
gravitropic adaptation, root hair initiation and elongation. Biosynthesis and transport of auxin within root
is affected by direct root illumination and sugar supplementation. This study shows the extent of
combined effect of light and sucrose on root length, root hair emergence and elongation. In the case of
root length, we can prove antagonistic effect between light, which is reducing root length, and sucrose,
which is masking this effect, although only partially. In mutants with loss of PIN2 function the additive
effect of sucrose is negated. Light and sucrose stimulate outgrowth and length of root hairs. Sucrose in
environment without direct root illumination increase randomization of root growth direction. With this
study, we attempted to differentiate and define the roles of auxin transport (via PIN2), direct root
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Abstract: Plant roots are very plastic and can adjust their tissue organization and cell appearance
during abiotic stress responses. Previous studies showed that direct root illumination and sugar
supplementation mask root growth phenotypes and traits. Sugar and light signaling where further
connected to changes in auxin biosynthesis and distribution along the root. Auxin signaling un-
derpins almost all processes involved in the establishment of root traits, including total root length,
gravitropic growth, root hair initiation and elongation. Root hair plasticity allows maximized nutrient
uptake and therefore plant productivity, and root hair priming and elongation require proper auxin
availability. In the presence of sucrose in the growth medium, root hair emergence is partially rescued,
but the full potential of root hair elongation is lost. With our work we describe a combinatory study
showing to which extent light and sucrose are antagonistically influencing root length, but additively
affecting root hair emergence and elongation. Furthermore, we investigated the impact of the loss of
PIN-FORMED?2, an auxin efflux carrier mediating shootward auxin transporter, on the establishment
of root traits in combination with all growth conditions.

Keywords: PIN-FORMED?2; shootward auxin transport; root growth; root hair; sugar; sucrose; dark
grown roots; light grown roots; root hair elongation; total root length; gravitropic index

1. Introduction
1.1. Root Trait Establishment Is Highly Plastic and Depends on Growth Conditions

Plants are divided into above- (shoot) and under-ground (root) organs, and each part
has a specific role in capturing the crucial components to ensure plant mass production
and health. Both parts of the plant are in constant communication with each other and
exchange growth substances, also known as phytohormones, and nutrients (light energy
converted to sugar from shoot to root, water and minerals from root to shoot). External
signals upon environmental changes are perceived at the cell surface and trigger changes in
plant architecture [1-3]. Plant roots are very plastic and can adjust their tissue organization
and cell appearance during abiotic stress responses [4]. The root consists of a meristematic
zone that continually delivers new cells, and its activity arrests when the environmental
conditions are not beneficial for the plant. After leaving the division zone, cells pass
through the transition and elongation zone towards the differentiation zone, whereby they
are maturing and primed according to the growth conditions of the root and the shoot,
which are connected through signaling cascades with each other [5-8]. Root length is
defined by the balance between cell proliferation and cell elongation [1,4]. Roots expand
and change their architecture, by forming lateral roots and root hairs, to anchor the plant
in the soil and enlarge their surface [1,3,4]. Especially root hairs contribute to an efficient
uptake of water and nutrients to maximize plant productivity and their outgrowth is highly
regulated by environmental conditions [1,2].
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1.2. Root Growth Is Orchestrated through Interwoven Signaling Cascades

Plant growth’s plasticity, especially the proliferation rate, depends significantly on
carbohydrates gained over photosynthesis [8,9]. However, depending on the wavelength,
light is also triggering fast-growth processes over asymmetric auxin distribution to change
cell elongation behavior [3] and the root is negatively phototropic, which results in growth
away from the light source [1,3]. Roots have evolved a finely interwoven network of signal-
ing cascades to adapt to environmental changes, including tight crosstalk between auxin,
sugar, and light signaling to balance root growth toward beneficial surroundings but away
from harmful influences [1,2,10,11]. Cell elongation processes in the root allow fast growth
or to enlarge root surface through root hair outgrowth, both events are highly dependent
on sufficient shootward auxin transport along the epidermis [12-15]. Interference with
proper auxin distribution was reported to impact root architecture [16] and to negatively
impact gravitropic responses [17]. The root of Arabidopsis thaliana is an established model
system to study molecular processes underpinning plant growth adaptation upon changing
environmental conditions [1,10,18-22]. All root growth aspects are highly dependent on
fine-tuned, active polar auxin distribution through the root tip followed by auxin signaling
orchestrating cellular responses [3,11,23-26]. The auxin efflux transporter PIN-FORMED?2
(PIN2) orchestrates root growth but is itself regulated on transcriptional through to the
post-translational level by external factors such as nutrient availability or light [26-30].
PIN2 abundance and subcellular distribution are dependent on light growth conditions for
both the root and the shoot [25,29,30]. Auxin gradients in the root epidermis, which rise
from the meristem towards the elongation zone, are crucial to prime trichoblast cells (root
hair cells) [31-34]. Mutants of key players of auxin signaling and transport show severe
root hair morphology, spacing, and length phenotypes [15,35-37].

1.3. Direct Root Illumination Triggers Stress Responses and Inhibits Root Growth

Arabidopsis thaliana is one of the most studied model plants, especially in terms of cell
biology. Few day-old seedlings grown on agar medium in plates became standard test
objects and germination on medium allows easy and clean accessibility of the plants for
molecular approaches and microscopy. It is known for over a century that plant roots are
negatively phototropic, aiming to grow away from a light source [3,10]. However, only over
the past decade, biochemical, genetical, and molecular studies reveal the striking impact of
direct root illumination on the establishment of the root system architecture [1,21,22,38-40].
Direct root illumination triggers stress responses in the root tip, which result in changes of
cell fate establishment, including meristem activity, the transition to the elongation zone,
and root hair growth [1,21,22]. Root growth differs under direct root illumination among
others because of the elevated production of reactive oxygen species, which modulate
growth responses on cellular level in the meristem and root hairs [22,38]. In the study of
Silva-Navas et al. 2015, the lab introduces a simple and reproducible solution to cover
the plates partially with a black box, the D-root system, which allows the cultivation of
seedlings in a way that the shoot is exposed to light, but the root is covered [1]. The
dark-grown roots (DGR), in comparison to light-grown roots (LGR), show longer roots due
to a more active meristem, the number of lateral roots, differential response to hormonal
crosstalk, less dramatic phenotypes to additive stress treatment, and altered root hair
plasticity [1,21,22].

1.4. Sucrose Supplementation to the Growth Medium Triggers Auxin Biosynthesis and Results in
Altered Root Trait Establishment

Another widely used cultivation protocol includes the addition of 1% sucrose to the
growth medium, often half strength Murashige and Skoog (MS) medium solidified with 1%
agar. Studies investigating the role of sugar supplementation to the plant growth medium
revealed that it enhances indole-3 acetic acid (IAA) biosynthesis and responses in the root,
which is the main naturally-occurring auxin in plants [9,41]. Furthermore, glucose in the
medium altered several root traits, which are commonly used to evaluate the impact of
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auxin-mediated plant growth responses, including total root length, root hair growth (root
hair growth), and gravitropic index [41]. Exogenously applied glucose interferes with
auxin signaling and transport, which changed total root length, number root hair, and
root growth direction [41]. Endogenous sugars, produced upon photosynthesis in the
cotyledons, trigger long-distance signaling cascades to modulate root meristem activity in
young seedlings [42].

1.5. Experimental Design to Dissect the Influence of Common Growth Conditions on Root Trait
Establishment

Here, we describe a timely attempt to dissect the hierarchy of light, sugar and auxin
during the growth of roots shaded from direct illumination (Figure 1A). To investigate
the interplay of light and sugar we first compared total root length, root hair growth,
and gravitropic index (Figure 1B,C) of an established line, expressing wild type levels of
the auxin efflux carrier PIN-FORMED?2 fused to the yellow fluorescent protein VENUS
(PIN2:VEN), driven by the PIN2 promoter [43]. We examined the seedlings seven days
after germination (DAG) under four growth conditions, namely DGR with and without
1% sucrose added to half strength MS, and LGR with and without sucrose (Figure 1A). To
understand to which extent shootward auxin transport, mediated by PIN2, is involved in
the establishment of the chosen root growth traits under the four growth conditions, we
compared eirl-4 PIN2::PIN2:VEN with the established pin2 mutant eir1-4 (SALK_091142)
(Figure 1A). Representative pictures of the seedlings grown under all growth conditions
are summarized in the Figure S1A and representative pictures of the root hair outgrowth
are available in the Figure S1B.

A
+/ 1%
- sucrose
q‘h | “ﬂ D
+
/ PIN2
LGR DGR
B c
| ) -
-
(e elongating root hair
root hair bulge
total root length
distance to :
first root hair

U
-

gravitropic index

Figure 1. Outline of the experiments. (A) To understand the impact of standard lab growth conditions
on the outcome of phenotyping experiments we analyzed root traits of seven days old seedlings
combining differential root illumination status and sucrose supplementation to the growth medium.
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To study the influence of direct root illumination the roots were grown in a square petri dish with
exposed roots (light grown roots, LGR) and compared to roots grown shaded from light by using the
D-root system. The D-root system is a box covering the square plate partially, which allows to grow
seedlings with shaded roots, but the shoot stays illuminated, and was introduced by Silva-Navas et al.,
2015. To understand the impact of sucrose in the growth medium in combination with altered root
illumination status, the seedlings were grown on a commonly used standard medium (half strength
MS medium with 1% agar) supplemented with or without 1% sucrose. Sugar supplementation
was previously described to enhance the energy level and auxin biosynthesis, which alters root
growth. Because shootward auxin transport, mediated by the auxin efflux carrier PIN-FORMED2
(PIN2) in the root tip, is known to be crucial for the establishment of the traits of interest, Arabidopsis
thalilana lines expressing (eir1-4 PIN2::PIN2:VEN) or not expressing (eirl-4) PIN2 were compared.
Representative pictures of the seedlings grown under all growth conditions are summarized in the
Figure S1. (B) Root growth traits of the primary root were evaluated (total root length, appearance
of the first root hair and gravitropic index). (C) Root illumination status, sucrose availability and
shootward auxin transport mediated by PIN2 were individually already published to influence root
hair emerge and elongation immensely. Therefore, we evaluated the amount of emerged root hairs
(bulges and elongated), the percentage of elongated root hairs and root hair length of the elongated
root hairs under all growth conditions along the first two mm of the root tip. Representative pictures
of the root tips and root hair outgrowth are summarized in the Figure S1.

2. Results
2.1. Direct Root Illumination and Sucrose Supplementation Influence Total Root Length Growth
Antagonistically

The majority of published studies, including those addressing how light, sugar and
auxin signaling is modulating root growth, were performed on roots continuously exposed
to light, sometimes followed by a shift of the whole seedling to darkness, or on roots of
etiolated seedlings. The root is negatively phototropic and direct illumination enhances
stress responses that interfere with root growth and responses [21]. Furthermore, the
establishment of root traits are also modulated by signals obtained from above ground
signals [3]. Root length depends highly on the meristem activity of the root, which is
regulated by various signaling cascades integrating environmental signals and availability
of resources [1,8]. The D-root system prevents direct illumination of the root and thereby
reduces stress responses in the root tip and this results in a higher proliferation rate, the
total root length is longer in DGR [1,21]. First we compared if the chosen reporter line
eir1-4 PIN2::PIN2:VEN responded in the same way as the wild type line Col-0 used in the
original paper introducing the D-root system [1]. We measured total root length of eirl-4
PIN2::PIN2:VEN seven DAG grown on half strength MS medium containing 1% sucrose
under DGR and LGR conditions, and we observed the expected significant root length
difference between the root illumination regimes, with DGR being 19.53 + SE 0.73/SD
6.49 mm long and LGR 16.71 + SE 0.69/SD 5.42 mm (Figure 2A).

The composition of growth media immensely influences cell fate and root architecture
and because sugar triggers signaling cascades which have an impact on root growth
and adaptation processes it is therefore often omitted [41,44]; we compared total root
length of eir1-4 PIN2::PIN2:VEN seedlings grown seven DAG on medium without sucrose
supplementation to understand the impact of sucrose in relation to the used light regimes.
Without sucrose the significant difference of total root length was gone between DGR,
15.72 £ SE 0.72/SD 5.74 mm, and LGR, 14.83 * SE 0.74/SD 5.94 mm (Figure 2A). When
we compared the relative total root length upon individual root illumination conditions
depending on sucrose supplementation, DGR roots showed a significant difference of total
root length (Figure 2B), whereas the difference of LGR is less pronounced (Figure 2C).
In conclusion, total root length is inhibited by direct illumination of the root, as it was
already described [1]. Furthermore, sucrose has a significant influence by boosting total
root length of DGR, indicating that light acts antagonistically to sucrose promoting effect
on root length.
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Figure 2. Total root length comparison between dark and light grown 7 DAG eir1-4 PIN2::PIN2:VENUS roots in dependence
of sucrose supplementation. (A) Quantitative analysis of total root length of dark or light grown roots are shown for
plants grown on half strength MS medium supplemented with 1% sucrose or without sucrose. (B,C) Relative root length
comparison of seedlings grown under the same root illumination regime, either grown on half strength MS medium
supplemented or not supplemented with sucrose, (B) for dark grown roots or (C) light grown roots (relative length + SE
is shown). Differences were assessed by the Mann-Whitney U Test comparing (A) dark and light grown roots and (B,C)
plants grown on half strength MS with and without 1% sucrose. p-values are depicted for each comparison (** p < 0.01,
**% p <0.0001). n = 61-79 roots.

2.2. Loss of PIN2 Results in Shorter Roots and Counteracts Sucrose Induced Growth Boost of Dark
Grown Roots

To understand the impact on total root length of shootward, actively regulated polar
auxin transport by PIN2, we compared root length of the PIN2 knockout mutant eir1-4
under all four growth conditions (Figure 3A). The difference of total root length of DGR
seedlings grown on sucrose supplemented medium was less pronounced compared to
eir1-4 PIN2::PIN2:VEN (Figure 3A; Figure 4), DGR, 17.33 £ SE 0.93/SD 5.52 mm, and LGR,
14.67 = SE 0.93/SD 5.67 mm. Again, we didn’t observe any significant difference of eir1-4
seedlings grown on sucrose-free medium between DGR, 15.31 £ SE 0.94/SD 5.48 mm and
LGR, 13.71 £ SE 1.03/SD 6.18 mm (Figure 3A).
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Figure 3. Root length comparison between dark and light grown 7 DAG eir1-4 roots in dependence of sucrose supplemen-
tation. (A) Quantitative analysis of root length of dark or light grown roots are shown for plants grown on half strength
MS medium supplemented with 1% sucrose or without sucrose. Relative total root length comparison of seedlings grown
under the same root illumination regime, either grown on half strength MS medium supplemented or not supplemented
with sucrose, (B) for dark grown roots (C) light grown roots (relative length + SE is shown). Differences were assessed by
Mann-Whitney U Test comparing (A) dark and light grown roots and (B,C) plants grown on half strength MS with and
without 1% sucrose. p-values are depicted for each comparison (* p < 0.05). n = 34-37 roots.
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Figure 4. Root length comparison of both lines under all growth conditions relative to dark grown
roots germinated on half strength MS supplemented with 1% sucrose. Data shown for (A) eirl-4
PIN2::PIN2:VENUS and (B) eir1-4 (relative length + SE is shown). Kruskal-Wallis test with Dunn’s
post hoc test was used to determine statistical significance. Dark grown roots grown on half strength
MS medium supplemented with 1% sucrose were used as reference for the statistical analysis.
p-values are depicted in each plot (* p < 0.05, **** p < 0.0001). eirl-4 PIN2::PIN2:VENUS n = 61-79
roots; eirl-4 n = 34-37 roots.

When we compared the relative root length ratios within one root illumination regime
depending on supplementation, we couldn’t observe any statistically significant change
of total root length for eirl-4 grown on sucrose (Figure 3B) or without (Figure 3C). This
is contrasting to the results obtained for eir1-4 PIN2::PIN2:VEN, which showed a clear
difference of total root length between DGR from sucrose supplemented medium compared
to sucrose free medium (Figure 2B). The loss of PIN2 results in overall shorter roots, and
dramatically impairs the enhancing effect of sucrose on root length of DGR (Figure 4).
Taken together, PIN2 dependent shootward distribution of auxin contributes positive to
root length, and the loss of PIN2 resulted in shorter roots under all growth conditions,
which correlates with published data showing that pin2 mutants have a less active meristem
and therefore shorter roots [45,46].

2.3. Differential Root lllumination Influences the Number of Emerging Root Hairs, and Sucrose
Enhances Root Hair Length of eirl-4 PIN2::PIN2:VEN

Root hair establishment and polar outgrowth is very plastic and sensitively enhanced
or inhibited by hormonal and secondary messenger signaling, which are responding to
exogenous signals balanced against available resources of the plant [2,32,47]. Direct root
illumination negatively correlates with the plasticity of root hairs under phosphate de-
ficient growth conditions [22]. When grown on sucrose supplemented half strength MS
medium, LGR possess longer root hairs close to the meristem, which was suggested to
result from elevated stress responses in the root tip [1]. We compared the impact of sucrose
in combination of the root illumination regime on root hair outgrowth and measured the
distance between the bottom of the root columella and the first visible root hair bulge,
which is defining the end of the elongation zone of the root, and the beginning of the
differentiation zone. Eirl-4 PIN2::PIN2:VEN showed no statistically significant change
in the length of the meristem and elongation zone combined depending on the growth
conditions (Figure 5A), LGR with sucrose 929.6 £ SE 91.87/SD 304.7 pm; LGR without
sucrose 950.4 £ SE 43.62/SD 123.4 pym; DGR with sucrose 1043 * SE 49.13/SD 96.66 pym
and DGR without sucrose 971.9 %+ SE 56.25/SD 159.25 pm. Further detailed determina-
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tion of meristem and elongation zone length, cell number, and cell volume will allow to
understand if there is a change of root zonation establishment depending of light and
sucrose perception. We further focused on the evaluation of root hair traits, and measured
the number of all root hairs emerging, as bulges and elongated, along the first 2 mm of
the root tip. We measured for DGR, independent on sucrose supplementation, the lowest
number of root hairs (6 + SE 0.93/SD 2.45 for DGR with sucrose, and 5.75 + SE 1.07/SD
3.01 for DGR without sucrose; Figure 5B), whereas direct root illumination triggered the
appearance of root hairs clearly, with no significant enhancement upon sucrose supplemen-
tation (14.50 £ SE 2.44/SD 8.46 for LGR with sucrose, and 9.25 + SE 0.98/SD 2.77 for LGR
without sucrose; Figure 5B).
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Figure 5. Root hair trait evaluation along the first 2 mm of the root tip of 7 DAG eirl-4
PIN2::PIN2:VENUS plants. Depicted are (A) the distance from the root tip to the first emerging
root hair, (B) total amount of root hairs (bulges and elongated), (C) in percentage how many root
hairs elongated and (D) root hair length. (A-D) Root hair traits were evaluated from dark and light
grown roots, grown either on half strength MS medium supplemented with 1% sucrose or without
sucrose. Roots measured: n = 7-12. Root hairs measured: 25-122. Student’s t-test (total number of
root hairs and distance to first root hair) or Mann-Whitney U test (% of elongating root hairs and root
hair length) was used to perform statistical analysis for the following comparisons: LGR sucrose vs.
LGR no sucrose; DGR sucrose vs. DGR no sucrose; LGR sucrose vs. DGR sucrose; LGR no sucrose vs.
DGR no sucrose. p-values for statistically significant comparisons are depicted in each plot (* p <0.05,
ek p < 0.0001).

We evaluated root hair elongation of eir1-4 PIN2::PIN2:VEN under all four growth
conditions and couldn’t detect a significant difference of the percentage of elongating root
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hairs, LGR with sucrose 75.20 = SE 5.99/SD 20.73 %; LGR without sucrose 59.54 + SE
11.85/SD 24 %; DGR with sucrose 63.8 = SE 7.53/SD 15.85 % and DGR without sucrose
53.75 £ SE 9.66/SD 27.34 % (Figure 5C). In the study of Silva-Navas et al., 2015 they
described that in Col-0 the root hair closer to the meristem were longer under direct root
illumination, when using sucrose supplemented medium, we observed the same pattern

for eirl-4 PIN2::PIN2:VEN, LGR with sucrose 66.29 £ SE 4.16/SD 49.98 pm, and DGR
with sucrose 20.47 £ SE 3.31/SD 16.54 pym (Figure 5D). Without sucrose supplementation,
the root hair length for LGR 28.37 £ SE 3.26/SD 21.88 pm, was not significantly different
to DGR, 23.16 + SE 3.22/SD 16.43 pm (Figure 5D). Taken together, without any further
additive stress treatment, direct root illumination results in elevated root hair emergence,
independent on sucrose supplementation, whereas sucrose supplementation triggers an
increase in root hair length of LGR, but not upon the other three growth conditions.

2.4. Root Hair Outgrowth of eir1-4 Is Strongly Inhibited on Sucrose Free Medium

Root hair initiation and elongation depend on proper auxin distribution and signaling
along the root and in the individual root hair [15,48,49]. To evaluate the impact of PIN2
action in relation to root illumination and sucrose supplementation, we measured the differ-
ences in root hair appearance, number, and percentage of elongating root hairs of root tips
2 mm shootward. Consistent with published data [15,32], root hair appearance and elonga-
tion are altered in eir1-4 compared to eirl-4 PIN2::PIN2:VEN control line, which expresses
PIN2 at wild type levels. Root hairs appeared further away from the root tip in the mutant
compared to eirl-4 PIN2::PIN2:VEN, LGR with sucrose 1216 + SE 74.08/SD 277.2 mm, LGR
without sucrose 1321 + SE 126.3/SD 357.3 mm, DGR with sucrose 1196 + SE 101.3/SD
286.5 mm, and DGR without sucrose 1553 + SE 138.4/SD 391.5 mm (Figure 6A). The
amount of emerging root hairs dropped along the first 2 mm of root tip in comparison
to eirl-4 PIN2::PIN2:VEN, which was further more evident when sucrose was omitted
in the growth medium, LGR with sucrose 5.14 + SE 0.79/SD 2.96, LGR without sucrose
2.75 £ SE 1.03/SD 2.92, DGR with sucrose 7.38 £ SE 1.21/SD 3.42, and DGR without
sucrose 1.75 £ SE 0.70/SD 1.98 (Figure 6B). Eir 1-4 responded differently if compared to
eirl-4 PIN2::PIN2:VEN that showed upon direct illumination a higher emergence of root
hairs compared to the DGR. Eir1-4 didn’t show a difference regarding root hair amount
upon different light regimes, supporting published studies stating that root hair outgrowth
in general, and further under light stress, is auxin dependent [1,15].

Root hair elongation of eir1-4 changed compared to eirl-4 PIN2::PIN2:VEN, regarding
the significant difference of the elongation rate depending on sucrose supplementation
to the growth medium. Eirl-4 showed a statistically relevant drop of the percentage
of elongating root hairs when sucrose was omitted in the medium, LGR with sucrose
60.98 £ SE 9.06/SD 33.90 %; LGR without sucrose 25.06 £ SE 12.53/SD 35.43%; DGR with
sucrose 70.88 * SE 4.89/SD 13.85 % and DGR without sucrose 22.71 £+ SE 11.61/SD 32.83%
(Figure 6C). Further studies are imminent to dissect at which developmental stage of the
root and to which extent sucrose is triggering root hair growth. From former studies, it
can be deduced that sucrose is enhancing auxin biosynthesis in the root tip [9,41], and
1% sucrose elevates levels of IAA by three-fold [9], whereby auxin is required to prime
root hair cell fate long before they reach the differentiation zone [15]. Although sucrose is
enhancing root hair emergence, root hair length was not promoted further at LGR, contrary
to data obtained for eir1-4 PIN2::PIN2:VEN. Root hair length for the other three conditions
resembled for eir1-4 values of eirl-4 PIN2::PIN2:VEN. The root hair length was for LGR with

sucrose 35.28 + SE 4.37/SD 29.30 ym, LGR without sucrose 22.05 + SE 6.11/SD 22.84 pym,
DGR with sucrose 44.04 + SE 4.07/SD 24.75 pm, and DGR without sucrose 32.29 + SE
8.30/SD 1.97 ym (Figure 5D). Taken together, PIN2 modulated shootward auxin transport
is crucial to initiate and promote root hair growth, which is consistent with published data.
Eirl-4 root hair phenotypes can be partially rescued by sucrose supplementation, as root
hair emerge of DGR was significantly enhanced, and sucrose is slightly shifting the ration
from root hair bulges towards elongated root hairs, but the elongation potential as seen for
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eir1-4 PIN2::PIN2:VEN is lost. Root hairs of LGR grown on sucrose supplemented medium
elongate more than three times longer in average compared to DGR grown on sucrose
supplemented medium (Table S3).
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Figure 6. Root hair trait evaluation along the first 2 mm of the root tip of eir1-4 plants. Depicted are
(A) the distance from the root tip to the first emerging root hair, (B) total amount of root hairs (bulges
and elongated), (C) in percentage how many root hairs elongated and (D) root hair length. (A-D)
Root hair traits were evaluated from dark and light grown roots, grown either on half strength MS
supplemented with 1% sucrose or without sucrose. Roots measured: 1 = 8-14. Root hairs measured:
7-45. Student’s t-test (total number of root hairs and distance to first root hair) or Mann-Whitney U
test (% of elongating root hairs and root hair length) was used to perform statistical analysis for the
following comparisons: LGR sucrose vs. LGR no sucrose; DGR sucrose vs. DGR no sucrose; LGR
sucrose vs. DGR sucrose; LGR no sucrose vs. DGR no sucrose. p-values for statistically significant
comparisons are depicted in each plot. (* p < 0.05, ** p <0.01)

2.5. Sucrose Supplementation Results in More Randomized Vertical Growth of eir1-4
PIN2::PIN2:VEN Independent on Root Illumination, but only in DGR for eirl-4

Previously, glucose was reported to lead to randomized root growth, with a stronger
deviation from vertical compared to roots grown on medium without sucrose supple-
mentation [41]. Furthermore, upon glucose addition to the growth medium PIN2:GFP
was stabilized on lateral PMs and enhanced shootward auxin transport was measured,
probably interfering with the fine-tuning of growth along the gravity vector [41]. Increased
root tip growth deviation from vertical can is visible in decreased values of the vertical
growth index, in our study named gravitropic index [50]. Our analysis of the gravitropic
index of eirl-4 PIN2::PIN2:VEN roots showed that sucrose is like glucose leading to a small,
but highly significant randomization of root growth, which is not dependent on the root
illumination regime, LGR with sucrose 0.95 £ SE 0.003/SD 0.03; LGR without sucrose
0.97 £ SE 0.002/SD 0.01; DGR with sucrose 0.94 £ SE 0.003/SD 0.023; and DGR without
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sucrose 0.97 = SE 0.001/SD 0.01 (Figure 7A). In the case of the agravitropic eirl-4, we
could only measure a small statistically significant difference of the gravitropic index for
DGR, with sucrose 0.68 £ SE 0.038/SD 0.23; without sucrose 0.83 + SE 0.018/SD 0.11,
whereas there was no difference for LGR, with sucrose 0.79 = SE 0.027/0.17; without
sucrose 0.82 = SE 0.023/SD 0.14 (Figure 7B).
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Figure 7. Root gravitropic index analysis of 7 DAG plants. Shown are gravitropic index data plots
for (A) eirl-4 PIN2::PIN2:VENUS and (B) eirl-4 plants grown on half strength MS medium either
supplemented with 1% sucrose or without sucrose, of dark, respectively light grown roots. Differences
were assessed by. Mann-Whitney U test was used to perform statistical analysis comparing plants
grown on half strength MS medium with and without 1% sucrose supplementation under specific
root illumination conditions (dark and light). p-values are depicted for each comparison (** p <0.01,
***% 1 <0.0001). eirl-4 PIN2::PIN2:VENUS n = 61-79 roots; eirl-4 n = 34-37 roots.

3. Discussion

Previously published studies linked the root illumination status and sucrose supple-
mentation of the growth medium to altered root trait establishment, including differences
in total root length and root hair outgrowth [1,25,41]. The establishment of those root traits
depends strongly on fine-tuned polar auxin distribution, mediated by the auxin efflux
carrier PIN2, through the root tip and availability of resources delivering energy to main-
tain proper root growth, in correlation to exogenous stimuli, like changing illumination
or nutrition levels [3,11,23,25,26]. With this study, we present a first attempt to dissect the
interplay between shootward transported auxin by PIN2, illumination status of the root
and sucrose supplementation to the growth medium to mediate root growth and root hair
outgrowth. A summary of all data is available in the Tables S1 and S2. Additionally, we
calculated the changes of the measured root traits in percentage compared to DGR eir1-4
PIN2::PIN2:VEN grown on medium supplemented with sucrose and summarized them in
the Table S3. Overall, our observations showed that sugar supplementation and continuous
illumination of the root have an antagonistic effect on root length but an additive effect on
root hair outgrowth. DGR showed more obvious difference of total root length depending
on sucrose availability compared to LGR. The pin2 mutant showed a similar sensitivity
towards root illumination regime, but the total root length difference between DGR and
LGR grown on sucrose was less pronounced compared to the control line, and total root
length of the mutant was shorter upon all four growth conditions.

Root hair abundance and length are essential root traits to maximize nutrient uptake
and therefore plant productivity, and depend on the transduction of environmental signals
through the whole plant body towards the root tip [32,51]. Tubular root hair outgrowth
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from the epidermis is an example of the planar and polar elongation of a cell and is
regulated by various extra- and intracellular signaling events, highly depending on fine-
tuned establishment of auxin gradients along the root tip [15]. The distribution of auxin is
orchestrated in response to environmental stimuli in an active, directed (polar), cell-to-cell
mediated way to define the spacing, abundance, and length of root hairs [32]. Direct,
continuous illumination of the root induce stress responses [21] and auxin, light, and sugar
signaling interfere with each other in a complex network to modulate meristem activity
and root hair development [2]. Therefore, so far, most studies connecting light, sugar
and auxin signaling underpinning root hair growth were done by evaluating constantly
illuminated roots. This study dissects for the first time, the impact of shading the root from
direct illumination in relation to sucrose levels and PIN2 loss during root hair outgrowth.
Our results show that direct root illumination of eir 1-4 PIN2::PIN2:VEN results in a higher
number of root hairs for LGR compared to DGR, independent on the availability of sucrose,
but only root hairs of LGR grown on sucrose supplemented medium showed an extended
ability for elongation. This ability was lost in eir1-4, accompanied by a drastic reduction of
root hair emergence, especially if sucrose was omitted in the growth medium, independent
on the root illumination status. Taken together, upon PIN2 action direct root illumination
results in elevated root hair emergence, independent on sucrose supplementation, whereas
sucrose supplementation triggers root hair length of LGR, but it doesn’t for the other three
growth conditions. In contrast, when PIN2 activity is lost, sucrose is partially elevating
root hair emergence, but not root hair elongation. This indicates that sucrose supports
trichoblast priming and partially root hair elongation, but shootward auxin delivery to the
individual trichoblast is necessary to enhance its tip elongation. These results correlate
with the published data that show that sugar is enhancing auxin biosynthesis in the root [9],
but it also shows that for efficient root hair elongation on-point delivery of auxin to the
individual root hair is crucial [32,51]. When shootward auxin transport is reduced root hairs
fail to elongate, which was shown for the knockout pin2 mutant [32,51]. Taken together,
our data imply that shootward, PIN2 mediated auxin transport is crucial to implement
light and sucrose mediated responses to orchestrate root hair elongation plasticity, whereas
trichoblast priming is triggered also without PIN2 activity upon light stress in the presence
of sucrose. The characterization of the deviation of root growth away from vertical of
eirl-4 PIN2::PIN2:VEN, showed that sucrose is leading to a small, but highly significant
randomization of the root growth direction, which is not dependent on the illumination
regime of the root. This result correlates with the published study of Mishra et al., 2009,
where they showed that glucose supplementation leads to randomized root growth in
comparison to seedlings grown on sugar free medium, and further that glucose stabilized
PIN2:GFP at the lateral PMs of some cells and enhanced shootward auxin transport towards
the elongation zone, thereby linking sucrose signaling to auxin responses [41]. In contrast
to eirl-4 PIN2::PIN2:VEN, eirl-4, which represents an agravitropic mutant [52], showed
only a minor change of the gravitropic index of DGR depending on the availability of
sucrose, but we couldn’t measure a significant difference for LGR. Further evaluation of
changes on cellular and subcellular level are required to dissect the molecular network
connecting auxin, sugar, and light signaling cascades, which are involved in root and root
hair growth regulation, root zone establishment, and switch between cell proliferation and
elongation.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Seed stocks eir1-4 PIN2::PIN2:VENUS and eir1-4 were obtained from Christian Luschnig,
University of Natural Resources and Life Sciences, Vienna, Austria. Seeds were surface
sterilized using 50% (v/v) bleach and 0.1% Tween20 (Sigma-Aldrich, Darmstadt, Germany)
for 5 min and then rinsed three times with sterile water. The seeds were plated on 0.5 X
Murashige and Skoog (Sigma) medium, solidified with 1% agar (Sigma) and adjusted to
pH 6.0 by KOH. The medium was supplemented by 1% sucrose (Merck-Millipore, Darm-
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stadt, Germany), or was left sugar free to test the impact of sugar on root growth. Half of
the plates were covered by the D-root system [1] to investigate the impact of direct root
illumination on root growth. The seeds were plated and stratified at 4 °C for two days
before germination. The plates were positioned vertically, 45 °C from vertical, at 22 °C

and 100 pmol/sec/m? light intensity, in a climate control growth room with long day
conditions (16h light, 8h dark).

4.2. Measurement of Root Length, Root Hair Traits and Gravitropic Index

After seven DAG the plates were scanned and total root length and gravitropic
index were evaluated by using the Image] program from NIH. The gravitropic index was
calculated according to [50]. Root tip bright field pictures for the evaluation of root hair
traits were taken under the Zeiss880 microscope using the 20X objective and grabbing
3 X 9 tiles under 2X zoom, to capture 2 cm of the root tip. The root hair traits were also
evaluated by using Image J. Distance to first root hair was calculated from the root tip
to the first emerging root hair. Elongating root hairs were only taken into consideration
when root hair length was measured. A summary of all average values with standard
error and standard deviation is added in the Supplementary Tables S1 and S2). Statistical
significance was assessed through unpaired Student’s t-tests for comparisons between two
conditions (normally distributed data, GraphPad Prism QuickCalcs was used https://www.
graphpad.com/quickcalcs/ttestl /) or Mann-Whitney U test (not normally distributed data,
online tool—https://www.statskingdom.com/170median_mann_whitney.html); when
more groups were evaluated against a control, Kruskal-Wallis test with Dunn’s post hoc
test (online tool —https:/ /astatsa.com/KruskalWallisTest/) was done. A summary of all
average values with standard error and standard deviation is added in the Supplementary
Figure S1.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-7
747/10/1/111/s1, Figure S1A: example pictures of seedlings of all growth conditions, Figure S1B:
example pictures of root hair outgrowth of all growth conditions, Table S1: descriptive statistics of
analyzed root parameters, Table S2: descriptive statistics of analyzed root hair parameters, Table S3:
comparison of all values relative to DGR with sucrose. Table S4: Raw data presented in this study.
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Summary:

Control of root growth is the key in maintaining proper adaptation to environment. Root growth is affected
by countless stimuli to which it must adapt. Therefore, it’s very difficult to untangle several adaptation
mechanisms from each other during experiments. In this study we focused on analyzing the ability of
Columbia 0 and AUXIN RESISTANT 1 (AUXI1) plants to adapt to mechano-stimulus. Penetration essay
was used as the main method in this study with combination of D-root system. We show that aux1 mutant
has difficulties to penetrate 1% agar media due to its inability to organize cell layers within elongation
zone. These are necessary to establish rotation/throttling movement of root, which may be required to
efficiently penetrate the media. Randomization of root growth is significantly higher in aux1 mutant and
all gravitropic experiments confirmed that the mutant is unable to adapt to gravity vector change. We also
observed that while Columbia 0 reduces its growth speed while adapting to change of gravity vector, aux1

is growing unaffected.
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Abstract: Directional root growth control is crucial for plant fitness. The degree of root growth
deviation depends on several factors, whereby exogenous growth conditions have a profound
impact. The perception of mechanical impedance by wild-type roots results in the modulation of
root growth traits, and it is known that gravitropic stimulus influences distinct root movement
patterns in concert with mechanoadaptation. Mutants with reduced shootward auxin transport are
described as being numb towards mechanostimulus and gravistimulus, whereby different growth
conditions on agar-supplemented medium have a profound effect on how much directional root
growth and root movement patterns differ between wild types and mutants. To reduce the impact of
unilateral mechanostimulus on roots grown along agar-supplemented medium, we compared the
root movement of Col-0 and auxin resistant 1-7 in a root penetration assay to test how both lines adjust
the growth patterns of evenly mechanostimulated roots. We combined the assay with the D-root
system to reduce light-induced growth deviation. Moreover, the impact of sucrose supplementation
in the growth medium was investigated because exogenous sugar enhances root growth deviation in
the vertical direction. Overall, we observed a more regular growth pattern for Col-0 but evaluated
a higher level of skewing of aux1-7 compared to the wild type than known from published data.
Finally, the tracking of the growth rate of the gravistimulated roots revealed that Col-0 has a throttling
elongation rate during the bending process, but aux1-7 does not.

Keywords: AUXIN-RESISTANT 1; AUX1; directional root growth; gravitropic response;
mechanostimulus; mechanoadaptation; root skewing; root elongation rate; D-root system; root
penetration assay

1. Introduction

Roots have evolved to grow in darkness and surrounded by soil along the gravity
vector [1-4]. They adapt their growth direction and rate to their ever-changing environ-
ment, which includes changes in soil density or nutrient availability [5,6]. The root tip
senses the pressure of a more compact soil and either adjusts the root thickness to penetrate
it or changes the direction of growth [5,7]. Under drought conditions, the soil becomes
more compact, and in addition to the limiting effects on root growth itself, mechanical
impedance also restricts shoot growth, probably by increasing energy consumption [6].
Therefore, it is of agronomic importance to understand how these growth adaptations are
modulated [8-10]. As recently described by Taylor et al. [6], root movement efficiency is
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fundamental to plant survival, but it is a complexly regulated collection of growth traits
that are orchestrated by the interplay of multiple signaling pathways [6]. In addition
to continuous growth along the gravitropic vector and the modulation of root system
architecture to ensure efficient nutrient uptake, roots change their growth pattern form
circumnutation to strict penetration depending on soil compaction [5,11-13]. This requires
appropriate mechanostimulus perception, followed by signal transmission and mechanoad-
aptation [5,6,14,15]. The importance of orchestrated shootward auxin distribution along
the root epidermis between the meristem and differentiation zone for the efficient modu-
lation of root growth has been demonstrated repeatedly [3,4,16-28]. In 1990, Okada and
Shimura [29] identified six Arabidopsis thaliana mutants with an apparent wavy phenotype,
including the loss of function of a plasma membrane-located auxin influx carrier, AUXIN
RESISTANT 1 (AUX1) [16,25,28-34]. The adaptation of root growth patterns is often studied
by observing seedlings growing on an agar-enriched medium [35,36]. By increasing the
percentage of agar in the growth medium and inclining the plates, the root tip experiences
more pressure on the contact side between the root and the medium, which results in a
wavy root growth pattern [7,26,35]. A loss of AUX1 also leads to root agravitropism and to
a loss of perception of mechanical stress [7,25]. In addition, AUX1 is critical for the efficient
circumnutation of rice roots through the soil [6]. AUX1 activity has been calculated as
being able to enable the shootward auxin gradient, which is considered to orchestrate the
spatial and temporal modulation of cell expansion in the elongation zone, to be established
10-20 times faster [16,24,25,28]. Because the root responds to mechanical stress by reducing
its elongation rate and cell length, which likely allows for an increase in the root diameter
to ensure better soil penetration, we speculated that AUX1 loss may negatively affect root
velocity adaptation in response to mechanical impediment [37].

2. Results
2.1. Introducing the Combination of D-Rootsystem and Root Penetration Assay to Study
Directional Root Growth Adaptation

Previously published studies have shown that wild-type roots reduce their growth
rate when confronted with obstacles, whereas the aux1 mutant shows no reduction in its
root growth rate under mechanical stress conditions [7]. The experiments were performed
on seedlings with their roots exposed to light during cultivation and growth along the
medium’s surface. It is known that direct illumination, the stiffness of the agar supple-
mented medium, and the angle between the root tip and the presence of obstacles influence
the modulation of directional root growth [4,7,26,35,38-41]. Therefore, we wondered how
the aux1 mutant would respond to uniformly applied mechanical stress compared to
the wild type, and performed a so-called root penetration assay [42]. Furthermore, we
complemented the root penetration assay with the D-root system, a device that allows to
study roots that are shaded from direct root illumination (Figure 1). Recently, we pub-
lished research that indicated that direct root illumination and sugar supplementation
additively enhance the deviation of directional root growth, with sugar supplementation
having a greater impact [39]. Direct root illumination triggers the so-called light escape
mechanism, root elongation, but inhibits root meristem activity. Exogenous sucrose sup-
plementation results in a more pronounced elongation and proliferation rate [43-47]. By
stimulating the roots uniformly, reducing direct illumination, and testing the effect of
sucrose supplementation, we aim to establish an experimental setup to analyze to what
extent AUX1-mediated shootward auxin transport underpins the gravitropic response
compared to mechanoadaptation.
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r +/- Sucrose

(50

7DAG

gravitropic response

Figure 1. Schematic representation of the experimental setup. Briefly, seeds were placed on top
of an agar layer unsupplemented or supplemented with sucrose. Plates were kept in the D-root
system, allowing seedlings to grow with shaded roots for seven days. Primary root parameters
(e.g., penetration frequency, root length, vertical growth index, straightness, and skewing angle)
and gravitropic response were measured after a 90° turn. DGR: dark-grown root, DAG: days
after germination.

2.2. Loss of AUX1 Results in Reduced Growth Medium Penetration Efficiency

Primarily, we compared the ability of the aux1-7 and Col-0 roots to grow into 1 MS
medium supplemented with 1% agar, with and without the addition of 1% sucrose. We
removed a part of the medium to place the seeds on top of it and scanned the plates seven
days after germination to evaluate the root penetration efficiency (Figure 2A,B).

Figure 2. Representative images of seven DAG (A) Col-0 and (B) aux1-7 seedlings grown in agar that
had been unsupplemented or supplemented with sucrose. Scale bar =10 mm.

The addition of sucrose did not significantly change the root penetration frequency
in either line (Figure 3A). However, compared to the wild type, only a fraction of the
aux1-7 roots (27.17% without and 28.89% with sucrose) succeeded in growing into the
growth medium (Figure 3A). This suggests that the mutant struggles to grow into soil
with increased compactness under the surface-exposed roots, consistent with the recently
published study, which shows that AUX1 is critical for the efficient modulation of root
movement [6]. Therefore, we examined the root morphology of the Col-0 roots that
successfully penetrated the agar-supplemented medium and compared it to the aux1-7
roots after staining them with the vacuolar stain BCECF-AM to visualize the individual
cells. We found that every Col-0 root performs a twisting movement at the position of
the root elongation zone, whereas aux1-7 fails to organize its root shape at the elongation
zone in the same manner (Figure 3B). We suppose that when aux1-7 roots fail to orchestrate
the spatial and temporal modulation of the elongation zone, it also has diminished ability
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to drill into the growth medium, which correlates with the low penetration efficiency
compared to the Col-0 roots.

A Col-0 auxI-7
100

50

Penetration frequency (%)

0 i
_S0C S Gul que
B Total [MPartial [ONone

B Col-0

aux]-7

max

Figure 3. (A) Penetration frequency of seedlings grown in agar. Three categories were considered: no
penetration (None), total penetration (Total; entire root embedded in the agar), and partial penetration
(Partial; only part of the root can grow into the agar) (n = 42-57 roots). (B). Vacuole visualization in
Arabidopsis roots with focus on the elongation zone. Staining with BCECF-AM was performed to
distinguish individual root cells.
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2.3. Loss of AUX1 Expectedly Results in an Uncoordinated Root Growth Pattern When Grown
in Medium

To test whether growth in medium enriched with 1% agar alters the already known
growth differences between Col-0 and aux1 mutants, we measured the total root length, root
skewing angle, gravitropic index (GI), and straightness, which is also known as waviness.
The total length of the primary root was used to reflect root growth efficiency [48]. When
grown on medium, supplementing the medium with sucrose results in longer roots by
increasing the cell proliferation rate [39,46]. Col-0 shows a significant increase in root
length between the mediums with and without sucrose supplementation (Figure 4A).
aux1-7 grows shorter roots compared to Col-0, and sucrose supplementation does not
result in a significant difference in root length, likely due to less auxin transport to the root
meristem [16,28].
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Figure 4. Analysis of root growth parameters: (A) root length, (B) skewing angle, (C) gravitropic
index (GI), and (D) straightness. Only roots that showed total penetration into the medium were
considered for analysis (Col-0, n = 38-50 roots; aux1-7, n = 15-16 roots). Statistical analysis: data
normality was assessed through the Shapiro-Wilk test. Normally distributed data were analyzed
with a One-Way ANOVA and Tukey’s post hoc multiple comparison test. Not normally distributed
data were analyzed via a Kruskal-Wallis test followed by Dunn’s multiple comparison test. * p <0.05;
*** p < 0.001; **** p < 0.0001.
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The root skewing angle reflects the slanted deviation of the root from the direction of
gravity, something that aux1 mutants have been previously described to do when grown
exposed to light along a sugar-enriched growth medium [49,50]. In the current setup,
Col-0 roots grow along the gravity vector in a less deviated manner compared to pre-
viously described experiments where the roots grew along the medium, and show no
significant differences in the skewing angle and GI were found, regardless of supple-
mentation (Figure 4B,C). Our previously published work showed that when roots are
grown on the medium surface, there is a significant difference in the GI in response to
the root illumination and sucrose supplementation status. We suspect that an uniformly
perceived mechanical stimulus by wild-type roots that have grown into a medium limits
the sugar-enhanced deviation from the vertical direction [27,39,46,51,52]. On the other
hand, the aux1-7 roots show a wider range of root skewing angles, while the difference
between sucrose-enriched and non-enriched medium is small but still significantly rel-
evant (Figure 4B). The deviation from the vertical direction is higher for aux1-7 than it
is for Col-0 in our penetration experiment (Figure 4C). We conclude that the directional
growth of Col-0 deviates less because the roots grow in the dark and because the uniformly
experienced mechanical stimulus limits the growth deviation, but auxI-7 does not adapt
to the mechanostimulus, which also correlates to the diminished ability to orchestrate the
twisting movement at the position of the elongation zone (Figure 3A).

The wavy growth pattern, also referred to as straightness, reflects the ability of the root
to respond to mechanic impedance [21,35,42,53]. Higher values for straightness indicate
less curvature, fewer waves are formed, and lower values indicate more curvature [53].
Mutants with reduced shootward auxin transport were initially identified as roots lacking
a wave pattern formation [26]. Published studies have described that Col-0 roots, when
grown along the surface of a medium and with an increased plate inclination, exhibit
a denser wave pattern that is further enhanced by the addition of sugar [26,35]. As in
the case of GI, Col-0 roots show no significant difference in their waviness regardless
of sucrose supplementation when embedded in the growth medium, and aux1-7 roots
show an expected uncoordinated growth pattern, resulting in a reduced straightness value
(Figure 4D). Overall, the supplementation of 1 MS with 1% agar does not result in the
growth medium having a high stiffness, meaning that root growth would be more impaired
compared to the root growth along the medium, and the growth discrepancies between
Col-0 and aux1-7 described earlier are still present. We observed the largest differences in
Col-0 when comparing the evaluated data with previously published differences in growth
patterns that were associated with mechanosensing and adaptation depending on sugar
supplementation [4,27,39,46,51,52].

2.4. Col-0 Roots Throttle Elongation Speed during Gravitropic Response, but Not aux1-7

The loss of AUX1 results in agravitropic root growth and no gravitropic response,
whereby the data were obtained from roots growing while exposed to light and along
the surface of the medium’s surface [16,25,28,32,34]. We tested the gravitropic response
of Col-0 and aux1-7 roots in a combined D-root system and using a root penetration test
approach. As expected and previously published, we tracked a pronounced bending curve
over time for Col-0 and no response for aux1-7 (Figure 5A).

The maximum projection of the time-lapse images that we took every 30 min for four
hours illustrates the form and growth rate of the bent root tips (Figure 5A). To quantify, if
sucrose supplementation alters the bending efficiency of the roots when they grow into
the agar, we analyzed the final root tip angle 240 min after gravistimulation, and it was
determined that this was not the case (Figure 5B). However, regardless of the addition of
sucrose, we observed that Col-0 limits the root growth rate during the bending process over
time, while aux1-7 roots continue to elongate at an almost constant rate (Figure 6). This is
not surprising, as Fendrych et al. [24] have shown that cell elongation in roots is inhibited
by exogenous auxin application and that this response requires the action of AUX1 [24,54].
This lack of the AUX1-dependent control of the root growth rate of individual cells in
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response to exogenously occurring signals may explain why aux1 roots exhibit reduced
root elongation control and diminished organization in the elongation zone (Figure 3B).

After losing the ability to modulate the elongation zone and the lack of throttling
growth speed during the root bending process upon gravitropic stimulation, aux1-7 roots
do not respond to the gravitropic stimulus (Figure 7). Supplementing the growth medium
with sucrose increases the growth distance over time (Figure 6), resulting in the bending
angle of Col-0 grown in medium supplemented with sucrose is larger compared to that of
roots grown on medium that had not been supplemented with sucrose (Figures 5A and 7).
Nevertheless, in both media, Col-0 is bends efficiently, whereas the aux1-7 roots continue to
grow in completely straight manner upon gravitropic stimulus (Figures 5B and 7).

0 min

auxl-7 auxl-7

240 min

Col-0

No Sucrose
auxl-7

No Sucrose
auxl-7
Sucrose

Figure 5. Gravitropic bending analysis. (A) Maximum projection of time-lapse imaging of root bend-
ing in unsupplemented and sucrose supplemented wild-type and aux1-7 medium. Scalebar = 2 mm.
Root imaging was carried out at time 0 (dark blue), 15, 30, 60, 120, 180, and 240 (light pink) minutes
after turning the plates 90 degrees. (B) Root tip angle 240 min after gravistimulation. Roots were
assigned to 15° sectors in a gravitropism diagram, and the percentage of roots belonging to each
sector is represented by bars. Scalebar = 20%. (Col-0, n = 42-51 roots; aux1-7, n = 13-20 roots).
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Figure 6. Root growth rates (left axis) compared to total growth distance (right axis) of 7DAG roots
from the moment of gravistimulation over a period of four hours. Scans of the plates turned 90° were
taken every 30 min, and the growth rate during the Col-0's bending process compared to aux1-7’s was
evaluated depending on sucrose supplementation (Col-0, n = 42-51 roots; aux1-7, n = 13-20 roots).
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Figure 7. Time course of root bending upon gravistimulation of Col-0 and aux1-7 7DAG seedlings
grown in agar with covered roots with or without sucrose supplementation. Root growth rates (left
axis) versus root rip angles (right axis) are shown. (Col-0, n = 42-51 roots; aux1-7, n = 13-20 roots).
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3. Discussion

Plant productivity and survival depend on efficient root growth in the soil. Roots
have evolved to adapt and correct their architecture, volume, and directional root growth
to ensure that enough water and nutrients are taken up to nourish the entire plant. For
course direction, to avoid toxic compounds or obstacles, several signaling pathways are
interwoven to initiate root growth adaptation.

Directional root growth adaptation is often studied by observing seedlings growing
on agar-enriched medium [35,36]. By increasing the agar content and inclining the plates,
the root tips experience more pressure and respond with a wavy root growth pattern [26].
Moreover, the addition of sucrose leads to increased deviation from vertical growth and
from the straightness of the root when the roots grow along the medium [27,51,52]. The
wavy pattern of the roots growing along the growth medium is orchestrated by multi-
ple signaling pathways in the root tip, including mixed responses to gravisensing and
mechanosensing [55]. Rutherford and Masson [56] proposed that thigmotropism is the
cause of waviness and described that the changes in the symmetry at each half-wave occurs
in response to gravity and mechanical impedance, with direction and force only varying
for the mechanical stimulus, depending on the properties of the growth medium [56-59].
Gravity remains constant, and only the position of the plant can change relative to its
source. Therefore, taller plants have evolved to grow their aboveground organs away (neg-
ative gravitropism) and their belowground organs along the gravitropic vector (positive
gravitropism) [3,15,55,60-62].

With this study, we aimed to investigate the extent to which AUX1 activity maintains
directional root growth under more natural growth conditions, namely omitting direct
root illumination, sucrose supplementation, by combining the D-root system and the root
penetration test. We chose the D-root system with and without sucrose supplementation
because of the negative effects of direct root illumination and sugar supplementation
shown in recently published studies [39,46]. Direct light illumination and exogenous
sugar additively enhance the root growth that deviates from the vertical direction [39]. In
addition, we chose to use the penetration test to uniformly expose the entire root to the
same mechanostimulus intensity. In this way, we limited unnecessary exogenous stimuli by
avoiding directional root illumination responding to uneven mechanostimuli and unnatural
sucrose signaling in the case of plates without added sucrose.

Overall, we found a similar response in total root length growth and response to
gravitropic stimulus as a function of the sucrose addition for Col-0 when the roots were
grown in medium compared to published data for roots grown along surface of the medium.
However, in contrast to the known data, we did not observe differential deviation from
the vertical direction or increased waving of the Col-0 roots, which is generally observed
in wild-type roots grown along a sucrose-enriched medium [27,47,52]. This is likely due
to the ability of the wild-type roots to perform a twisting movement at the position of
the elongation zone, which we could observe because the roots in our penetration assay
are embedded in the medium and therefore are uniformly mechanostimulated but not
impaired in the execution of their three-dimensional movement. The aux1-7 roots do
not show the same ability to modulate the elongation zone, which not only correlates
with their reduced penetration ability and is further reflected in the loss of orchestrating
directional root growth in general. Surprisingly aux1-7 roots showed an unexpectedly
high degree of skewness in the penetration assay, consistent with the recently suggested
numbness of aux1 mutants to mechanostimuli [7]. In addition, auxI-7 root show a very
low penetration frequency, with approximately 28% roots grown into the medium of
all germinated seedlings, reflecting the importance of AUX1 as a mediator for efficient
root movement [6]. Finally, when we tracked root growth during the bending assay, we
found that aux1-7 did not restrict the rate of root elongation compared to Col-0. Both
lines responded as expected during the bending test and similarly to published results
from roots grown on medium. The loss of root growth rate control in aux1-7 is consistent
with the observations of Fendrych et al. [24], who showed that AUX1 is required to limit
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root elongation upon exogenous auxin supplementation [24,63]. In summary, our results
show that the combination of the D-root system and penetration assay using 1% agar-
enriched 5 MS medium allows directional root growth to be observed while also reducing
unnecessary interfering exogenous stimuli.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Col-0 and aux1-7 seed stocks [32] were obtained from the Laboratory of Hormonal
Regulations in Plants, Institute of Experimental Botany, Czech Academy of Sciences. Seeds
were surface sterilized using 50% (v/v) bleach and 0.1% Tween20 (Sigma-Aldrich, Darm-
stadt, Germany) for 5 min and were then rinsed three times with sterile water. The seeds
were plated on 1 Murashlge and Skoog (Sigma) medium, solidified with 1% agar (Sigma),
and adjusted to pH 6.0 by KOH. The medium was supplemented with either 1% sucrose
(Merck-Millipore, Darmstadt, Germany) or was left without sugar [39]. To stimulate the
roots to grow into the medium, its upper part at the border of the D-root system [38] was
removed, and the seeds were placed on top [42]. The seeds were plated and stratified at 4 "C
for two days before germination. The plates were positioned inclined at 45° from the verti-

cal direction, at 22 °C and with a light intensity of 100 pmol/s/m?, in a climate-controlled
growth room with long day conditions (16 h light, 8 h dark).

4.2. Root Parameter and Bending Analysis

Plate scans of seven-day-old Arabidopsis thaliana seedlings grown with covered roots
were analyzed using the freely available Image] software. The root gravitropic index,
straightness, and skewing angle were calculated according to Grabov et al. [53]. The
skewing angle was determined based on the frontal orientation of the plates.

For the bending assay, 7DAG plants grown with covered roots were turned 90 degrees
and were scanned at specific timepoints (0, 15, 30, 60, 90, 120, 180, 240 min). Images
were aligned, and root tip coordinates were obtained using Image]J. Data manipulation to
determine the root tip angle and root growth rate was carried out using Microsoft Excel.

Statistical analysis and visual representation of the data were performed using Graph-
Pad Prism. Normality was assessed via the Shapiro-Wilk test. Normally distributed data
were evaluated with a One-Way ANOVA and Tukey’s post hoc multiple comparison test;
not normally distributed data were analyzed with the non-parametric Kruskal-Wallis test
followed by Dunn’s multiple comparison test.

Imaging was performed on five-day-old seedlings with roots grown in agar-supplemented
medium without sugar supplementation, that had been shaded from direct light illumi-

nation, and that had been stained with BCECF-AM (10 pM, 60 min). The seedlings were
placed on medium in a chambered coverslip, and pictures were taken with a Zeiss LSM880
laser scanning microscope in a horizontal setup that enabled the samples to be placed
vertically using the objective 20%, at the Imaging Facility of the Institute of Experimental
Botany AS CR.
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Summary:

Arp2/3 complex is involved in many stages of plant development. In our study we focused on expression
patterns of subunits of the complex. Since it’s a complex we expected and proved similar expression
patterns of all studied subunits. As prominent expression pattern was found vascular tissues and mutants
of the complex are affected in vascular tissues, we can suggest that Arp2/3 complex has an important role
in establishing vascular tissues. Previous work on the complex shows auxin-related phenotypes including
reduction of auxin transporter abundance. We proved that auxin can induce expression of two subunits of
Arp2/3 complex, i.e. ARPC3 and ARPC4. We studied interplay between Arp2/3 and auxin in pavement
cells. We detected decreased cell shape complexity in both Arp2/3 mutants, and conditions with increased
auxin levels. Interestingly, the mutant still reacted to addition of auxin, hinting partially in cell lobe
formation. We also show altered metabolism of auxin in Arp2/3 mutants in pavement cells: We detected
increase in auxin indole-3-acetic acid and higher concentration of its inactive metabolites. Altered
distribution of the auxin efflux-carrier PIN3 was detected with presence of vacuolar fragmentation

suggesting role of Arp2/3 complex in endomembrane function and trafficking.

My contribution: I contributed by performing experiments and analyzing measurements of hormonal

content and occurrence of native auxin metabolites.
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Arp2/3 Complex Is Required for
Auxin-Driven Cell Expansion Through
Regulation of Auxin Transporter
Homeostasis

Judith Garcia-Gonzélez'*, Stépanka Kebrlové’, Mate”j Semerak?, Jozef Lacek'?,
Innu Kotannal Baby’, Jan PetraSek’ and Kater’ina Schwarzerova’

" Department of Experimental Plant Biology, Faculty of Science, Charles University, Prague, Czechia, ? Institute of
Experimental Botany, Czech Academy of Sciences, Prague, Czechia

The Arp2/3 complex is an actin nucleator shown to be required throughout
plant morphogenesis, contributing to processes such as cell expansion, tissue
differentiation or cell wall assembly. A recent publication demonstrated that plants
lacking functional Arp2/3 complex also present defects in auxin distribution and
transport. This work shows that Arp2/3 complex subunits are predominantly expressed
in the provasculature, although other plant tissues also show promoter activity
(e.g., cotyledons, apical meristems, or root tip). Moreover, auxin can trigger subunit
expression, indicating a role of this phytohormone in mediating the complex activity.
Further investigation of the functional interaction between Arp2/3 complex and auxin
signaling also reveals their cooperation in determining pavement cell shape, presumably
through the role of Arp2/3 complex in the correct auxin carrier trafficking. Young
seedlings of arpcd mutants show increased auxin-triggered proteasomal degradation of
DII-VENUS and altered PIN3 distribution, with higher levels of the protein in the vacuole.
Closer observation of vacuolar morphology revealed the presence of a more fragmented
vacuolar compartment when Arp2/3 function is abolished, hinting a generalized role of
Arp2/3 complex in endomembrane function and protein trafficking.

Keywords: actin, cytoskeleton, auxin, cell expansion, Arp2/3 complex

INTRODUCTION

The Arp2/3 complex is a conserved actin nucleator consisting of two actin-related proteins (ARP2
and ARP3) and five other complex-specific subunits (ARPC1 to ARPC5) (Welch et al., 1997). In
plants, its mutation has been shown to affect the development of complex cell shapes such as
trichomes and pavement cells (Le et al., 2003, 2006; Mathur et al., 2003a,b; Schwab et al., 2003;
Saedler et al., 2004; Djakovic et al., 2006). Whereas the role of Arp2/3 complex in trichome shape
development is the polarization of actin filaments for proper cell wall building (Yanagisawa et al.,
2015), the role of Arp2/3 complex in pavement cell shape determination is not fully understood.
Previous analysis has shown expression of ARP2 in all plant tissues with predominant expression
in vascular tissues (Klahre and Chua, 1999). However, little is known about the expression of the
other subunits and which factors affect it.
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Arp2/3 Complex and Auxin Cooperation

Correct cell shape formation requires the coordinated
functioning of the cytoskeleton and hormone signaling. Auxin
has been shown to be a major hormone involved in cell shape
and patterning (Teale et al., 2006; Gallavotti, 2013; Saini et al.,
2013). Auxin-driven cell morphogenesis relies in the correct
localization of auxin carriers, which regulate this hormone’s
cell-to-cell transport in order to create different concentration
gradients, and failure to efficiently transport auxin across cells
results in reduced tissue differentiation (Lacek et al., 2017).
Therefore, correct auxin transporter localization is of utmost
importance for correct auxin distribution.

It has been reported that the actin cytoskeleton has a role
in auxin carrier distribution, and its disturbance results in
delocalized PIN transporters (Yamamoto and Kiss, 2002; Hou
et al., 2003; Lanza et al., 2012). Previous work has revealed
that the lack of functional Arp2/3 complex affects auxin
transporter localization leading to reduced basipetal and radial
transport in mature stems. Also, issues in the generation of
proper auxin maxima have been observed in these mutant lines
(Sahi et al., 2018).

Our work aims to resolve in higher detail the involvement
of the Arp2/3 complex in auxin signaling. For this, we
analyzed Arp2/3 complex subunit expression patterns and
the effect of auxin on their transcription, demonstrating
that two Arp2/3 subunits” expression is sensitive to auxin.
Focusing on cotyledon pavement cells as a morphogenetic
model, we analyzed the role of Arp2/3 complex in auxin-
driven cell expansion through PIN3-mediated auxin transport.
Our results indicate increased PIN3 targeting to vacuoles
in early phases of pavement cells expansion and changed
auxin balance in plants lacking functional Arp2/3 complex.
Since we also demonstrate that Arp2/3 mutant pavement
cells show defect in vacuolar fusion, we hypothesize that
the loss of Arp2/3 results in endomembrane trafficking
regulation defects, which lead to defects in precise timing of
auxin transporters targeting. Our results indicate that correct
morphogenesis relies in the coordinated action of auxin and
the Arp2/3 complex.

MATERIALS AND METHODS
Plant Material and Growth

Plants were grown in peat pellets or in vitro (vertical agar
plates containing half-strength Murashige and Skoog medium
supplemented with 1% w/v sucrose) under a photoperiod of 16h
light:8h darkness and 23°C and light intensity 110 imol/m?/s.

Arabidopsis thaliana genotypes used in this study
were Col-0 (wild-type), arp2 (SALK_077920.56.00), arpc
(SALK_013909.27.65), arpc5 (SALK_123936.41.55), and yuclD
(Zhao et al., 2001). y

The reporter line pPIN3::PIN3:YFP (Zadnikova et al., 2010),
DII-VENUS (Brunoud et al., 2012) and yuc1D were crossed
to arpcb, and YTIP-mCherry (ABRC stock #CD3-975; Nelson
et al.,, 2007) was crossed to arp2, arpc4 and arpc5. Then, the
F> generation was screened for homozygous arpcs mutants
expressing the reporter or showing the yuclD phenotype.

For pPIN3::PIN3:YFP and arpc5 crosses, three independent
homozygous lines (L1-L3) were used in this study.

Auxin Treatment
Three-day-old seedlings were transferred to 1 ml of liquid half-
strength Murashige and Skoog medium supplemented with 1%
w/v sucrose. Plants were supplied with either IAA (5 M, Sigma
#12886), NAA (5 uM, Sigma #N0640) or DMSO (0.1%) and
cultivated for 48 h in the cultivation room with mild shaking.

For histochemical promoter-GUS activity, three-day-old
seedlings were submerged in 1 pM NAA-containing liquid
medium for 24 h.

Auxin Metabolic Profiling

Auxin and its conjugates were measured in 14 DAG seedlings
of Col-0 and arp2, arpc4 and arpc5 lines. Approximately
100 mg of fresh plant material were frozen in liquid nitrogen

and stored at —80°C until analysis. Samples were analyzed
as described in Dobrev and Vankova (2012). Three biological
replicates were performed.

Cloning and Plant Transformation

To generate the promoter::GUS reporter lines we amplified
arbitrarily 1-2 kbp promoter regions from Col-0 genomic DNA
as described in Table 1.

The resulting fragments were cloned into pDrive (#231124,
Qiagen, Hilden, Germany) and sequenced. Subsequently, the
fragments were transferred to the binary vector pRD410
(Datia et al., 1992).

Four to five-week-old Col-0 plants were transformed
according to the modified floral dip method described in
Narusaka et al. (2010). T2 progeny of independent transformants

TABLE 1 | List of primers used for promoter activity analysis.

Positions
(relative to
start codon)

Vector name Product Primer sequence

size

pARP2 —3to

—1347 bp

1344bp pPARP2-F 5I-AAGCTTTAACTGT
GGGAAGGTTTTGAACTAG-3!
pARP2-R 5!-GGATCCTCTC
CGATTTCTATAGAGACTACAGA-3!
PARPC3-F 51-AAGCTTTGTTTTT
ACGACATGAAGGGTTTC -3
pARPC3-R 51-GGATCCACAAT
GAAGCGATATCAGGAAGGA-3!
pARPCA4-F 51- AAGCTTTTCGTC
CTGTTCCATCATCAAAG-3!
pARPC4-R
51-GGATCCATGTCCTAGAAA
TGATGTTATTCTACTC-3!

pARPC5-F 51-
AAGCTTCAACCACATCT

CCAACTTTTCAG-3!

pPARPCS5-R 5'-
CTGCAGTCGATTCGATC

TTTCTCTCCGA-3!

pARPC3 -16to

—1173 bp

1157 bp

pARPC4 2t0—1655bp 1657 bp

pARPC5 -3to

—1420 bp

1417 bp
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were tested for GUS staining and representative lines with
stronger GUS intensity were used in further experiments.

Histochemistry

Whole seedlings were harvested and incubated immediately in
ice-cold 90% acetone for approximately 30 min. Then, plants
were washed twice in phosphate buffer (280 mM KH,PO,,
720 mM KoHPO,, pH 7.2). Subsequently, they were incubated

I [FERRTTHS R (el SO PRI S s ot
4-chloro-3-indoxyl-beta-D-glucoronide) at 37°C until the blue
stain was visible (30 min to overnight). Seedlings were transferred

to 70% EtOH and subsequently observed using an Olympus
Provis AX 70 transmitted light microscope.

Immunostaining

Longitudinal sections of 5-week-old A. thaliana stems were hand-
sectioned with a help of a razor blade. The obtained material
was submerged in EM grade 4% paraformaldehyde in aqueous
solution (PFA, Electron Microscopy Sciences #15714) in MTSB
(50 mM PIPES, 5 mM EGTA, 5 mM MgSO,; pH = 6.8) and
fixed in a vacuum desiccator for one hour (pressure: 500 hPa).
Samples were washed 5 times in MTSBT (0.1% Triton X-100
in MTSB) for 15 min. After this, samples were washed 5 times
in 0.1% triton X-100 in water for 15 min and subsequently
incubated in a solution of 0.05% pectolyase in 0.4 M mannitol
in MTSBT at 37°C for 30 min. Samples were washed 5 times
in MTSBT for 15 min, and 2 times in 10% DMSO/3% IGEPAL
CA-630 in MTSBT for 30 min. Sections were washed 5 times
in MTSBT for 5 min and incubated in 2% BSA in MTSBT
for 1 h. Samples were transferred to a 2% BSA solution in
MTSBT containing goat polyclonal anti-PIN1 aP-20 (1:500,
Santa Cruz Biotechnologies #sc-27163) and incubated at 37°C
for 4 h. Stems sections were washed 8 times in MTSBT for
15 min and then incubated for 3 h at 37°C in 2% BSA in
MTSBT with secondary antibody Alexa Fluor 488 mouse anti-

goat (1:1000, Abcam #ab150113). Samples were washed 5 times
in MTSBT and 5 times in water for 15 min and transferred
to a 0.02% sodium azide in 50% glycerol until observation
under confocal microscope. All steps were performed at RT
if not stated otherwise. Inmunostaining was done in three
biological replicates.

gRT-PCR

Total RNA was extracted from 5DAG seedlings using the
NucleoSpin® RNA Plant Kit (#740949, MACHEREY-NAGEL
GmbH & Co., KG, Diiren, Germany). 1 Jg of RNA was
additionally treated with DNase I (#EN0525, Thermo Fisher
Scientific). After this, cDNA was synthetized using RevertAid
reverse transcriptase (#K1691, Thermo Fisher Scientific) and
Oligo(dT) primers. Quantitative PCR was performed using the
Light Cycler 480 instrument (Roche Applied Science, Mannheim,
Germany). Reaction mixture contained 5 pl iQ™ SYBR Green
Supermix (#1708882, BioRad, Irvine, CA, United States), 0.2 pl
of 0.01 mM primers (Table 2) and 1 pl of 2.5X diluted cDNA
in a final volume of 10 pl. Cycling conditions were as follows:
initial denaturation for 3 min at 94°C was followed by 50 cycles

of 15 s at 94°C, 10 s at 58°C, and 20 s at 72°C. Samples
were measured in triplicates for three biological replicates
and RNA samples as well as the premixes alone were used
as negative control. Amplification efficiencies were estimated
using LinRegPCR software (Ramakers et al., 2003). The relative
expression of a target gene was calculated using Equation 1.

cy
E P
e (1)

Ci/jlrgct
E target

where Eyt and Egrge: correspond to the PCR efficiencies of
the reference and target genes, respectively, and Crgf Clarset

correspond to the crossing points.

Pavement Cell Analysis

Cotyledons of seedlings grown for 5 days (treated and untreated)
were incubated for 20-30 min in an aqueous solution of
propidium iodide (PI) of a final concentration of 0.01 mg/ml.
Pavement cell shape parameters were measured using Fiji
platform (Schindelin et al., 2012). Pavement cell shape analysis
was carried out as described in Sahi et al. (2018). The analysis was
performed in three biological replicates.

DII-VENUS Quantification

Col-0/DII-VENUS and arpc5/ DII-VENUS were measured at
1DAG. Seedlings were incubated in a 0.01 mg/ml PI solution for
10 min and taken for observation under confocal microscope.
Images were processed using the Fiji platform (Schindelin et al.,
2012). Nuclear DII-VENUS signal was quantified in the slice
with higher fluorescence intensity in individual pavement cells,
corrected for background signal and normalized to guard cell
fluorescence intensity. Values are represented relative to the

TABLE 2 | List of primers used for qRT-PCR analysis of subunit expression.

Primer name Sequence (5 — 3)

ARP2-F ACCATGTACCCAGGATTACC
ARP2-R CGATCCGCAATCTGAGTTTC
ARP3-F AAATTACGTCTCAACCGGTGGA
ARP3-R CAACTCGCGAAAAACTCAGGAG
ARPC1A-F TCTCTGTCCTAACAACACTGA
ARPC1AR CGATTTTGTTGGACTTTGAGC
ARPC2A-F TAGAGAAGTGGTGATGGGTG
ARPC2A-R AGTGACTTTATCCGCCTGAG
ARPC3-F CTCCTTCCTGATATCGCTTC
ARPC3-R AAGGTGATTGCCTCGTCTAC
ARPCA4-F TAAGTCTGGTGCAAGTCTCG
ARPC4-R TTCTGTAAGCACATGGCAGC
ARPC5-F AATCGAGGAAGATTGAAAGCC
ARPC5-R CGACATCAAGAGCATTGAGC
EF1a-F TGAGCACGCTCTTCTTGCTTTCA
EF1a-R GGTGGTGGCATCCATCTTGTTACA
UBCO-F GCTCTCACAATTTCCAAGGTGCTGC
UBC9-R AGGGTCCTTCCTTAAGGACAGTATTTGTG
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wild-type control. Samples were measured in three independent
biological replicates.

FRAP Analysis
For FRAP experiments, we employed the Zeiss LSM880 confocal

microscope with C-Apochromat 40x /1.2 W Corr FCS M27
objective. The experiment was performed in two independent
lines in three biological replicates. For bleaching, a region
of interest was chosen at the transversal plasma membrane
of pavement cells. Bleaching with 80% laser intensity was
followed by tracking fluorescence recovery for approximately
159 s capturing an image every 1.1 s. To compensate for the
fluorescence bleaching during recovery image acquisition, an
additional non-bleached ROI was applied and values on the
bleached ROI were corrected for this background. Data analysis,
curve fitting and parameter estimation were done using the
SigmaPlot software (Systat Software, San Jose, CA, United States).
PIN3-YFP was assumed to freely diffuse in the plasma membrane,
therefore a simple exponential equation (Equation 2) was used to
fit the normalized FRAP curve.

I®)=A1-e @)

where A corresponds to the mobile fraction or end value of the
recovered intensity, t is time and T is the fitted parameter. The
latter one was next used to determine the halftime of the recovery
by the following equation (Equation 3).

In 0.5

T =
1,= ©)

PIN3-YFP Localization and FM4-64

Co-localization

pPIN3::PIN3:YFP seedlings were used for measurement of PIN3-
YFP intensity at the plasma membrane in 1-day-old seedlings.
After stratification for 2 days at 4°C, plates were transferred to
the cultivation room for 24-48 h. Only those seedlings that had
emerged from the seed coat in the stage before cotyledon greening
were used for observation and subsequent quantification. The
intensity was measured as the mean gray value for the areas
representing the plasma membrane and within the cotyledon
pavement cells. For colocalization of FM4-64 and PIN3-YFP, Col-
0/pPIN3::PIN3:YFP and arpc5/pPIN3::PIN3:YFP seedlings were
grown in 0.5 ml of liquid half-strength Murashige and Skoog
medium supplemented with 1% w/v sucrose on a horizontal
shaker (slow agitation at 50 rpm) for 24 h. Subsequently,
FM4-64 was added to a final concentration of 4 UM in a
water solution and seedlings were cultivated overnight on a
horizontal shaker (50 rpm). Cotyledons were observed using the
Zeiss LSM880. Images were processed using the Fiji platform
(Schindelin et al., 2012).

Vacuole Shape Analysis

Seedlings harboring the yTIP-mCherry reporter were grown for
6 days and adaxial cotyledon pavement cells were observed
immediately under the Leica TCS SP8 confocal microscope.

Alternatively, seedlings grown for 5, 9, or 14 days were
incubated overnight in 4 yM FM4-64 water solution and
adaxial cotyledon surface was observed under the Leica TCS SP2
confocal microscope.

Image analysis was carried out using the Fiji platform
(Schindelin et al., 2012). Mid-plane of pavement cell was used for
measurements. A square region of approximately 600 Jm? was
placed framing three-way junctions of three cells. The selected
areas were thresholded and binarized, delimiting the plasma
membrane and tonoplast. The area occupied by the central
vacuole was measured in relation of the total size of the selected
region and represented as a percentage (vacuolar occupancy).
Three biological replicates were performed.

Confocal Microscopy

Zeiss LSM880 with C-Apochromat 63 /1.2 W Corr FCS M27
objective was used for the observation of pPIN3::PIN3:YFP (ex:
488 nm, em: 499-552 nm), FM4-64 (ex: 488 nm, em: 579-
686 nm), DII-VENUS (ex: 488 nm, em: 499-552 nm), and
propidium iodide (488 nm; em: 593-668 nm). For pavement
cell shape analysis and vacuole shape analysis, propidium iodide-
stained (ex: 488 nm; em: 593-668 nm) and FM4-64 (ex: 514 nmy;
em: 617-802 nm) stained cotyledons were observed under the
laser scanning microscope Leica TCS SP2 using HC PL APO
20.0x/0.70 IMM/CORR UV objective or HCX PL APO 63.0x/1.20
W CORR UV objective, respectively. For vacuole shape analysis
in seedlings harboring the yTIP-mCherry reporter, Leica TCS SP8
confocal microscope and HC PL APO CS2 63x/1.20 W objective,
ex: 633 nm; em: 794-799 nm, was used.

RESULTS

Arp2/3 Complex Subunits Are Expressed
in Developing Tissues, Epidermal Cells

and Vascular Tissues

In order to pinpoint specific tissues where the Arp2/3 complex
has a relevant role, we analyzed the activity of the promoter of
several of its subunits fused to GUS at several developmental
stages. GUS histochemical analysis of independent lines for
each of the construct revealed comparable expression patterns.
Generally, independent subunits showed strong expression
around the vasculature tissues in both above ground tissues and
roots (Figure 1). Although the signal strength was somewhat
lower in pARP2::GUS line, the pattern was found to be similar
for all tested lines.

Concerning the root, the reporter presence was always
detected in root columella and lateral root cap, more prominently
for the Arp2/3 complex subunits ARPC3, ARPC4, and ARPCb.
Expression was also observed around the vascular tissues in
the root elongation zone for all studied subunits (Figure 1A).
Root cross-section of GUS-stained pARP2::GUS line allowed
us to localize the GUS signal to phloem cells of the vascular
bundle (Supplementary Figure 1). Further, the reporter was
detected in root epidermal cells in a discontinuous pattern. The
promoter activity in phloem in the vasculature was first detected
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FIGURE 1 | Spatiotemporal expression pattern of individual ARP2/3 complex subunits genes (ARP2, ARPC3, ARPC4 and ARPCS5) as revealed by promoter-GUS
activity. Analysis of GUS histochemical staining was done in Arabidopsis thaliana 7-day-old seedlings roots (A), cotyledons (B), shoot apical meristem (C). Reporter
signal was present at the provasculature, columella and quiescent center, pavement cells, mesophyll, stomata and shoot apical meristem (D) GUS production was
tested in transverse sections at the base of six-week-old plants showing promoter activity in vascular bundles. Scale bar = 100 pm.

in the root elongation zone (Figure 1A) and was detectable
in all other parts of seedlings including the hypocotyl and
cotyledons (Figures 1A,B).

In young cotyledons, all analyzed Arp2/3 subunits were
expressed on varying levels (Figure 1B). Also here, stronger
signal was always observed around the vasculature. However,
other cell types such as mesophyll, pavement cells and stomata
showed promoter activity as well. This is consistent with
previously described phenotypes of Arp2/3 mutants, which
include changed morphology of pavement cells.

All studied subunits showed strong expression in the
shoot apical meristem and developing leaves. Higher levels of
expression were observed in stipules, which have been associated
with leaf vascular development (Aloni et al., 2003; Cheng et al.,
2007) (Figure 1C).

In 6-week-old inflorescences, B-glucoronidase activity was
detected in procambium and protophloem tissues as well as in
metaxylem for all studied subunits (Figure 1D). Interestingly,

expression levels were not detected equally in all vascular bundles
within the same plant. This may suggest the need of higher
Arp2/3 complex activity in certain developmental situations, such
as developing/differentiating vascular tissues, and its decline in
already differentiated tissues.

These results indicate that Arp2/3 subunits are required
especially in developing tissues (root and shoot apical meristem)
and in epidermal cells. The GUS reporter further showed
characteristic expression in vascular bundles.

Arp2/3 Subunits’ Expression Is
Stimulated by Auxin

Previously, the Arp2/3 complex has been shown to have a
role in auxin distribution (Sahi et al., 2018). To investigate the
importance of auxin in regulating individual subunit expression,
we characterized their expression after the increase of auxin
levels. For this, generated transgenic lines carrying promoter
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FIGURE 2 | ARP2/3 subunit expression is stimulated by increased auxin levels. Plants expressing the GUS reporter gene under the control of individual ARP2/3
complex subunits’ promoters (pARP2, pARPC3, pARPC4 and pARPCS5) were stained for GUS activity after 24-h treatment with 0.1 % DMSO (A) or 1 uM NAA (B).
(C) Relative transcription levels of individual complex subunits were quantified in five-fay-old YUC1D seedlings by qRT-PCR in three biological replicates. Scale
bar =100 pm).

fusions were subjected to NAA treatment. Strikingly, just two
of the subunits analyzed (AtARPC3 and AtARPC4) showed
increased promoter activity when compared to the control
treatment (Figures 2A,B).

To test the susceptibility of expression of Arp2/3 subunits
to auxin under conditions more physiological than external
auxin application, we used the previously described dominant
gain-of-function auxin over-production mutant YUCID (Zhao
etal., 2001), which shows increased free IAA endogenous level
when compared to wild-type plants, to analyze the expression
of Arp2/3 subunits. qRT-PCR analysis confirmed the previous
result, because only AtARPC3 and AtARPC4 exhibited higher
RNA levels in YUCID line when compared to wild type
(Col-0) (Figure 2C).

Taken together, two different methods demonstrated that
the transcription of ARPC3 and ARPC#4 genes coding Arp2/3
complex subunits was enhanced in the presence of higher auxin
levels, while other subunits showed no significant change.

Auxin Aggravates Pavement Cell
Morphology Defects in Plants Lacking
Functional Arp2/3 Complex

Along with distorted shape of leaf trichomes, pavement cell
shape change is one of the first described phenotypes of plants
with dysfunctional Arp2/3 complex (Deeks and Hussey, 2003).
Since all mutant lines lacking either one of the Arp2/3 subunit
or Arp2/3-activation complex subunits show this characteristic

phenotype, it is considered as a typical phenotype of Arp2/3
mutants (Li et al., 2003; Mathur et al., 2003a,b; Djakovic et al.,
2006). Auxin has also been long discussed to play a role in
pavement cell interdigitation (Li et al., 2011; Xu et al., 2014; Gao
etal., 2015; Belteton et al., 2018). We therefore decided to use
pavement cell shape as a morphogenesis model to answer the
question of whether auxin and Arp2/3 were connected in the
cell shape control.

We crossed the arpcs knockout plants with the previously
mentioned auxin over-producing line YUCID. Double
homozygous lines were selected, and pavement cell size
and shape parameters were determined. Both single and
double mutant visibly showed larger cells and reduced
cell complexity (Figure 3A), represented by increased area
(Figure 3B) and higher circularity values (Figure 3C), which
is consistent with known phenotypes of Arp2/3 mutant plants
and plants with increased auxin level. However, YUC1D/arpc5
exhibited a more dramatic defect in lobe formation than
single mutants, suggesting an interaction between the two
pathways (Figures 3B,C). This observation was further
confirmed in our experiments, where auxin was applied
externally to pavement cells. The application of 5 uM IAA
or NAA to arpc5 mutant for 48 h mimicked the phenotype
of YUC1D/arpc5 plants, because the formation of lobes was
reduced after treatment with auxins (Figure 3D). No effect
of auxin treatment was observed in wild-type or arpc5 plants.
Changes in cell area were only due to the lack of functional
Arp2/3 complex (Figures 3E,F).
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FIGURE 3 | Pavement cells morphology upon increased auxin levels. (A—C) The effect of increased endogenous auxin level in YUC1D plants crossed with arpcb.
Representative pictures (A) and quantitative cell shape analysis (B,C) of five-day-old Col-0, arpc5, and YUC1D, YUC 1D/arpc5 epidermal lobed cells is shown. (D—F)
The shape phenotype observed in YUC1D and YUC1D/arpc5 could be mimicked by 48 h treatment with 5 uM auxin (IAA and NAA) of three-day-old Col-0 and
arpch seedlings. lllustrative pictures are shown in (D), quantitative cell shape analysis is depicted in (E) and (F). Scale bar = 100 um. n = 250-350 cells, three
biological replicates (Tukey HSD, p < 0.001; p < 0.05 for the area comparison between YUC1D and YUC1D/arpc5).

Our results confirmed cell expansion defect in plants lacking
Arp2/3 complex, and an additive effect on cell shape in Arp2/3
mutant with increased auxin level.

Elevated Levels of oxIAA and IAA Marker
in Cotyledon Pavement Cells Suggest
Altered Auxin Balance in Cells of Arp2/3

Mutants
Since auxin has an effect in pavement cell morphogenesis and
Arp2/3 mutants seem to show an enhanced response to increased
levels of this hormone, we sought to determine whether auxin
levels were affected in Arp2/3 complex mutants. We analyzed
endogenous auxin levels in seedlings of wild-type and arpc5,
arpc4 and arp2 mutants. The biochemical analysis of active IAA
suggests that mutant plantlets contain IAA levels comparable to
those found in wild type. However, a clear increase of oxIAA-GE
levels in mutants (considered to be an inactive form of auxin,
Péncik et al., 2013) was repeatedly and consistently detected in
all tested Arp2/3 mutant lines (Table 3).

This prompted us to analyze auxin-driven proteasomal
degradation of DII-VENUS marker in individual cells of

cotyledon epidermal lobed cells. We generated arpc5 crosses with
DII-VENUS and analyzed nuclei fluorescence using confocal
microscopy (Figure 4A). Interestingly, arpc5 was the only
Arp2/3 mutant line successfully crossed with this marker. When
compared to Col-0 carrying DII-VENUS, arpc5 plants displayed a
significant decrease of DII-VENUS signal (Figure 4B). This result
indirectly suggests that there is either a mild increase in auxin
levels or increased auxin response in arpc5.

Altogether, the present data show that Arp2/3 mutants could
have mildly increased concentration of intracellular auxin in
pavement cells, and that general balancing of auxin concentration
in tissues results in higher levels of inactivated auxin, suggesting
that the Arp2/3 complex is important to maintain the correct
auxin balance at the cellular and tissue level.

PIN3 Does Not Show Mobility Defects in

the Plasma Membrane

PIN protein dynamics in the plasma membrane has been shown
to be important for the proper regulation of auxin homeostasis
(Geldner et al., 2001; Abas et al., 2006; Kleine-Vehn et al., 2011),
and the cytoskeleton has been shown to be involved in these
processes (Geldner et al., 2001; Friml et al., 2002; Rahman et al.,
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TABLE 3 | Quantification of endogenous auxin levels in Arabidopsis thaliana seedlings.

IAA oxIAA-GE
Above ground tissues Roots Above ground tissues Roots
Col-0 68.35 + 3.79 122.12 + 23.07 886.02 + 298.11 1102.03 = 552.34
amp2 60.48 + 3.58 162.27 + 31.57 1517 + 266.58 3739.72 £ 174712
arpc4 50.22 + 7.57 143.64 + 18.20 1307.14 = 133.04 3953.52 + 2239.16
arpch 84.69 + 19.13 130.55 + 35.01 1892.99 =+ 576.35 3450.99 + 2269.34
Values in pmol/gFW; average of three biological replicates +/— SD.
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intensity (n = 167 cells; three biological replicates; Student’s t-test, p < 0.0001).

FIGURE 4 | Plants lacking functional ARP2/3 complex show increased active auxin-driven proteasomal degradation of the auxin input sensor DII-VENUS. (A) In vivo
observation of DII-VENUS (green) in one-day-old wild-type and arpc5 seedlings (scale bar = 20 pm) co-stained with Pl (red). (B) Normalized DII-VENUS relative

pPIN3::PIN3:YFP

PPIN3::PIN3:YFP and arpc5 lines used in this study (scale bar = 20 pm).

FIGURE 5 | In vivo observation of pPIN3::PIN3:YFP in three-day-old arpc5 plants. L1, L2 and L3 correspond to three independent crosses between

2007; Kleine-Vehn et al., 2008b; Lanza et al., 2012). PIN3 is
one of the predominant PINs expressed in pavement cells (Le
et al., 2014). We therefore analyzed PIN3-YFP localization in
pavement cells and tested the mobility of PIN3 in the plasma
membrane of pavement cells in three-day-old seedlings by FRAP
(Fluorescence Recovery After Photobleaching, Figures 5, 6).
Our results show that the localization of PIN3-YFP was not
changed in arpc5 mutants (Figure 5). Likewise, the mobile
fraction and halftime recovery time values (Figures 6D,E) in
arpc5 plants were comparable to those observed in wild-type
(Figure 6C). Although it has been reported to be Brefeldin
A (BFA) sensitive (Friml et al., 2002), the analysis of PIN3
cycling between endosomes and plasma membrane in cotyledon
pavement cells using this inhibitor treatment was not possible,

because PIN3 localization in pavement cells was not sensitive to
BFA and no BFA-compartment was observed (data not shown).
This indicates that PIN3 localization and lateral membrane
dynamics are not changed in 3-d-old cotyledons of plants lacking
functional Arp2/3 complex.

Precise Localization of PIN3 and PIN1 Is
Inefficient in Mutants Lacking Functional
Arp2/3 Complex

It has been previously reported that pavement cell shape
determination occurs predominantly within the first two days

after germination (Zhang et al., 2011; Armour et al., 2015; Wu
et al,, 2016). We investigated whether Arp2/3 takes part in PIN3
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FIGURE 6 | Fluorescence recovery after photobleaching (FRAP) of pPIN3::PIN3:YFP auxin carrier in Col-0 (A,C) and arpc5 lines L2 (B,D) and L3 (E).
Photobleaching followed by its recovery was analyzed in transversal PM (plasma membrane) of three-day-old cotyledons expressing PIN3-YFP. Simple exponential
fit was applied to normalized FRAP data; individual fluorescence intensities for multiple plants (n = 6—-14) are shown (scale bar = 5 pm). The analysis was performed
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localization at these initial steps of epidermal cell morphogenesis.
Indeed, when observing one-day-old plants, a decrease in the
pPIN3::PIN3:YFP intensity ratio between the plasma membrane
and the cell interior was detected (Figures 7A,B). Absolute
intensity values indicate that the reason for this decrease in
the ratio is a result of reduced amounts of PIN3 at the plasma
membrane and increased intracellular signal (Figures 7C,D).

In our previous work we demonstrated that auxin transport
in stems is very limited in plants lacking functional Arp2/3
complex (Sahi et al., 2018). As PIN1 is the main auxin
transporter mediating basipetal polar auxin transport through
plant tissues (Galweiler et al., 1998), we assayed if also PIN1
localization is affected in mutants plants” stems. Consistent
with our previous observations, analysis of longitudinal stem
sections with immunolocalized PIN1 showed localization to
basal membranes of elongated parenchyma cells in wild-type
plants. Basal localization of PIN1 was disturbed in Arp2/3
mutant lines, where signal was found also on adjacent lateral
membranes, demonstrating inefficient polar localization of PIN1
here (Supplementary Figure 2).

Taken together, our results demonstrate the contribution of
Arp2/3 complex in PIN3 localization to the plasma membrane
in very early stages of pavement cells development. Our finding
of PINT1 inefficient polar localization also point on a broader need
of the Arp2/3 complex in maintaining efficient PIN localization
throughout plant growth.

Plants Lacking a Functional Arp2/3

Complex Show Altered Vacuolar System

The staining with FM4-64 confirmed that the compartments
with accumulated PIN3-YFP are vacuoles (Figure 8). FM4-
64 limited staining of plasma membrane of arpc5 pavement
cells, observed in our experiments (Figure 8B), may indicate
changed plasma membrane properties in arpc5 line, which

became visible under conditions of overnight exposure to
water solution with the dye. PIN transporters are known
to cycle between the plasma membrane and endosome, and
they are eventually degraded in vacuoles (Kleine-Vehn et al.,
2008a). Since PIN3 accumulated in vacuolar compartments, we
hypothesized that general intracellular trafficking of proteins
such as vacuolar targeting may be changed in arpc5 mutant. We
therefore decided to analyze vacuolar compartment in pavement
cells of plants lacking functional Arp2/3 complex. A thorough
analysis of vacuole occupancy revealed that vacuolar structure
is affected in Arp2/3 complex mutants (Figure 9), suggesting
a more fragmented architecture. Interestingly, the defect in
the fusion of vacuolar membrane, manifested as fragmented
vacuoles, was detectable also in later stages of cotyledon
development (Supplementary Figure 3). The phenotype was
hardly distinguishable in 1-day-old seedlings, where vacuoles
have very complex shape in both WT and mutants due to
early steps of central lytic vacuole formation (Supplementary
Figure 4). The defect in central vacuole formation in pavement
cells of mutants may affect the cycling and vacuolar targeting of
proteins such as early development-associated PIN3 targeting to
the vacuole and plasma membrane.

DISCUSSION

Arp2/3 complex has been shown to be involved in numerous
stages of plant development such as pavement cells, stomata and
trichomes morphology, or stem thickness and cell wall quality (Le
et al., 2003; Li et al., 2003; Mathur et al., 2003a,b; Brembu et al.,
2004; Deeks et al., 2004; El-Assal et al., 2004; Djakovic et al., 2006;

Dyachok et al., 2008, 2011; Jiang et al., 2012; Sahi et al., 2018).
Promoter fusion studies have proven to be useful in hinting
the importance of a protein’s function in a determined tissue
or developmental stage. In our study, we aimed to determine
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FIGURE 7 | Plants lacking functional ARP2/3 complex show altered PIN3 localization. (A) In vivo observation of pPIN3::PIN3:YFP in one-day-old plants was altered
in three independent crosses between pPIN3::PIN3:YFP and arpc5 lines (L1-3); scale bar = 20 pm. (B) The ratio between PM and intracellular PIN3-YFP intensity is
reduced arpc5 mutants. (C,D) PIN3-YFP intensity was measured as the mean gray value for the areas representing the plasma membrane (C) and within the cell
(D). Results show that the differences in ratio are due to increased intracellular signal. n = 45-70 cells, three biological replicates (Tukey, HSD p <0.001).

the patterns of expression of Arp2/3 complex subunits in order
to reveal the sites where their promoters are most active. Since
Arp2/3 functions as a complex, we expected similar expression
patterns for all tested subunits. Indeed, we can conclude that the
subunits studied are expressed roughly in the same tissues during
the growth of A. thaliana, although some minor differences can
be seen in the root tip. The expression of Arp2/3 subunits was
detected in most tissues reported previously to be affected in
mutants lacking the active complex, including pavement cells.
All subunits are shown to have prominent promoter activity in
the provascular region, as it was previously described by Klahre
and Chua (Klahre and Chua, 1999). Interestingly, the root cross
section allowed us to localize the expression to phloem cells, while
xylem precursor cell files were stained in the work of Klahre
and Chua (1999). Although no severe phenotypes have been
reported in vasculature in young seedlings of Arp2/3 complex
mutant lines, we have previously showed that AUX1 expression
in procambial and protoxylem cells in stem vascular bundles is
reduced in arpc5 line (Sahi et al., 2018). This suggests that Arp2/3
complex may be needed for vasculature development. Indeed, the
cytoskeleton plays a role in its formation, as many of its mutants
show vasculature formation defects (Hepler and Fosket, 1971;
Falconer and Seagull, 1985; Gardiner et al., 2003; Mao et al.,
2006; Oda et al., 2010; Pesquet et al., 2010; Bao et al., 2012; Oda

and Fukuda, 2012, 2013; Sasaki et al., 2017; Vukasinovic” et al.,
2017; Sugiyama et al., 2019). As the Arp2/3 complex has been
reported to have a role in plant cell wall deposition (Sahi et al.,
2018) and autophagy (Wang et al., 2016), we could speculate that
the complex participates in the building of specialized cell walls
and autophagy needed for differentiation of vascular tissue. More
detailed study is needed to confirm or disprove this hypothesis.
Our previous work has shown a series of auxin-related
phenotypes which include reduced auxin transporter abundance
and auxin transport in mature tissues as well as reduced auxin
maxima in early stage cotyledons (Sahi et al., 2018). Also, and
in agreement with the expression observed through the analysis
of promoter fusions, DR5:GUS maxima were observed to be
reduced around the vascular tissue (Sahi et al., 2018). Therefore,
we aimed to explore closer the role of Arp2/3 complex in auxin
signaling. The presented data demonstrate that the expression
of Arp2/3 complex subunits can be induced by auxin. We do
not know the rationale of the selective increased transcription
of only two of the subunits (ARPC3 and ARPC4). Although
high concentration of externally applied auxin was used in this
study (1 uM), the same pattern of expression (ARPC3 and
ARPC4) was detected in YUCID line, which contains increased
endogenous level of auxin (Zhao et al., 2001). This suggests that
increased expression of these two subunits reflected the response
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FIGURE 8 | PIN3-YFP localization to the vacuole in 3DAG wild type (A) and
arpc5 (B) seedlings. 2DAG plants expressing pPIN3::PIN3:YFP were
incubated in darkness overnight in a solution of 4 uM FM4-64 to allow for
vacuolar staining (scale bar = 20 ym).

to auxin, not the stress response to externally applied high
auxin concentration. The regulation of the Arp2/3 complex may
involve also post-transcriptional and post-translational control
mechanisms, such as mRNA or protein stability, which were not
assayed here. We could hypothesize these two subunits could be
important for the regulation (or trigger) of the complex assembly.
Plant Arp2/3 complex has been reported to play a role in cell
expansion, possibly contributing to cell wall properties and polar
growth. Especially pavement cell shape morphogenesis is studied
in the context of Arp2/3 complex role, although its function is
yet not well understood (Mathur et al., 1999, 2003a,b; Le et al.,
2003; Li et al., 2003; Schwab et al., 2003; Deeks et al., 2004; El-
Assal et al., 2004; Djakovic et al., 2006; Dyachok et al., 2008;
Zhang et al., 2013; Yanagisawa et al., 2015; Sahi et al., 2018).
Auxin has long been discussed to play a role in epidermal cell
morphogenesis too, and has been proposed to play a role in
cell wall permissivity (Xu et al., 2010, 2014; Nagawa et al., 2012;
Gao et al., 2015; Belteton et al., 2018). We aimed to test the

interplay between Arp2/3 and auxin in pavement cell growth.
We distinguish between two processes controlling pavement cell
morphogenesis: cell shape formation (cell circularity) and cell
expansion (cell size). Our results revealed that an increase in
auxin concentration, both constitutive (YUCID line) or temporal
(auxin treatment), leads to a decrease in cell shape complexity,
which is more severe in the case of plants lacking a functional
Arp2/3 complex. The additive effect of auxin in Arp2/3 mutant
lines, as well as the fact that plants lacking Arp2/3 are still
responsive to auxin, suggests partly independent functions of
auxin and Arp2/3 in cell lobes formation. Cell expansion, on
the other hand, is the main function of Arp2/3 complex. While
YUC1D/arpc5 line shows mildly deepened phenotype, the cell
expansion of mutant line is not altered by externally applied
auxin. It is important to note here that the treatment with 5 yM
auxin may induce also secondary effects, which could explain
the slight difference in cell expansion between YUCI1D/arpc5
and arpc5 treated with auxin. Nevertheless, this concentration
of auxin was needed to mimic YUC1D phenotype concerning
cell shape. We can conclude that these results pinpoint the
involvement of the complex in mediating the cell expansion in
response to auxin.

However, our results suggest also a direct functional link
between auxin and Arp2/3. The expression of Arp2/3 subunits
is positively regulated by auxin, and mutants lacking Arp2/3
complex have reduced basipetal transport of auxin (Sahi et al.,
2018). We also show here that Arp2/3 mutants have changed
auxin metabolism in respect to increased pool of inactivated
auxin, as well as increased auxin concentration in pavement
cells. One of the most important factors that regulate auxin
levels within and outside the cell is polar auxin transport (Lacek
et al., 2017). We tested whether transporter localization was also
an issue in pavement cell formation. Our previous findings on
cell wall composition prompted us to first analyze whether PIN
transporter dynamics were affected at the plasma membrane
level, as this factor has been shown to affect plasma membrane
motility of integral proteins (Feraru et al., 2011; Nakayama et al.,
2012; Braybrook and Peaucelle, 2013; Ganguly et al., 2014).

arpcd
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FIGURE 9 | (A) Observation of vacuolar organization in wild-type and arp2, arpc4 and arpc5 in 6DAG cotyledon expressing the y TIP-mCherry marker (scale
bar =20 pm). (B) Vacuolar occupancy quantifications at three-way cellular junctions. (Analysis performed in three biological replicates; Student’s t-test; **p <0.01;
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We show that PIN3 lateral mobility in the plasma membrane
is not altered in arpc5 mutants. However, we show that PIN3
localization is affected in arpc5 plants at a very young stage
of development, showing increased amounts in the vacuole
and reduced signal at the plasma membrane. The reduction of
PIN3 at the plasma membrane could result in changes in auxin
homeostasis in mutant plants, which was indirectly suggested
by DII-VENUS marker that showed increased auxin-driven
proteasomal degradation in arpc5 pavement cells. Of course,
since we failed to generate mDII-VENUS cross with arpc5 line,
we cannot fully exclude the possibility that transcriptional activity
in general or the activity of 35S promotor in arpc5 epidermal
cells is lower than in WT. It is also important to stress out
that although arpc5 line shows slightly increased auxin levels
or response in pavement cells, it is still responsive to high
auxin levels. Rather moderate and perhaps local or temporal
increase in endogenous auxin in pavement cells of Arp2/3
mutants was further confirmed by the analysis of general auxin
content in arpc5 seedlings, because no significant increase was
detected. Nevertheless, as a signaling molecule, even a small
shift in endogenous auxin concentration in arpc5 line may be
physiologically relevant. In this respect, the observation that
oxIAA-GE, inactivated form of auxin, is increased in three
independent Arp2/3 mutant lines indeed suggests shifted auxin
homeostasis. Interestingly, vacuolar localization of PIN3 is only
observed at very early stages of pavement cell development. This
phenomenon could be explained by several possible scenarios.
The first possibility is that Arp2/3 activity is mainly required
at early stages of epidermal cell morphogenesis and not later
on. This would be consistent with the fact that pavement cell
shape determination occurs predominantly within the first two
days after germination (Zhang et al., 2011; Armour et al., 2015;
Wu et al., 2016). The second hypothesis would be that at
later stages, PIN3 is still localized in the vacuole, but remains
unobservable due to YFP susceptibility to vacuolar pH (Kremers
et al., 2016; Shinoda et al., 2018) and less concentrated amounts
of PIN3 within the organelle as a result of its larger size. We
could not assay PIN3 cycling between endosomal compartment
and the plasma membrane, because PIN3 in pavement cells is
not sensitive to BFA, a drug commonly used for this assay.
Therefore, the hypothesis that PIN3 cycling between the plasma
membrane and cell interior is controlled by Arp2/3 remains
to be tested. However, the effect of Arp2/3 complex loss on
the localization of PIN transporters may be rather general, as
suggested by immunolocalization of PIN1 in stems and inefficient
basal localization in parenchyma cells.

Vacuolar homeostasis is relevant in a variety of processes
during plant development, ranging from turgor preservation
during cell morphogenesis to protein trafficking (Krtiger and
Schumacher, 2018; Shimada et al., 2018). Our observation that
PIN3 protein is inefficiently transported to the plasma membrane
and that PIN3-YFP vacuolar concentration is increased in arpc5
line in early stages of development pointed to the vacuolar
function. In fact, vacuolar targeting depending on retromer
complex function is a commonly known degradation pathway
for PIN proteins (Koltzscher et al., 2003; Abas et al., 2006;
Laxmi et al., 2008; Shirakawa et al., 2009; Bachmair et al., 2012;

Baster et al., 2013; Belteton et al., 2018; Salanenka et al., 2018).
Vacuolar shape is also modulated by auxin (Lofke et al., 2015)
and in turn, vacuoles may play an important role in auxin
homeostasis (Kramer and Ackelsberg, 2016). Actin cytoskeleton
controls remodeling of vacuolar membranes (Zhang et al., 2014)
and Arp2/3 complex has been shown to participate in vacuolar
morphology control in stomata and trichomes (Mathur et al.,
2003a; Saedler etal., 2004; Li et al., 2013).

Vacuolar fusion is a critical process during cell maturation
and function (Viotti et al., 2013; Kriiger and Schumacher, 2018).
Our results point out the involvement of Arp2/3 complex in
vacuolar fusion during pavement cell development as well,
because two independent mutant lines (arpc5 and arpc4)
had fragmented vacuoles in pavement cells. The incorrect
function of vacuolar compartment could be responsible for
its reduced efficiency in protein recycling, being PIN3 and
PIN1 an example of its consequences. Also, the lack of a
larger vacuole could lead to reduced cell turgor which, in its
turn, can be detrimental for cell adhesion and cell expansion
itself. Interestingly, the vacuolar fusion deficiency is detectable
throughout the cotyledon development.

In summary, we have shown here that Arp2/3 subunits
are expressed throughout the plant tissue including pavement
cells, trichomes, hypocotyls and root tips. The transcription of
ARPC3 and ARPC4 subunits is positively regulated by auxin, and
plants lacking functional Arp2/3 complex have increased auxin
concentration in pavement cells. Investigating the relationship
between auxin and Arp2/3 in pavement cell shape formation
we found out that Arp2/3 complex has a restrictive role in
cell expansion, which is partially independent of auxin-induced
cell expansion. On the other hand, the additive effect of auxin
in mutants in the formation of cell lobes suggests cooperation
of Arp2/3 and auxin in the control of pavement cell shape
formation. The direct interaction between auxin and Arp2/3
complex in this context may lay in the function of the complex
regarding auxin transporters trafficking. Our results imply
general intracellular trafficking defects in plants lacking Arp2/3
complex. This is supported by observed inefficient PIN1 polar
localization in stems, inefficient PIN3 targeting to the plasma
membrane, and vacuolar biogenesis defects. Altered performance
of intracellular trafficking may lead to deficient auxin transport
and therefore altered hormone homeostasis within single cells,
contributing to the impaired cell wall remodeling that we observe
in Arp2/3 complex mutants.
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3.2.5. An Arabidopsis mutant deficient in phosphatidylinositol-4-phosphate kinases
31 and B2 displays altered auxin-related responses in roots

Authors: Anastasiia Starodubtseva, Tetiana Kalachova, Katarzyna Retzer, Adriana Jelinkova, Petre
Dobrev, Jozef Lacek, Romana Pospichalova, Jindfiska Angelini, Anne Guivarc’h, Stéphanie Pateyron,

Ludivine Soubigou-Taconnat, Lenka Burketova, Eric Ruelland
Summary:

This study was focused on analyzing of mutants of PHOSPHATIDYLINOSITOL-4-PHOSPHATE
KINASES B1 and 32 (PI4K6162). These mutants have a dwarf phenotype, which, interestingly with lower
ability to adapt to changes of gravity vector, might suggest auxin-signaling-related process.
Transcriptomic data are similar to plants that were treated with exogenous auxin. The double mutant lost
sensitivity to exogenous application of IAA. qPCR data of the auxin responsive genes show minimal
increase after adding of exogenous auxin. Based on detecting increased pool of IAA-glutamate and
increased expression of enzymes of GH3 family, we suggest constitutive deactivation of IAA through
conjugation. We also detected changes in abundance and localization of PIN2 and lower stability of actin
filaments. All those information show that PI4K182 are involved in the auxin regulatory mechanisms but

further study is required to determine their exact function in the auxin mechanism of action cascade.

My contribution: I contributed by performing experiments and analyzing measurements of hormonal

content and occurrence of native auxin metabolites.
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An Arabidopsis mutant deficient
in phosphatidylinositol-4
-phosphate kinases 31 and 2
displays altered auxin-related
responses in roots

Anastasiia Starodubtseva®?3, Tetiana Kalachova***, Katarzyna Retzer*, Adriana Jelinkova?,
Petre Dobrev?, Jozef Lacek?, Romana Pospichalova?, Jindfiska Angelini?, Anne Guivarc'h3,
Stéphanie Pateyron“5, Ludivine Soubigou-Taconnat*5, Lenka Burketova* & Eric Ruelland®

Phosphatidylinositol 4-k hases @ UK s) are the firstenzym esthatcom m itphosphatidy Inosito | into
the phosphoinositide pathway. Here, we show that Arabidopsis thaliana seedlings deficient in PIzKBa
and B2 have several developmental defects including shorter roots and unfinished cytokinesis. The
pi4k8182 double mutant was insensitive to exogenous auxin concerning inhibition of root length and
cell elongation; it also responded more slowly to gravistimulation. The pi4kf31/32 root transcriptome
displayed some similarities to a wild type plant response to auxin. Yet, not all the genes displayed
such a constitutive auxin- lke response. Besides, m ostassessed genesd id notrespond to exogenous
auxin. This is consistent with data with the transcriptional reporter DR5-GU S. The content of bioactive
auxin in the pizkf31f32 roots was similar to that in wild-type ones.Yet, an enhanced auxin-con jigating
activity was detected and the auxin level reporter DII-VENU S did notrespond to exogenousauxin

in pi4kf3182 mutant. The mutant exhibited altered subcellular trafficking behavior including the
trapping of PIN-FORM ED 2 protein nrapid ly m oving vesicles. B iggerand less fragm ented vacuo les
were observed in pi4kf31f32 roots when compared to the wild type. Furthermore, the actin filament
web of the pigkf31f32 double mutant was less dense than in wild-1ype seedling roots, and less prone
to rebuilding after treatment with latrunculin B. A mechanistic model is proposed in which an altered
Pl4K activity leads to actin filament disorganization, changes in vesicle trafficking, and altered auxin
homeostasis and response resulting in a pleiotropic root phenotypes.

Plant health and productivity depends on root outgrowth, which allows water and nutrient uptake, and is equally
crucial for an efficient photosynthesis rate!”. Root morphogenesis is a complex process, orchestrated by a complex
signaling crosstalk at different levels, from single-cell metabolism to hormone transport within plant organs. On-
point spatial and temporal organization of cell organelles, polar establishment of cell architecture and directed
shoot ward auxin transport are fundamental for correct root cell differentiation. Root hair cell priming and
plasticity require fine-tuned, interconnected cellular processes driven by a properly established cytoskeleton
that controls the polar delivery of membranes to the root apex in order to enlarge the cell unidirectionally, and
by the transport of auxin through the root tip"* Auxin regulates cell polarity through the activation of ROPs
(Rho-like GTPase) that participate in the polar localization of PIN-FORMED (PIN) family proteins. Carriers of
the PIN family are plasma membrane-integrated auxin efflux carriers responsible for the direction and intensity
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of auxin flow through the plant body. Their cellular localization and activity are regulated at many levels*®, and
rely on the lipid composition of the membrane they are in.

Phosphoinositides, minor components of plasma membrane, are phosphorylated derivatives of phosphati-
dylinositol (PI), such as phosphatidylinositol-4-phosphate (PI4P) and phosphatidylinositol-4,5-bisphosphate
(P14,5P2). Phosphoinositides are important signaling molecules as they are substrates or cofactors of important
signaling enzymes. In plants, both PI4P and PI4,5P2 can be substrates to phospholipases C (PLCs) leading to
diacylglycerol and the corresponding phosphorylated inositol. PI4,5P2 is a cofactor of some phospholipases
D (PLDs), that catalyze the production of phosphatidic acid, a major plant signaling lipid®. More generally,
phosphoinositides can directly interact with membrane proteins (such as ion channels or G protein-coupled
receptors) or cytosolic proteins that they can recruit to membranes’®. Interestingly, specific relative levels of
phosphoinositides are a characteristic feature of different membranes: plasma membrane, endoplasmic reticulum
and Golgi membranes do not have the same relative composition in phosphoinositides’. Besides, membrane
nanoclusters enriched in certain proteins crucial for signal transduction and transport proteins also have a spe-
cific composition in phosphoinositides®!’. Formation of membrane domains enriched in PI4P and PI4,5P2 is
a crucial component of plasma membrane dynamics. Such phosphoinositide-enriched domains are important
for the localization of REMORINS, scaffold proteins governing PM-bound signaling'’, and FLS2, a pattern-
recognition receptor that determines the specific perception of the bacterial protein flagellin'.

Composition in phosphoinositides is modified by the activities of lipid kinases. PI4Ks phosphorylate the
4th hydroxyl position in the inositol head group of PI to generate PI4P. PI4P can be further phosphorylated
by phosphatidylinositol-4,5-kinases (PI4,5 K) into PI4,5P2. There are two types of PI4Ks according to their
primary sequences and pharmacological sensitivities. Type-II PI4Ks are inhibited by adenosine while type III
PI4Ks are inhibited by micromolar concentrations of wortmannin, a steroid produced by the fungi Penicillium
funiculosum. In the A. thaliana genome, twelve putative PI4K isoforms have been identified. Eight belong to
type-II (AtPI14Ky1-8), and four belong to type-III (AtPI4Kal and a2 and API4KP1 and p2)". Not much is known
about type-II PI4Ks and they could actually be protein kinases and not lipid kinases''. We have previously
shown that type-III PI4Ks are upstream of the PLC activity that controls the responses of tobacco BY2 cells to
cryptogein, a fungi elicitor’®. Type-III PI4Ks are also upstream of plant cold response PLC activity'® but also of
the PLC activity that controls gene expression, in basal, non-stimulated conditions"”. Type-III PI4Ks have been
shown also to be activated in response to salicylic acid (SA), and the consequent increase in phosphoinositides is
an important part of the specific response of Arabidopsis to this phytohormone'®2. AtPI4Ka2 is a pseudogene
and viable homozygous PI4Ka1 mutants have never been obtained. We have worked previously on a double
mutant defective in both PI4KB genes. In 4-week-old plants, pi4kf1p2 exhibited a constitutively high SA level
that led to a stunted phenotype®'. However, SA accumulation did not occur in young pi4kf1p2 seedlings**?
and therefore, they appeared to be the material of choice to study the roles of PI4Ks and phosphoinositides in
root development. Several aspects of the role of PI4Ks in plant cell biology have been discovered using pi4kf1/52
double mutant, such as the involvement of PI4Kf1 in cell plate formation during cytokinesis®, in the formation
of secretory vesicles®, root hair shaping and polar growth®. Here, we show that the pi4kf1(2 double mutant
exhibits several root phenotypes: impaired primary root growth, lower sensitivity to exogenous indole-3-acetic
acid (IAA), impaired elongation and bending in response to gravistimulation, and misshapen root hair growth.
These changes appeared to coincide with an altered subcellular distribution and turnover of PIN2, a less stable
actin cytoskeleton and generally altered intracellular trafficking dynamics. Moreover, expression of several auxin-
associated genes in roots was not responsive to exogenous auxin. However, some transcript levels in non-treated
mutant roots were already at the auxin-response levels of wild type (WT) roots, thus displaying an apparent
auxin-like response. Remarkably, the measured content of bioactive IAA in double mutant roots did not differ
from that of WT, but a considerable increase of glutamate-conjugated form of auxin was monitored. Besides, the
auxin level reporter DII-VENUS did not respond to exogenous auxin in pi4kf1$2 mutant. Our data, therefore,
link altered PI4K activity to the modification of vesicular trafficking and actin filaments organization one the
one hand to altered auxin response likely due to alteration in auxin homeostasis one the other hand.

Results

The pizkf3132 mutant is impaired in root growth. The PI4K8182 deficiency in pi4k{31$32 seedlings
led to a decreased primary root length of up to fourfold compared to the WT control (Fig. 1a,b). The shorter
primary root of the mutant appeared to be due to shorter meristem and elongation zones (Fig. 1c). The shorter
meristem of pi4kf152 was due to fewer cells (Fig. 1d), some of which showed unfinished cytokinesis. Interest-
ingly, the CycB1::GUS associated signal occupied a smaller percentage area of the meristem in pi4k{§152 roots
when compared to the WT (Fig. 1e,f). The elongation zone was almost missing. In the differentiation zone, the
pi4kf31/32 mutant had smaller cortical cells (Supplementary Fig. S1) and either similar or very small root hair
lengths when compared to the WT. This created apparent “bald-like” zones (Fig. 1g/h), while the overall total
root hair density in pi4kf31f52 plants did not differ to that of the WT (Fig. 1i). An analysis of the epidermal cell
lines* showed that the regularity of trichoblasts/atrichoblasts formation was not affected in the mutant (Sup-
plementary Fig. 52). This confirmed that the apparent "bald-like zones” were not due to an absence of hairs but
to shorter root hairs.

Responses to IAA and to gravistimulation are impaired in pizkf3282. Mutantand WT 5-day-old
seedlings were transferred to a cultivation medium containing various phytohormones. Seven days later, the
lengths of the primary root, of the meristem and of the cortical cells within the differentiation zone were meas-
ured. The presence of IAA led to a decrease in the root length of WT plants; the decrease was more than 60% at
100 nM TAA. The pi4kf3182 mutant was less sensitive to the auxin treatment, the decrease being only 20% at the
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Figure 1. Impaired root growth and morphological characteristics of the pi4k{i152 mutant. (a) representative
pictures of the apical root parts of 11-day-old seedlings of Arabidopsis thaliana Col-0 (WT) and the pi4kf31/32
mutant: meristem (M), elongation zone (EZ) and differentiation zone (DZ) are marked, scale bar=100 pm; (b)
primary root length, n=40; (c) length of the meristematic and elongation zones, n=12, error bars represent
mean=+SEM; different letters indicate statistically significant groups, one-way ANOVA with Tukey-HSD post-
hoc test (p>0.05); (d) number of separated cells in the meristem, n=36; (e) representative images of GUS
staining in the root meristem of 4-day-old plants expressing CycB1::GUS, scale bar=100 pm; (f) relative area of
CycB1::GUS expression, % of the meristematic zone; n=72; (g) representative images of root hair distribution
in the DZ of roots, scale bar=100 pum; (h) root hair length, n=180; (i) root hair density, n=90. Central line of
the boxplots represents the median, plus represents the mean, circles represent individual values from three
biological repeats. p-value was calculated by Student t-test.

concentrations tested (Fig. 2a, Supplementary Fig. S3). A lower sensitivity to exogenous auxin was also detected
at the cellular and/or tissue levels. At 50 nM IAA, the length of WT cortical cells showed a 30% decrease com-
pared to the control, while the mutant was insensitive. At 1 uM IAA, the decrease in length of WT cortical cells
was 50%, compared to the control, while the mutant remained insensitive (Supplementary Fig. S4a). Concerning
meristem size, 100 nM IAA caused a 20% shortening of its length in WT seedlings but no response was observed
for the pi4kfi12 mutant; this difference in IAA sensitivity was still apparent even at 1 uM (Supplementary Fig.
S4b). Interestingly, the sensitivity of primary root length to a cytokinin (BAP) or to salicylic acid (SA) did not
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Figure 2. Auxin-related phenotypes of the pi4kfi1i2 mutant. (a) primary root length of 11-day-old seedlings
in response to different IAA concentrations, n = 22. Central line of the boxplots represents the median, circles
represent individual values; p-value is indicated for significantly different groups; t-test with correction for
multiple comparisons; (b) Elongation rate of primary root under gravistimulation, n=10; (c) root tip orientation
angle, n=10; (b,c) gravitropic assay, 5-day-old seedlings were rotated to 90° on a horizontal microscope, images
were taken every hour. Asterisks indicate statistically significant differences between genotypes, p<0.05, paired
t-test with correction for unequal variances. Experiments were repeated three times; data from a representative
repeat are shown.

differ between pi4kfi182 and WT seedlings (Supplementary Fig. S4c,d), thus indicating a specific response to
auxins.

We then focused on another auxin-related process, the response to gravistimulation. Interestingly, both root
elongation (i.e. the distance that the root tip grew since the 0" time-point) and root orientation (i.e. the angle
between the root tip at current and 0" time-point) were affected in the double mutant in due course of 12 h
experiment (Fig. 2b,c Supplementary Fig. S5, Supplementary movie SM1 for WT, Supplementary movie SM2
for pi4kf31f32).

The transcriptome of pizkf31f32 roots shows partial similarities to IAA-treated WT roots. In
order to better detail the pi4kf1(32 root phenotypes, an RNAseq transcriptomic analysis of roots was performed
(Supplementary table S2). It was found that 2517 and 3418 genes were either up- or down-regulated, respectively,
in pi4kf31f32 roots compared to WT roots. To be more stringent, we then only considered the genes passing a
threshold of log2-fold change of 1.5. On these genes we performed a Gene Ontology classification (Supplemen-
tary Fig. S6). Among the genes induced in pi4kf§1/32 roots compared to WT, we found enrichment in genes
encoding extracellular, plasma membrane, or cell wall localized proteins, and underrepresentation of genes
encoding cytoskeleton or mitochondria-associated proteins. Interestingly, among the repressed genes, the cell
wall-associated proteins were also enriched, while cytoskeleton-localized proteins were overrepresented. As for
biological processes, we found enrichment in the categories of “response to stress”, “signal transduction”and
“development” for both groups of genes. Results of the RNAseq analysis were confirmed by qPCR on a selec-
tion of genes (Supplementary Fig. 57). Among the genes most induced in pi4kfi162 roots, we found several that
were involved in response to hypoxia, oxidative stress and induced systemic resistance (Supplementary Fig. S8).
A focus on genes involved in auxin transport or metabolism is displayed (Supplementary table S4). GH3.12
(AT5G13320) and GH3.3 (AT2G23170) are markedly up-regulated in pi4kf31/32 roots compared to WT ones.
Next, the list of the 200 most up-regulated and 200 most down-regulated genes in pi4k{162 mutant roots
versus WT roots was used as a signature to interrogate public transcriptomic data using the Genevestigator
similarity search program®. This was performed against curated root experiments dealing with root samples
and classified as “Hormone”, “Temperature” or “Stress”. Out of the 10 most similar experiments, 7 concerned
treatments with auxin (Fig. 3a). Within this set of curated root experiments (Fig. 3a), we then only selected the
experiments dealing with response to auxins. According to the responses in these experiments of the 200 most
repressed genes in our pi4kf1(82 versus WT root comparison, the experiments and the genes were clustered
(Fig. 3b). This allowed the identification of clusters of genes, down-regulated in pi4k{12 mutant roots com-
pared to WT ones and down-regulated in some experiments dealing with the response to auxin (Fig. 3b, clusters
A,B,G; list of genes of these clusters in supplementary table 3). We did the same with the 200 most up-regulated
genes in the pi4kf31fi2 double mutant compared to WT roots and thus identified genes upregulated both in
pi4kf31f52 mutant roots versus WT and up-regulated in curated experiments dealing with response to auxin in
roots (Fig. 3¢, cluster E). These clusters represent genes for which the effect of the pi4k{162 double mutation in
the root compared to WT is similar to a treatment with auxin. Yet other clusters exist, consisting of genes that
are down-regulated in pi4kf§152 roots, but were shown to be upregulated by auxins in public transcriptomics
data (Fig. 3b, cluster D; supplementary table S3), or genes that are up-regulated in pi4k$1£2 roots, but were
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shown to be upregulated by auxins in public transcriptomics data (Fig. 3¢, cluster F; supplementary table S3).
The transcript levels of selected auxin responsive genes representing different clusters were monitored by gPCR
in mutant and WT plants, treated or not with 10 nM IAA for 24 h (Fig. 3d). The transcript level of AT1G64590,
CSLB5, SAURY, NPF2.4 and BRUG6 in the untreated roots of pi4kf3152 mutant was similar to that in WT roots
treated with auxins. On the other hand, the transcription of CSLB5, FLA13 and BRU6 did not change in response
to auxin in the pi4kf31/32 mutant, showing another evidence of affected auxin response.

Assessing auxin sensitivity of pizkf31/32 roots. We next checked auxin transcriptional response by a
reporter system, introducing by crossing the auxin sensitive synthetic promoter DR5% fused to a GUS reporter
gene into pi4kf1(82 background. Surprisingly, the basal level of DR5 promoter activity was lower in root and leaf
meristem of the pi4kf$1(32 plants (Fig. 4a,b). After exposure to 10 nM IAA, an important increase of DR5-GUS
signal was detected in WT meristems, but not in the pi4kff1f2 mutant (Fig. 4a,b), confirming that the sensitivity
toIAA is impaired in the mutant line.

The DII-VENUS? construct was introduced into the pi4kf152 mutant by floral-dip agrobacterium trans-
formation. DII-VENUS is a fast maturing form of a yellow fluorescent protein fused in-frame to the Aux/IAA-
interaction domain (termed domain II;) and it is rapidly degraded in response to auxin®. It is used as a reporter
of auxin level. As the DII-VENUS reporter was introduced by agrobacterium transformation, the potential
positional effect of the insert cannot be excluded, so the basal fluorescent signal cannot be compared between
the lines but signals can be compared within one line. After exposure to 10 nM IAA, a significant decrease of
DII-VENUS fluorescence signal was detected in WT plants, but not in the pi4k162 mutant (Fig. 4c,d). To check
whether the mutant insensitivity to IAA might be a consequence of an elevated IAA level in control conditions,
we extracted hormones from the total root system and measured the content of IAA metabolites and conjugates.
No difference in the measured free IAA content was detected between genotypes, while IAA-Glu, CamX, I3A
and IAN concentrations were higher in the pi4kf152 mutant than in the wild type (Fig. 4e).

Localization of auxin efflux transporter PIN2 is altered in the pizkf3132 mutant. Asauxin sign-
aling is relying on the correct auxin transport between and within the cells, we investigated the localization
and dynamics of auxin transporter PIN2. We analyzed plants expressing PIN2::PIN2-GFP by immunostaining
(Fig. 5a—e) and confocal microscopy of PIN2-GFP in both WT and pi4kfi1$2 backgrounds (Fig. 5f-k). Overall,
PIN2-GFP was distributed on the plasma membrane in the same cell types and with a similar polar distribution
in mutant roots compared to WT roots. However, in the pi4kf§132 mutant, several “black holes” in the signal
were detected along the plasma membrane (Fig. 5b—e, Supplementary Fig. S9). When counterstained with FM
4-64, a dye that labels the plasma membrane, it was seen that the unstained parts in the pi4kff1(2 roots corre-
sponded to tunnels between adjacent cells (Fig. 5c—e). Confocal microscopy color-coded projections of pictures
were taken over time to track PIN2-GFP intracellular movement in the meristematic zone. The chaotic distribu-
tion of vesicles in pi4kfi182 compared to the vesicles aligned in WT showed not only differences in the amount
of GFP-marked intracellular vesicles, but also that their movement was less rectilinear and very fast in pi4kf31/32
(compare Fig. 5f-h, where vesicles are indicated by white arrows, and the corresponding Supplementary mov-
ies SM3 for WT and SM4 for pi4k{31/32). Differences in vacuolar morphology were also observed in pi4kf31/32
(Fig. 5ij; Supplementary Fig. S10), with bigger and less fragmented vacuoles than the WT. When focused on
growing root hair cells, altered movement of fluorescent marked vesicles in mature root hair cells and elongat-
ing root hairs in pi4kf3152 PIN2::PIN2-GFP was observed (Supplementary movies SM5 for WT and SM6 for
pidkf31f32). Bright field imaging also revealed differences in the flow of cytoplasmic streaming. Circulation of
the cytoplasmic stream occurred close to the plasma membrane and in a straight path in the WT, whereas in
the mutant stream the stream flowed in less coordinated lanes. We then studied the response to a dark shift of
whole seedlings, a treatment known to enhance PIN2-GEP delivery to the lytic vacuole?. A 1 h dark shift caused
the translocation of PIN2-GFP to lytic vacuoles in WT roots but not in the double mutant (Fig. 5k,1). All these
results point to altered intracellular trafficking dynamics in the roots of pi4kf31f32 seedlings.

Actin stability and remodeling are affected in the pizkf3132 mutant. Five-day-old pi4k{31f32 seed-
lings expressing 35S::Life Act-GFP were sprayed with 10 uM latB, a drug that inhibits actin polymerization.
Treated seedlings were then observed under a confocal microscope (Fig. 6a). Without a latB treatment, the
fluorescence signal occupancy was lower in pi4kf$1{2 compared to WT seedlings. After a 90 min exposure to
latB, the fluorescence signal occupancy in pi4kfi12 decreased 40%, while no change was detected in WT plants
(Fig. 6b). After a 150 min of exposure to latB, the signal occupancy in WT showed a 35% decrease compared
to the control, while the occupancy decreased to 54% for the pi4k§152 mutant compared to control conditions.
Interestingly, while WT roots showed a gradual decrease in actin filament bundling (Fig. 6¢) in due course of
latB treatment, no significant changes were observed in the pi4kf31§2 double mutant.

Discussion

Here, we show that PI4K£182 deficiency led to up to a fourfold decrease of primary root length compared to
WT seedlings. A dwarf phenotype, both in the roots and aerial parts, has already been reported for the pi4k{1/2
mutant?. Notably, the small rosette size of 4-week-old pi4kf12 mutant plants has been linked to an increased
constitutive SA level?. Indeed, a pi4kf1f2sid2 triple mutant did not accumulate SA and it did not display the
stunted rosette phenotype. However, pi4kfi1$2sid2 seedlings still exhibited shorter roots than WT plants, thus
showing that this root phenotype was a SA-independent process?*. Furthermore, SA accumulation did not
occur in young pi4kf1(2 seedlings®, thereby confirming that the root length phenotype was not due to high
SA levels. Similar SA levels in pi4kfi162 and WT roots were found in this work (Supplementary Fig. S11), thus
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Figure 3. Transcriptomic analysis of pi4k{$1£32 roots. (a) Similarity between the pi4k{1(32 roots transcriptome
(compared to WT) and the stress-, hormone- or temperature- responsive transcriptomes. The 200 genes most
up-regulated in pi4kf31f52 roots compared to the WT and the 200 genes most down-regulated in pi4kf{s1/32
roots compared to the WT were used as a signature to search for transcriptome experiments with the

highest similarity. The similarity search was performed against the 56 root experiments classified as “stress”,
“temperature” or “hormone” by Genevestigator (Hruz et al., 2008). Experiments were sorted according to
Euclidean distance. Expression of the signature genes in the 10 most similar experiments are shown in color-
scale; (b,c) Hierarchical clustering of curated root experiments dealing with the response to auxins. The 9
curated root experiments dealing with auxins in Genevestigator were retrieved. According to the expression
in these experiments of the 200 most down-regulated (b) genes in our pi4kf12 vs. WT root comparison, the
genes and experiments were clustered with the Biclustering tool in Genvestigator. The same was done using
the 200 most up-regulated (c) genes in our pi4kf1(2 vs. WT root comparison. Similarities between expression
profiles were determined using Pearson correlation. For each experiment, the duration of hormone treatment is
indicated. Separated gene clusters with highest levels of induction/repression are labeled and genes are specified
on the right panel; (d) Response of selected genes to auxin. Five-day-old seedlings were transferred to a medium
containing 10 nM IAA, and roots for RNA extraction were harvested after 24 h. The data are presented in
means+SE, n=9, with a Tukey honestly significant difference (HSD) multiple mean comparison post hoc test.
Different letters indicate a significant difference (one-way ANOVA, Tukey HSD, p-value<0.05).

confirming that the observed root phenotype was not related to altered SA levels and therefore it was an SA-
independent process.

So what causes the short root phenotype of pi4k1(32 seedlings? To answer this question, a detailed analysis
of root morphology was undertaken (Fig. 1). The shorter primary roots of the double mutant appeared to be
due to a reduced meristematic zone due to a lower number of cells. The CycB1:GUS associated signal occupied
a significantly smaller (about 10%) area of the meristematic zone in pi4kfi12 seedling roots when compared
to the WT. This might explain in part why there were fewer cells in the meristematic zone of the mutant. An
absent or a very short transition zone might also result from elevated auxin levels or an enhanced response to
auxin. Indeed, the transition zone in a root begins where auxin levels attain a minimum?. The shorter primary
root length in the pi4kf3152 double mutant was also associated with smaller cortical cells measured in the dif-
ferentiation zone. A reduced meristematic zone in the pi4kf182 mutant has been documented previously”, but
we have supplemented these data by measuring meristem cell number and cell length in the differentiation zone.
Concerning root hair length, we observed a bimodal distribution in the pi4k1§2 plants, with very short hairs
that gave the impression of bald zones. Interestingly, the regularity of trichoblasts/atrichoblasts formation was
not affected in the mutant.

Due to the observed root phenotypes, an obvious next step was to assess the sensitivity of the double mutant
to different hormones known to alter root growth. Root sensitivity to BAP or SA did not differ between pi4kf1/2
and WT seedlings. On the contrary, aloss of sensitivity in the double mutant to exogenous IAA was observed with

respect to inhibition of primary root length, inhibition of cortical cell elongation, and elongation of the meris-
tematic zone (Fig. 2, Supplementary Fig. S4a,b). This was in agreement with the experiments of Lofke et al., 2015,
showing that altered vesicular trafficking due to inhibited PI4K8182 activity resulted in lower sensitivity to auxin
NAA, altered vacuolar morphology and cell elongation®. Interestingly, pi4kfi152 double mutant was less efficient
in response to gravistimulation, another auxin-related process. Notably, not only the root elongation, but also
the root tip orientation towards gravity vector were impaired in the mutant, suggesting gravity sensing defects.
To detail the cellular processes that were interfering with the response to stimulation in mutant roots, we
performed full transcriptomic analysis. We found that differences in gene expression between pi4k{152 and WT
roots were in part similar to those observed between auxin treated and non-treated WT roots. Yet, not all genes
followed this trend and thus this similarity is only apparent. Besides, we tested by qPCR the response to auxin
on a selection of genes, previously described as auxin responsive. The addition of exogenous IAA had no or only

a small effect on the expression of those genes in pi4kfi1f2 compared to the WT. Similarly, DR5-GUS was not

induced in the pi4kfi12 mutant after exposure to exogenous IAA. Besides, we also monitored a lower activity
of the transcriptional reporter DR5-GUS in non-treated pi4kf$1f§2 mutant meristems (in root tip or cotyledon

tip) compared to wild type ones. Therefore, there seems to be a lower sensitivity to auxin, either exogenous or
endogenous, as far as gene expression is concerned.

Why is the double mutant less sensitive to exogenous IAA? A possibility could be that the mutant is no longer
responsive because of a constitutive high auxin level. As mentioned above, some of the observed root traits of the
double mutant (such as a very short transition zone) already resemble an auxin response even in non-treated con-
ditions. Yet, the DR5-GUS in control conditions does not plead for higher IAA content in the mutant. Besides, the
level of free bioactive IAA was comparable between mutant and WT roots. The use of the DII-VENUS, a reporter
directly related to the bioactive signal itself*!, gives another block of valuable information. DII corresponds to
the auxin binding domain of AUX/IAA ; when IAA binds to this domain, AUX/IAA proteins are released from
AREF factors and they can interact with SCF™! that ubiquitinylates them for degradation by the proteasome.
Because the reporter was introduced by transformation in the pi4kfi12 mutant, we cannot directly compare
data obtained in wild type to mutant background, but we can compare data within one line. In the mutant back-
ground, the DII-VENUS fluorescence was not significantly reduced by addition of exogenous IAA, as it was in
WT seedlings. This is coherent with a non- or low- sensitivity to auxin we already documented based on gene
expression data. The point is therefore to understand why DII-VENUS fluorescence is not reduced by addition
of exogenous IAA. An explanation might be related to auxin homeostasis. In the pi4kff12 mutant, we detected
elevated levels of several inactive auxin metabolites including the glutamate-conjugate form. IAA-Glu is an early
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Figure 4. Auxin sensitivity of the pi4kf3152 mutant. (a) representative images of DR5-GUS activity in 5-day-
old root and cotyledons in the presence or not of 0.01 M IAA for 12 h, scale bar=100 pm; (b) DR5-GUS
quantification, % of GUS-stained area in root meristem, n=10; () representative images of DII-VENUS
fluorescence in root tip of 7-day-old seedlings in the presence or not of 0.01 uM IAA for 1 h, maximum intensity
Z-projections of 10 nm stacks, scale bar=50 um; (d) DII-VENUS fluorescence quantification, % of meristematic
zone; n=10; (e) quantitation of IAA metabolites and conjugates in 7-day-old roots, n=6; Central line of the
boxplots represents the median, circles represent individual values; p-value is indicated for significantly different
groups, ns — non significant; unpaired t-test (d,e); The data are presented in means+SD, n=10, with a Tukey
honestly significant difference (HSD) multiple mean comparison post hoc test. Different letters indicate a
significant difference (one-way ANOVA, Tukey HSD, P<0.05) (b); Experiments were repeated three times; data
from a representative repeat are shown. IAA =indole-3-acetic acid, IAA-Asp=1AA-aspartate, IAA-Glu=1AA-
glutamate, CamX =camalexin, IAA-GE=IAA-glucose ester, OXIAA =oxo-IAA, IAM=Indole-3-acetamide (IAA
precursor), OxIAA-GE = oxo-IAA-glucose ester, I3A =indole-3-aldehyde, IAN =Indole-3-acetonitrile (IAA
precursor), OxIAA-Asp =oxo-IA A-aspartate.
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Figure 5. Visualization of PIN2-GFP subcellular distribution by confocal microscopy. (a) distribution of PIN2 along the PM
in WT roots, immunostaining; (b) distribution of PIN2-GFP along the plasma membrane in pi4kf1(32 roots, immunostaining;
(¢,d,e) show PIN2-GFP signal overlapping with FM4-64 dye, (¢, FM4-64; d, PIN2-GFP; e, merged signals); (f,g) color-coded
projection of PIN2-GFP distribution and intracellular movement over time in (f) WT and (g) pi4kf31$2 backgrounds; arrows
point to vesicles moving in time; (h), zoomed part of f and g, scale bars 5 um, arrows point to vesicles moving in time; (i,j)
merged 3D reconstruction of pictures taken along the z-axis of the bright field and fluorescent channel of PIN2 distribution
along the plasma membrane and vacuole morphology in (i) WT and (j) pi4kfi1(2 backgrounds; arrows point to enlarged
vacuoles in pi4kf§1f32; (k) visualization of PIN2-GFP movement towards the lytic vacuole upon a dark shift of whole seedlings.
After 1h, the GFP signal was visible in the WT background, but not in pi4kf1£2; (1) quantification of the GFP signal intensity
in the lytic vacuole, each circle represents the plasma membrane/intracellular ratio for a single cell; p-value is indicated for
significantly different groups, ns—non significant; unpaired t-test with correction for multiple comparisons; n=25; scale bars
10 um.
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Figure 6. Actin reorganization in the pi4k{$152 mutant in response to latrunculin B. Five-day-old seedlings
expressing 35S::LifeAct-GFP were sprayed with 10 uM latB. (a) representative maximum intensity projections
of root epidermis of WT and pidkf31f32 plants; confocal microscopy, scale bar=10 um; (b) quantitative
analysis of the density (expressed as percentage of occupancy) of actin filament arrays in epidermal cells; (c)
quantitative analysis of the extent of filament bundling (expressed as skewness) in epidermal cells. Central line
of the boxplots represents the median, plus represents the mean; circles represent individual values; p-value
is indicated for significantly different time points within each genotype and for the comparison of genotypes
immediately after treatment; one-way ANOVA with Tukey HSD post-hoc test; n=10.

metabolite and storage form of IAA and is synthesized upon incubation of plants with high concentrations of
IAA, and is considered precursors for auxin degradation®. High level of IAA-Glu might result from a constitu-
tive conjugation activity in the double mutant. Transcripts of different GH3 enzymes involved in aminoacid
conjugation are indeed markedly up-regulated in the pi4k1(2 roots. The affected balance between precursors
or conjugates or IAA might then explain partial auxin-like response in roots. Conversely, this affected balance
also probably reflects the affected sensitivity to active auxin. It is likely that in pi4kff162 mutant, exogenous IAA
is conjugated, resulting in the IAA level not changing, as seen by DII-Venus monitoring.

The pi4kf312 mutant also showed an altered subcellular trafficking behaviour of PIN2, including trapping of
the PIN2-GFP fusion protein in rapidly moving vesicles and a reduced transport towards the lytic vacuole upon
a dark shift of pi4kf1(32 seedlings. Differences in pi4kff182 vacuolar morphology were also observed, with big-
ger and less fragmented vacuoles compared to the WT. This phenotype corresponds to that observed when WT
Arabidopsis were treated with wortmannin, an inhibitor of PI4K activity®. In pi4k{31f2 roots, PIN2 localization
by immunostaining and staining with FM64 evidenced “black holes” or stubs corresponding to tunnels between
adjacent cells, also referred to as “cell wall stubs”. This can be linked with unfinished cytokinesis®*. Caillaud
et al. (2008)*® demonstrated that map65-3/ple mutants displayed cell wall stubs and multiple nuclei in the root
meristem, both features of cytokinesis-defective mutants. Interestingly, MAP65-3 is a downstream target for
inhibition by MAP kinase MPK4, and also a physical interaction between PI4Kp1 and MPK4 has been reported®.
Lin et al., (2019)* proposed that PI4Kp1 and MPK4 influence localization and activity of MAP65-3, acting
synergistically to control phragmoplast dynamics. The altered cytoskeleton organization in our mutant could
explain some of the trafficking issues, as the movement of membrane vesicles depends on the cytoskeleton®. For
example, it was shown that PIN1 cycling is actin-dependent”. Proper assembly of the cytoskeleton in concert
with the molecular motors, myosins, is essential for active internal transport, and therefore proper distribution
of cargos, like PIN2'%. Rho proteins mediate signals for cytoskeletal reorganization and cell polarity and they are
also implicated in the regulation of endo- and exocytosis, and correct localization of PIN1¥. Moreover, a direct
interaction between both PI4Kf1 and PI4KB2 and another GTPase protein involved in membrane trafficking,
RabA4B, has been reported®. Membrane recruitment of ROP-GTPase ROP6 (and possibly also other ROPs) is
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Figure 7. Working model for the impact of pi4k{{12 mutations on root length. The pi4kf3152 mutations lead
to an altered actin cytoskeleton, an altered vesicle trafficking and an altered sensitivity to auxin including at the
gene expression level. Altered trafficking can be linked to PI4K interacting with small G proteins like Rab or
Rho proteins; it could also be a consequence of the weakened cytoskeleton. It is hypothesized that both altered
cytoskeleton and trafficking prevent a correct cytokinesis. Finally, we propose that the short root phenotype
results from multiple causes: altered actin cytoskeleton, altered cytokinesis, altered trafficking, and altered auxin
responses.

also dependent on anionic phospholipids*#2. We therefore suggest that an altered regulation of Rho proteins by
phosphoinositides could help explain, in part, the observed problems of pi4kf31/32 roots.

Can the alteration in trafficking and cytoskeleton explain the insensitivity to auxin? Proper spatial and tem-
poral distribution of auxin in the root tip ensures differentiation of cell files and therefore conditions normal root
hair outgrowth. This relies on an auxin efflux carrier modulating auxin circulation within root tip'. Therefore,
altered trafficking can have consequences on root response to endogenous auxin. Concerning exogenously
added auxin, the temporal distribution might not be the key factor and as mentioned above, auxin homeostasis
probably explain the phenotypes.

Similar root phenotypes have been observed already in mutants affected in other steps of phosphoinositide
turn-over. The pipbk1pi5k2 mutant lacking two isoforms of PI4,5 K also showed shorter roots, a reduced mer-
istematic zone and a lower sensitivity to exogenous auxins®. The pip5k2 mutant has less lateral root formation
and impaired gravitropism***. On the contrary, our pi4kf152 mutant has more lateral roots*. We can thus
speculate that some of the observed phenotypes of pi4kfi152 seedlings are in part due to altered production of
PI4,5P2. As mentioned earlier, pi4kf1$32 roots did not respond to a gravitropic stimulus, which is dependent on
fine-tuned spatial and temporal modulation of PIN2 distribution as well as auxin gradient regulation’*. On
the other hand, root bending requires a functional cytoskeleton network®. Proper actin cytoskeleton assembly
is also required to trigger and maintain root hair integrity®?!, which is compromised in the pi4k$12 mutant.
Furthermore, phosphoinositides can regulate actin dynamics by direct interaction with actin-binding proteins
(ABPs)*%, or affect actin polymerization, dynamics, and association with membranes indirectly through regula-
tion of the activity and localization of Rho GTPases™ or via recruiting scaffolding proteins to the PM>*%. Indeed
an altered actin cytoskeleton was observed in our mutant and phosphoinositides are well known to regulate actin
organization®. A pi4p5k10/11 double mutant also displayed an increased sensitivity to latB, whereas PI4P5K10
overexpression resulted in aggregation of the apical actin fringe in tobacco pollen tubes®.

Nevertheless, the intermediate signaling links connecting PI4Kbeta 1/2 deficiency and the resulting mis-
regulation of PI4P on endomembranes with altered ectopic auxin signaling activities remain to be clarified.
For instance, root gravitropic growth requires establishing of PIN2 polarity, that also involves MEMBRANE
ASSOCIATED KINASE REGULATOR 4, MAKR4, acting downstream of auxin receptors TRANSMEMBRANE
KINASEI (TMK1). At the same time, PIN2 and MAKR4 plasma membrane localisation is dependent on ani-
onic phospholipids turnover”. On the other hand, root bending requires cell wall modification that is under
control of AHA H*-ATPases in cooperation with TMKs™®. Interestingly, a mutant cngc2, deficient in plasma
membrane-localized CYCLIC NUCLEOTIDE-GATED ION CHANNEL 2 exhibits a phenotype, partially similar
to pi4kf1(82. This concerns stunted root and rosette growth, SA accumulation in the leaves, lower gravitropic
bending and impaired sensitivity to exogenous auxin, but, unlike pi4kff162, cngc2 mutant accumulates higher
endogenous IAA%.

Based on our observations, a working model is proposed that assembles multiple causes leading to the short
root phenotype of the pi4kfi1i2 mutant that arises from several root developmental defects, including reduced
cell number and length (Fig. 7). Many correlate with altered dynamics of intracellular delivery processes. Plasma
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membrane establishment remains incomplete, cell architecture is misshaped, and PIN2 turnover is altered in
the root elongation zone. This can be associated with a lower stability of the actin filaments network. Based on
DII-VENUS degradation and gene expression, there appears to be a lack of response to auxin, endogenous or
exogenous, in the pi4kf12 mutant. A link between altered trafficking/cytoskeleton integrity and this lack of
gene expression response will require further investigations.

Materials and methods

Plant material. Experiments were performed using A. thaliana Col-0 as the WT control and the fol-
lowing mutant lines: pi4k162 (SALK_040479/SALK_09069%), CycB1::GUS®, DR5::GUS¥, PIN2::PIN2-
GFP%, PIN2::PIN2-GFP in a pi4kp1p2 background?®, DII-VENUS?, DII-VENUS in pi4kf182 (this study),
355:LifeAct-GFP, 35S::LifeAct-GFP in a pi4kf1B2 background®. The DII-VENUS construct was introduced
into pi4kp1p2 by floral dip transformation; three independent lines were selected and the T4 generation was
studied. CycB1::GUS* and DR5::GUS? constructs were introduced into the pi4kf1p2 background by crossing,
and homozygous F3 seeds were used. Genotyping primers are listed in Supplementary Table 1. This study com-
plies with relevant institutional, national, and international guidelines and legislation for using plant material.
Analytical grade chemicals used in this study were purchased from Sigma Aldrich (St. Louis, Missouri, USA).

Plant cultivation. Seeds were surface sterilized with 1.6% sodium hypochlorite (30% of SAVO®, Unilever)
solution containing 0.02% (v/v) TWEEN20 (Sigma Aldrich, St. Louis, Missouri, USA). Seeds were stratified for
2 days at 4 °C in the dark. Seeds were germinated for 3 days in Petri dishes containing half-strength Murashige-
Skoog basal salt medium (Duchefa, Haarlem, Netherlands), pH 5.7, supplemented with 1% (w/v) sucrose and
0.8% (w/v) plant agar (Duchefa, Haarlem, Netherlands) at 22 °C under a 16 h light/8 h dark regime in a vertical
position.

For the primary root length analysis, 4 days after germination, seedlings were transferred to square Petri
plates containing the same medium supplemented or not with hormones (IAA at 0.05, 0.1 or 1 uM final concen-
tration; BAP, at 0.1, 0.5, 1 or 5 uM; SA at 2, 10 or 20 pM). Stock solutions at 200 mM were prepared in distilled
water and few drops of 1 N NaOH. After 7 days of cultivation in vertical position Petri dishes were scanned for
the primary root length measurement (Epson Perfection V700 Photo, Suwa, Japan, at 600 dpi resolution). For
the measurement of the lengths of meristem, elongation zone and cortical cells, roots were observed under an
ApoTome Zeiss microscope with a 5 x objective at bright field settings. Images were analyzed with FiJi software®.
Atleast 12 seedlings were analyzed for each variant. For the measurement of root hair length and density, 5-day-
old seedlings were photographed under a stereo microscope (SteREO Discovery V8, Carl Zeiss GmbH, Jena,
Germany) equipped with an AxioCam HRc camera. Images were imported into FiJi software and root hair length
was measured manually using a segmented line tool. At least 60 root hairs from 10 seedlings were analyzed for
each variant. For PIN2 localization and dynamics analysis, DII-Venus assay or actin structure evaluation, 7-days
old seedlings were used. For actin structure evaluation, seedlings expressing 35S::LifeAct-GFP were sprayed
with 10 uM latB (latrunculin B) for different time incubations (30 min, 90 min and 150 min) and were used for
confocal microscopy. For DII-VENUS assay, seedlings were transferred to the media supplemented 0.01 uM
IAA for 1 h and subjected to microscopy. The fluorescence intensity of nuclei was extracted using FiJi software.

Gravitropic test. Gravitropic response test was performed as previously described*. Five-day-old seedlings
were transferred onto fresh Petri Dishes containing half-strength Murashige-Skoog basal salt medium (Duch-
efa, Haarlem, Netherlands), pH 5.7, supplemented with 1% (w/v) sucrose and 0.8% (w/v) plant agar (Duchefa,
Haarlem, Netherlands) and aligned in a horizontal orientation. Plants were scanned at indicated time points
using a Horizontal LSM880 with Airyscan module for 12 h and images were used to determine root reorienta-
tion. The root turning angle and length were calculated for each time point. Ten roots were imaged for each

genotype.

GUS staining. GUS staining was performed as previously described®. Briefly, 4- or 8-day-old seedlings
were incubated in 2 mM X-Gluc, 50 mM NaH:POs, pH 7, 0.5% (v/v) Triton-X, 0.5 mM K-ferricyanide, for 16 h
at 37 °C. Chlorophyll was removed by repeated washing with 80% (v/v) ethanol. Imaging was performed using
an ApoTome Zeiss microscope with a 5x objective at bright field settings.

Confocal microscopy. A Zeiss LSM 880 inverted confocal laser scanning microscope (Carl Zeiss AG, Ger-
many) was used with a 40 x C-Apochromat objective (NA = 1.2 W). Fluorescence signals were processed with
Zen Blue software (Zeiss), where PIN2 distribution was evaluated as a ratio of mean fluorescence intensity at
the apical PM to mean intracellular fluorescence intensity of individual cells. Fluorescence associated with actin
filaments (LifeAct-GFP) or DII-VENUS was acquired by excitation at 488 nm and emission at 490-540 nm for
GFP. Images were acquired in z-stacks (step size 0.43 pm, 40-50 sections per stack). Actin filaments density
and DII-VENUS signal intensity was calculated by FiJi software as the percent occupancy of GFP signal in each
Maximum intensity projection. For each variant, fluorescent intensity of at least 5 roots was analyzed with 1-5
RO (region of interest) per 1 root (ROI corresponds to one entire cell for actin; ROI corresponds to meris-
tematic zone for DII-VENUS). For analyzing the skewness, all z-stack images were skeletonized and projected
using a plugin moment calculator.

For tracking PIN2-GFP distribution in WT and pi4kfi182 over time (supplementary movies SM3 and SM4),
ten frames were continuously obtained by confocal microscopy to track the movement of PIN2:GFP in root
epidermis cells in the transition zone and compiled to a movie. PIN2-GFP subcellular distribution and cell
properties were monitored on a Zeiss LSM880 microscope (AxioObserver, objective C-Apochromat 40x/1.2 W
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Korr FCS M27, Filter 493-598, Laser 488 nM, using zoom factor 6. Original picture size is 35,42 pm x 35,42 um,
scale bar is 10 pum.

For root hair video showing cytoplasmic streaming (supplementary movies SM5 and SM6), maximum
intensity projections of a Z-stack of a root hair were taken over time. Fluorescent channel and bright field are
presented together. Fluorescent channel: visualization of cytoplasmic streaming in root hair cell outgrowing a
root hair, based on differential movement of fluorescent intracellular structures in the line PIN2::PIN2-GFP
compared to the mutant expressing PIN2-GFP. The movie was reconstructed from confocal pictures captured
in 20 frames (time-lapse) and in 18 (WT background)/19 slices (mutant background) through the root hair
along the z-axis. Original picture size is 106.27 um x 106.27 um, pictures were captures with EC Plan-Neofluar
20x/0.50 (WD = 2.0 mm) objective, using zoom factor 4. Scale bar is 10 pm. Brightfield channel: visualization of
cytoplasmic streaming in a movie reconstructed from confocal pictures captured in 20 frames (time-lapse) and
in 18 (WT background)/19 slices (mutant background) along the root hair in the z-axis. Original picture size is
106.27 pm x 106.27 um, pictures were captures with EC Plan-Neofluar 20x/0.50 (WD = 2.0 mm) objective, using
zoom factor 4. Scale bar is 10 pm.

FM 4-64 staining of the plasma membrane. Five-day-old A. thaliana seedlings expressing PIN2::PIN2-
GFP¥ were incubated with 2 uM FM 4-64 (Molecular Probes, catalogue number T13320) in half-strength
Murashige and Skoog (Sigma Aldrich, St. Louis, Missouri, USA) liquid medium in multi-well plates for 5 min
and then rinsed 3 times in liquid medium®. The seedlings were observed using a confocal scanning microscope
Zeiss LSM 880 with Airyscan module.

PIN2 immunolocalization. Whole mount immunolocalization of 5-day-old seedlings was performed as
described previously®® with minor changes. The protocol was adapted to the InSituPro VS liquid-handling robot
(Intavis AG, Germany). Prior to immunolocalization, seedlings were fixed 1 h with 4% paraformaldehyde dis-
solved in MTSB (50 mM PIPES, 5 mM EGTA, 5 mM MgSO+7H:0 pH 7, adjusted with KOH), at room tem-
perature, with no vacuum. In the robot, the procedure started with several washes with MTSB-T (MTSB +0.01%
TritonX-100) then cell walls were digested with 0.05% Pectolyase Y-23 in MTSB-T and membranes were perme-
ated with DMSO/Igepal in MTSB-T. Samples were blocked with BSA (blocking solution: 2% BSA in MTSB-T)
and incubated first with anti-PIN2 rabbit antibody (kindly provided by Prof. C. Luschnig, dilution 1:500) and
then a secondary anti-rabbit Alexa Fluor 546 antibody (Thermo Fisher Scientific, dilution 1:1000). Both anti-
bodies were diluted in BSA. Between the described steps, washes with MTSB-T were provided and at the end
MTSB-T was exchanged for deionized water. Seedlings were then transferred from the robot to 50% glycerol in
deionized water and the fluorescence signal was measured using a confocal scanning microscope Zeiss LSM 880
with Airyscan module.

RNA extraction and RNA-seq. For each of the 3 biological repetitions, RNA samples were obtained by
pooling RNAs from more than 70 plants. Seven-days-old seedlings roots (100-200 mg fresh weight) were frozen
in liquid N2. Roots were homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument
(MP Biomedicals, USA). Total RNA was isolated using a Spectrum Plant Total RNA kit (Sigma-Aldrich, USA)
and treated with a DNA-free kit (Ambion, USA). The quantity of extracted RNA was measured using NanoDrop.
Sequencing was carried out using an Illumina NexSeq500 (IPS2 POPS platform). RNA-seq libraries were
made using the TruSeq Stranded mRNA kit (Illumina®, California, USA). The RNA-seq samples were Single End
(SE) sequenced, stranded with a sizing of 260 bp and a read length of 75 bases, lane repartition and barcoding
gave approximately 45 million SE reads per sample.

Gene transcription measurement was conducted as described previously®'. In general, 1 ug of RNA was
converted into cDNA with M-MLV RNase H-Point Mutant reverse transcriptase (Promega Corp., USA) and
an anchored oligo dT21 primer (Metabion, Germany). Gene expression was quantified by qRT-PCR using a
LightCycler 480 SYBR Green I Master kit and LightCycler 480 (Roche, Switzerland). The PCR conditions were
95 °C for 10 min followed by 45 cycles of 95 °C for 10 s, 55 °C for 20 s, and 72 °C for 20 s. Melting curve analysis
was then conducted. CT values of target genes were normalized to the housekeeping gene TIP41. A list of the
analyzed genes and primers is available in Supplementary table 1.

RNA-seq bioinformatic treatments and analyses. To facilitate comparisons, each sample followed
the same steps from trimming to counts. RNA-Seq preprocessing included trimming library adapters and per-
forming quality controls. The raw data (fastq) were trimmed using the Trimmomatic® tool for a Phred Quality
Score Qscore > 20, read length > 30 bases, and ribosome sequences were removed with the sortMeRNA tool®.
The genomic mapper STAR (version 2.7. 3a®) was used to align reads against the A. thaliana genome (from
TAIRv10), with options-outSAMprimaryFlag AllBestScore-outFilterMultimapScoreRange 0 to keep the bests
results. Transcript abundance of each gene was calculated with STAR and counts only single reads for which
reads map unambiguously one gene, thus removing multi-hits. According to these rules, around 97% of SE reads
were associated with a gene, 1-2% of SE reads were unmapped and 1.22-1.66% of SE reads with multi-hits were
removed. Differential analyses followed the procedure previously described®. Briefly, genes with less than 1 read
after a counts-per-million (CPM) normalization in at least one half of the samples were discarded. Library size
was normalized using the trimmed mean of M-value (TMM) method and count distribution was modeled with
a negative binomial generalized linear model. Dispersion was estimated by the edgeR method” in the statisti-
cal software ‘R””! (Version 3.2.5 R Development Core Team (2005). Expression differences compared 2 samples
using likelihood ratio tests and p-values were adjusted with the Benjamini-Hochberg procedure to control False
Discovery Rate (FDR). A gene was declared differentially expressed if the adjusted p-value<0.05.
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Genes were classified using the Classification SuperViewer Tool developed by’ as described previously?.
The classification source was set to Gene Ontology categories as defined by”. The frequency of each category
was normalized to the whole Arabidopsis set. The mean and standard deviation for 100 boot-straps of our input
set were calculated to provide some idea as to over- or under-representation reliability. Similarity analysis were
performed using tools developed by Genevestigator®. The “Hierarchical clustering” tool works on the expres-
sion matrix defined by a microarray experiment selection and a gene selection. The “Biclustering” tool identifies
groups of genes that are expressed above or under a set threshold ratio in a subset of conditions rather than in
all conditions.

Hormone measurements. Whole roots (50-100 mg) were harvested from 7-day-old vertical grown seed-
lings. At least 6 samples were analyzed for WT and pi4kp182. Hormone analysis was performed with a LC/MS
system consisting of UHPLC 1290 Infinity II (Agilent, Santa Clara, CA, USA) coupled to 6495 Triple Quadru-
pole Mass Spectrometer (Agilent, Santa Clara, CA, USA), operating in MRM mode, with quantification by the
isotope dilution method. Detailed methodology was described previously™.

Data deposition. Experimental steps, from growth conditions to bioinformatic analyses, have been depos-
ited in the CATdb database™ as ProjectID NGS2020_14_pidkb1b2 and further submitted to the international
repository GEO” as ProjetID=GSE179635.

Statistical analysis. At least three biological repetitions were carried out for all experiments, and at least 10
seedlings were analyzed for each treatment. Student’s ¢-test with correction for multiple comparisons and one-
way ANOVA with Tukey’s HSD post-hoc test were applied; the exact number of values and statistical procedures
are stated in the figure legends.
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4. Discussion

Roots need to expand through the soil to ensure water and nutrient uptake, but to avoid harmful
growth conditions. Therefore, efficient modulation of directional root growth decides about plant fitness.
Root evolved to simultaneously respond to manifold signals, which allow the plant to survive outdoors.
Experiments in laboratories that investigate molecular and biochemical processes, which underpin root
development and growth regulation, are often performed in rather stressful setups for the root. Several
approaches were recently published that aim to reduce unnecessary stress triggered during the
experiments, and my studies and reviews contributed to a better understanding how complex responses are
to different cultivation conditions. Root growth responses, including the modulation of directional root
growth, were shown to be differently regulated when the root is exposed to a combination of exogenous
stimuli compared to stress-reduced cultivation setups. Several studies pointed especially towards the
impact of direct root illumination on the outcome of evaluation of phenotypes and biochemical assays,
from subcellular to organ levels. Moreover, direct root illumination changes roots' responses, which are
simultaneously triggered by multiple exogenous signals, including gravitropic or mechanical stimuli. In
fact, the substantial impact of light on root development is not surprising, as light is not a natural
environmental cue for below-ground organs, such as roots. The more it is surprising that for many years,

root were cultivated under light, thus producing results describing non-native conditions.

A central key regulator of root growth adaptation is auxin, a phytohormone that is actively
distributed through the root tip to differently modulate cell responses to steer the direction of root growth.
Previous studies showed that depending on exogenous stimuli, local auxin homeostasis can vary
significantly. It includes auxin transport and metabolism (i.e. auxin biosynthesis, (de)conjugation and
degradation). Changes in local auxin homeostasis then result in differential root growth pattern depending
on environmental conditions. Furthermore, intrinsic events affect the modulation of directional growth,
too. Intrinsic cues that were described in my articles, include changes in crosstalk between signaling

molecules, and/or loss of function of proteins involved in control of auxin homeostasis.

4.1 Post-translational regulation of the auxin efflux transporter PIN-FORMED?2
The plasma-membrane located auxin efflux transporter PIN-FORMED 2 (PIN2) is a well-studied

key player of directional auxin transport, especially in Arabidopsis thaliana. Its specific localization and
function in the root tip allow to study molecular events of its regulation and the resulting mechanical and
biochemical cellular responses. Manifold post-translational regulatory events were previously described,

but we were the first to point out the specific role of two evolutionary conserved cysteines in the protein
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sequence of PIN2 for proper protein and root function. Substitution of the cysteines to alanines resulted in

changed protein distribution along the plasma membrane and finally altered root growth pattern.

The results published in Retzer et al., 2017, combined with results published by other research
teams, point out that beside the abundance modulation, especially the fine-tuning of spatio-temporal
distribution of PIN2 appears to underpin efficient modulation of directional root growth, which is
displayed in root growth patterns (36). Therefore, as a continuation of our studies, we decided to further
dissect the regulatory events at post-translational level of PIN2. In Retzer et al., 2019, my colleagues
demonstrated that ubiquitylation of PIN2 results in enhanced endocytosis and decreased PIN2 abundance
at the plasma membrane (45). Currently, we investigate newly generated lines to find interactors that
orchestrate the events at the PM. We obtained mutated lines of a constitutively ubiquitylated PIN2
through ethyl methane sulfonate mutagenesis, and already selected two promising lines that have restored
PIN2 signal at the PM. I will study these two lines further to contribute to dissect the molecular
mechanism behind ubiquitylation-triggered endocytosis of PIN2 and the resulting impact on directional

root growth.

4.2 Directional root growth adaptation in context of external stimuli and auxin
transport

Plasticity of plant growth is essential in securing plant survival, and I described different levels of
exogenous and intrinsic signaling events that steer directional root growth in Lacek et al., 2021 (50). 1
summarize the impact of exogenous stimuli in Figure 1. Roots of higher plants evolved to adjust their
shape and function depending on the continuously changing environmental conditions, and because soil is
a heterogenous mixture, unilateral stimuli and changes in soil strength demand continuous adaptation of
growth direction. The auxin influx carrier AUX1 is a crucial modulator of root system architecture and
steers directional growth. A recent study in rice showed that AUXI is important to modulate root
circumnutation, a root movement that in loose soil can help to reduce the energy needed to explore the soil
(178). At the same time, we published an article that described that loss-of-function mutant auxI-7
displays difficulties to penetrate growth medium, and reduced ability of root twisting. We conducted the
studies in the D-root setup (i.e. roots cultivated in darkness), compared the impact of medium composition
further, and could thereby underpin the crucial role of AUX1 for efficient maneuver of the root through

the growth medium.
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Figure 2: Intrinsic and exogenous signals together orchestrate root growth movements. A, Autonomous growth is
largely orchestrated by energy and resource availability according to genetic predisposition to mediate root growth
along the gravity vector (g), and defines the degree of root circumnutation. B, Besides the consistent force of g, roots
are exposed to diverse mechanical/touch stimuli continuously, which results in deviation of root growth from

vertical. C, because soil is a heterogeneous mixture, not only regarding its consistency but also nutrients, water, and
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toxins occur randomly, the root grows towards (positive tropism) or away from the stimuli (negative tropism). D,
Root growth adaptation upon gravity and touch (mechanical) stimulus is difficult to dissect, as both responses are
tightly integrated to direct root growth through the soil. Soil consistency is highly heterogeneous and can change
rapidly. Roots can adjust their growth rate and pattern depending on if they encounter loose or compact soil or even

obstacles that cannot be penetrated anymore (figure adapted from Retzer and Weckwerth, review in preparation).

Plant roots are constantly adapting to their environment which consists of multiple external
stimuli at once. This requires response of several regulation mechanisms at the same time, which is
causing difficulties in deciphering each mechanism responding to specific stimuli. Conventional
experimental methods of growing Arabidopsis thaliana include transparent petri dishes, which allow
direct root illumination, and roots are growing on the surface of the growth substrate, which is often
enriched with sucrose. All these things are perceived by root as external stimuli and can cause or mask

phenotypes, which are key in deciphering root growth and adaptation mechanisms.

Roots evolved to penetrate the soil and grow shaded from direct illumination. Several research
teams showed that root illumination causes stress to the organ and is affecting several signaling cascades,
which are essential to proper execution of regulation mechanisms of root growth and adaptation
(summarized recently in Lacek et al., 2021 (50)). Therefore, in recent years we established alternative
methods to cultivate seedlings for root experiments, in a way that roots are grown in darkness, and under
conditions that are much closer to the native ones, and we hope to be able to uncover mechanisms that

control root growth in vivo.
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5. Conclusions

Exogenous and intrinsic stimuli together define plant shape and function. During my studies of
directional root growth regulations, I implemented innovative cultivation methods to delimit the amount
of undesirable exogenous stimuli that would affect root growth, and therefore alter or mask the outcome.
Furthermore, 1 focused on deciphering the impact of cultivation conditions, especially direct root
illumination, in context of shootward auxin transport, by evaluating the ability of loss-of-function mutants
of PIN2 and AUXI1 to steer directional root growth. Additionally, I contributed to a better understanding
of how PIN2 protein function defines its function in underpinning root growth pattern formation. Finally, I

contributed to uncover auxin metabolic processes involved in fine tuning of root growth.
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6. Outlook

The hierarchy of processes regulating directional root growth is studied for decades. Several key players
were identified but the mechanisms behind are still not fully understood. More studies are needed to
untangle gravity response mechanisms from responses of other exogenous triggers; especially mechanical
stress responses require further research. Another important information required to better understand
mechanisms that regulate root growth, is to identify the impact of growth limiting factors, such as energy
and resource status of the studied growth environment, and the ability of plants to adapt to these factors.
Thus, our future experimental work will be focused on further understanding the mechanisms involved in
the gravity response, and differentiating them from other responses to exogenous factors, to better

understand plant growth and adaptation processes.
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