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Euxaplotiec

H mapoloa SumAwpatikn gpyacia dev Ba pmopouos va ohokAnpwBOel xwpic tn ocupPoln
avOpwrnwy, oL omolol eite He TIG MPALELG TOUG, €ite amAd e TNV Tapoucia Toug, Ppeédnkav
SlmA\a pou. Me epmoteltnkay, Ue oupPoUAeav, HE ONKWOAV TIG OTLYMEG TOU
anoyontelTNKa — cupPaivel oe 6Aoug, pou elmav, ebw sipaote-, pe evBappuvay (eite amno
MOKpLA elte amo anootacn Undevikn).

Oa nbsla mpwta amo 6AoOUG, va EUXAPLOTHOW ToV UTIELBUVO KABNYNTH TNG SUTAWUATLKAG OV
gpyaoiag, k. Mavayuwtn Mooxou, o omoiog MPWTIOTWE UE EUMLOTEUTNKE. XWPLG va £XW Telpa
Kot pAodofa oxedla yia to EAAov. Enelta, Atav kel yla va mapakoAouBnoeL anod tv apxn
WG TO TEAOG TNV MOPEia Hou Kal va Pe SUUPBOUAEPEL -Epaba PETEMELTA OTL KATL TETOLO Sev

gival autovonto-.

Oa NBela akoUn va eUXAPLOTAOW Kol OAA Ta UTIOAOUTA LEAN TNG TPLUEAOUC OV ETILTPOTING,
tov K. Kuptdko Kotlaumaon kot tov K. Kpitwva KaAavtidn, mou S€xtnkav va cuvemntBAéouy
™V gpyacio auth, mapd to peyolo ¢opto epyaciag mou xapaktnpilel tn B£on touc. Toug
EUXAPLOTW KL YLOTL yvwpilw OTL 6moTe Kal av xpeltalopouv tn BornBeta toug, Ba Atav ekel.

AKOUN, EvVa LEYANO EUXOPLOTW ATIO KAPSLAG, 0 OAa Ta LEAN TOU gpyactnpiou. ISlailtepa otnv
Avtpla, mou eméPAede TNV SOUAELD TTOU OTTOTUTIWVETAL OE QUTEC TIG OEALSEG Kal gixe tnv
UTIOHOV VO E EKTTALSEVOEL OTOV «TIAYKO», OE XPOVO TEPLOPLOUEVO, Kol yvwpilovtag OTL
opXilw «armo to undévy». AKOUN, EUXOPLOTW ToV MAvvn, TIoU pou £uabe AE€elg-KAELOLA yLa va
TIEPVALE KAAQ KoL ATAVE TTAVTA YEVWWALOSwPOC Le TN Aafida tou, TV AAEE, yia TIC CUPBOUAEG
NG KAl TNV TAPEQ TNG OTO «UIEVTEVL O€€Ld», tnv Elprivn, TOu MAvVIA HE pWTIOUCE Qv
XPELATOMAL KATL, KL TNV APTELLG, TTOU OTOV EAAXLOTO XPOVO TTIOU GUVUTINPEAUE e CUBOUAEE
KOoTaAuTKA. |8laitepa, Ba nBela va esuxaplotiow Kol Tn Haud-InuptdolAa (ag pou
CUYXWPECEL TO XAPAKTNPLOUO, VoUW elvat epdavrc n XLOULOPLOTIKH Tou 81aBeaon), oxL Hovo
yla T BonBeld tng o eninmedo gpyaoctnpiou, aAAd KoL YLOTL ATAV TAVTA KEL, yia OAa eKel.

TéAog, Ba NBeha va eLXAPLOTAOW TNV OLKOYEVELA HOU, N omoila otdBnke yia GAAn pla dpopd
«Bpaxoc» ota BAUATA KoL OTLG ETUAOYEC oU. AKOMN Kal av Sev To eKPpdlw Suvatd KATIOLEG
dopEg, KpaTaw mavta GUAXTO, TNV AYATN KL TN oTNELEN Tous. AN euxopLloTw Kal TLG dileg
Kat Toug piloug. AUTEG Kal aUTOUC TIOU TOUG «EyKatéAsupa» to Xpovo autd, ahhd rote Sev
E&xaoa tnv «umdoxeon» TIc Kowng {wng, Kal ouTEG Tou Bpédnkav 6w pall pou, xtioaus
OX£0ELC OUOLAOTIKEC, aAAnAoPfonOnOnkape Kal polpaoTtAKape To TafldL (0¢ Le cUYXWPOoUV
KOL QUTEG YLOL TNV «aVTLOLoONTKN» ypadLkotnta, oAAd timota Sev \TAV TILO CNAVIIKO oo
TNV MOAUGCHLOVTN TTAPOUCIA TOUG).



Abstract

As sessile organisms, plants have developed numerous physiological adaptations, such as light
capture optimization. Fluctuations in spectral composition and intensity of incoming sunlight
are perceived by a plethora of photoreceptors, responsible for the initiation of a signal
cascade, known as light signaling. The evident complexity of the signal network underlines the
long evolutionary time plants have gone through, while at the same time, it implies that,
despite our growing understanding towards this network, our current knowledge remains
incomplete. This study aims to contribute to the better understanding of the light signaling
events, through investigating the involvement of a novel complex in light signaling cascade.
Specifically, this thesis examined the biological function of Kin7/Separase complex (KISC)
under the scope of photobiology, by pursuing two different, yet converging approaches. On
the one hand, it included validation of some of the potential protein-protein interactions
(PPIs) between KISC and light signaling components. On the other hand, physiological
experiments were conducted, using different loss-of-function mutant lines related to KISC,
which were phenotypically characterized in response to different light qualities. It was shown
that Kinesin7.3 (Kin7.3), a core component of KISC, interacts through its tail domain with one
of the major blue-light and UV-A photoreceptors, known as Phototropinl (PHOT1).
Furthermore, KISC was shown to be involved in hypocotyl growth inhibition upon blue light
exposure, as well as in phototropism, leaf flattening, and leaf positioning responses. Taken
together, the resulting preliminary data suggest that KISC acts in the crossroads of
phototropin- and phytochrome-mediated signal transduction. Additionally, my data suggest
that KISC constitutes a necessary complex for the autotropism response.



MNeplAndn

Ta ¢utd, wg akivntol opyaviopol, £€xouv avamtUéel moAudplBueg ¢UCLOAOYIKEG
TIPOCOPUOYEG, OMwG TNV PBeAtiotonoinon tg cuAloyng Tou ¢wTtog. Ot SLOKUUAVOEL 0T
daopaTIKr) oUVBEON Kal 0TNV €VTOON TOU ELCEPXOUEVOU PWTOG, yivovTal avTIANTITEG amo pia
mAnBwpa dwtolmodoxeéwv, oL omoiol eivatl unelBuvol yla tnv €vapén evog KATAPPAKTN
petadoong onuatoc. H epdavig moAumAokotnta Tou SIKTUou onuatodotnaong, umoypapilet
TO HOKPU €EEAIKTIKO XpOVO, TOV OTIol0 £x0UV Slavuoel Ta GUTA, EVW TAUTOXPovA UTIOSNAWVEL
OTL, TAPA TNV AUEAVOUEVN KATAVONON LaG TAVW oTo SIKTUO aUTO, N €Ml TOU MapOVTOC YyVwon
napapével eAAc. H mopoloa HeAETn eixe wg otoxo va cUUBAAAEL oTtnv Tepetaipw
KOTAVONON TwV CUUPBAVIWV TIOU €UMAEKOVTOL OTA LOVOTIATIO PWTEWVNG onuatodotnong,
pHEow TG Slepelivnong TNG CUUHETOXNG EVOC TPOOHATWE XOPAKTNPLOUEVOU GUUITAOKOU OTOV
npoavadepBEVIa KaTappaKTn HeTAdoong onpotog. Edwotepa, n epyacio e€etdlel ™
Boloyikry Asttoupyia tou ocupmAokou Kin7/Separase (KISC) umd to mpilopo NG
dwtoPBloroylag, akodouBwvtag dU0 SLadopETIKEC, WOTOOO CUYKALVOUOEG, mpoosyyioelg. Ao
™ Mo, mepAapBavel tnv e€akplBwon oplopévwv amo TG TIUOAVEC TIPWTEIVIKEG
oAnAeTudpaoel HeTay Tou OUMMAOKOU KISC Kol OUYKEKPIUEVWV OCUCTATIKWY TIOU
EUMAEKOVTOL OTO HOVOTIATL ONUATOSOTNONG Tou GwToG. Amo tnv AAAn, Slevepyndbnkav
napaAnAa melpapata pucloloyiag, oto MAaiclo Twv omolwv SladopeTiKA HeTaANdypoTa
anwAeLlog Asttoupylag, OAa oxetilopeva pe To oUpAoko KISC, xapaktnplotnkayv ¢povoTuTika
£nelta and €kBeon oe dlddopeg molotnTeg dwtdG. AsixOnke OTL n mpwrteivn Kinesin7.3
(Kin7.3), éva Baotko cuotatikd Tou cupmAOkou KISC, aAAnAemiSpd HEOW TNG KAPPBOEUTEALKAG
NG ETUKPATELAG E EVaV amd Toug KUpLoug dwTtolmodoxeis yia to urmhe pwg kat tnv UV-A
aktwofoAia, yvwotou wg Qwtotponivnl (PHOT1). EmutAéov, ta otolyeia mou mpogkuay,
umodelkvUouv tnv pmhokn Tou KISC otnv avooTtoAr tTng avénong Tou UTIOKOTUALOU £meLta
ond €kBeon oe pmAe dwTlopd, KaBwg KoL TNV EUMAOKN TOU OTO GWTIOTPOTIOUO, OTNV
erunédwaon Tt GUANLKAG ETLPAVELAG KA TAV UTTOVAOTLG. 2TO GUVOAD TOUG, TO TIPOKOTAPKTIKA
Sebopéva mou mpoékupav Ba prmopolicav va urtodnAwvouv otL to cupmAoko KISC Spa otn
Slaotaupwon Twv SU0 HLOVOTIATLWY METAYWYNG CHHATOC: AutoU TNG GwToTPOoTivnG KoL auToU
Tou ¢utoxpwpatoc. EmutAéov, ta dedopéva pou deiyvouv Ot to KISC amoteAel éva
anapaitnto CUUITAOKO YLO TNV ATIOKPLOTN TOU AUTOTPOTILGHOU.
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Introduction
1.1 KISC complex: regulating microtubule dynamics and cell polarity

Separase (EXTRA SPINDLE POLES, ESP) has an evolutionary conserved role in daughter
chromatid separation, based on its function to cleave a subunit of the protein complex
cohesin, which is responsible for joining sister chromatids together (Liu & Makaroff, 2006;
Yang et al., 2009; Moschou & Bozhkov, 2012). However, separase has been suggested to
exhibit additional functions in many systems including plants. In fission yeast, separase
mediates DNA repair during interphase (Nagao et al., 2004), while in budding yeast regulates
mitotic exit, by indirectly promoting microtubule stability (Queralt et al., 2006). Apart from its
mitotic function, Moschou et al. (2013) showed the important role of separase in linking
membrane protein trafficking with the cytoskeleton and the polar targeting of the auxin efflux
carrier PIN-FORMED?2 (PIN2) to the rootward side of the root cortex cells. Specifically, in rsw4
mutants (radially swollen 4, a temperature-sensitive point mutation of the Arabidopsis
thaliana (At) AtESP gene), defects in anisotropic cell expansion were observed, implicating
the role of AtESP in cell polarity (Figure 1).
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Figure 1. AtESP regulates polar targeting of PINs. (A) ESP loss-of-function in the conditional mutant rsw4 leads to
auxin efflux carrier PIN2 secretion and localization defects, compromising auxin gradient in root cells. WT, wild-
type (Liu & Moschou, 2017). (B, C). Immunostaining of PIN2 (green online) in the root tips of wild-type (B) and rsw4
plants grown at the restrictive temperature. EP, epidermis; CRX, cortex (Moschou et al., 2013)

The N-terminal region of AtESP interacts with the C-terminal region of a putative microtubule-
based motor (AT3G12020), which belongs to the group 7 (Kin7) of the kinesin superfamily,
thus designated as Kinesin 7.3 (Kin7.3). Additionally, it was shown that, in the absence of

AtESP, Kin7.3-tail domain (Figure 3C) folds over and blocks the motor domain. This effect is
inhibited by conformational changes induced by the interaction of AtESP with the tail domain



of Kin7.3 (Moschou et al., 2016). AtESP-Kin7.3 complex, abbreviated as KISC, revealed the
mechanism, under which separase associates with microtubules and membrane protein
trafficking (Figure 2).
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Figure 2. Schematic representation of KISC binding onto microtubules (Moschou et al., 2016)

Kin7.3 belongs to a clade of five Arabidopsis proteins together with Kin7.1 (AT1G21730),
Kin7.2 (AT2G21380), Kin7.4 (AT4G39050), and Kin7.5 (AT5G06670) (Figure 3A). Furthermore,
all members of the Kin7.3 clade show similar domain organization except for Kin7.2 and
Kin7.4, which contain a C-terminal RING domain (Figure 3B). Moreover, it was shown that
AtESP not only interacts with Kin7.3, but also with Kin7.1 and Kin7.5. Thus, Kin7.1, Kin7.5, and
Kin7.3 are likely to be functionally redundant in KISC functions. This hypothesis, was further
confirmed: Following the isolation of triple-transfer DNA (T-DNA) insertion mutant
kin7.1kin7.3kin7.5 (abbreviated as k135), treatment with the microtubule-depolymerizing
drug amiprophos-methyl (APM) revealed an additive effect of individual mutations on the
APM-induced inhibition of root growth (Moschou et al., 2016). These data demonstrate the
redundant role of Kin7.1, Kin7.3, Kin7.5 in maintaining microtubule stability.
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Figure 3. The redundant role of Kin7.3-clade in the maintenance of microtubule stability. (A) Arabidopsis Kin7.1,
Kin7.2, Kin7.3, Kin7.4 and Kin7.5 form a separate clade within the Kin7 subfamily of kinesins. (B) Domain
architecture of Kin7.3 homologs. Low C, low complexity; CC, coiled coil. (C) Effect of microtubule-destabilizing drug
APM (10 nM; 6 days) on the root length of WT and mutant seedlings (ratio of values of treated to untreated
samples). All figures and description credits: Moschou et al., 2016.

1.2 Linking Kin7.3 to light signaling

Previous published data have revealed that genetic interference with KISC components results
in similar phenotypic defects, including disrupted cell division, inhibition of root growth and
delayed gravitropic response, caused by mis-localization of the cell polarity marker and efflux
carrier of the growth hormone auxin, PIN2 (Moschou et al., 2013; Moschou et al., 2016).
Moreover, it is known that knockout mutants of separase AtESP are embryonic lethal due to
chromosome segregation defects (Z. Liu & Makaroff, 2006). However, all the above-
mentioned disrupted cell patterns have been observed in the root system. Yet, little is known
about the phenotype characterizing the shoot system of mutant alleles implicated in KISC.

Although the expression pattern of Kin7.3 has been mainly investigated in root tip epidermis
and cortical cells, in silico data (http://bar.utoronto.ca/eplan) indicate that Kin7.3 is also highly
expressed in above-ground organs, including cotyledons and rosette leaves of A. thaliana.
Thus, it is likely that KISC and especially Kin7.3 is also involved in the development of the shoot
system during both heterotrophic and autotrophic stage. Moreover, additional unpublished
data from Moschou lab, indicate that both k135 and the single k7.3 mutant lines display
phenotypes in aerial organs. As shown in Figure 4, the aforementioned lines exhibit increased
upward leaf movement (hyponasty) compared with the wild type. Indeed, stable
transformation in Arabidopsis with proKin7.3:GFP- Kin7.3 complements, at least partially, the
k135 phenotype.



Col-0 GFP kin7.3 k135-4 k135-5 k135-Com
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Figure 4. k7.3 and k135 mutant lines show upward leaf bending. k135-com: transformed k135 line with
proKin7.3:GFP- Kin7.3 construct; GFP control: transformed Col-0 line with eGFP construct (p7FWGF2). The photo
was taken after the end of the photoperiod (end-of-day). Photo and data credits: Panagiotis Moschou and Chen
Liu, unpublished.

Hyponasty is one of the numerous developmental adaptations that observed in plants when
exposed to shady environments, such as under direct plant canopy shade or along dense
vegetation. Such environments are characterized by a reduced Red:Far-Red ratio (R:FR), while
the sum of the adaptations triggered are known as Shade Avoidance Syndrome (SAR)
(discussed in more detail in section 1.3). Therefore, the question that reasonably arises, is
whether KISC acts downstream of R/FR signal perception which mainly initiates from
photoreceptors.

Consistently, transcriptome sequencing analysis (RNAseq) highlighted many differentially
expressed genes (DEGs) between Col-0 and k135. Indeed, around 30 significant Gene
Ontology terms (GO terms; FDR<0,05) revealed within biological process, “response to light
stimulus” (G0.0009416; FDR = 0.0000121) and “red or far-red light signaling pathway”
(G0.0010017; FDR = 0.0307) (Unpublished data). The aforementioned categories were all
related to downregulated genes in k135 mutants, and constitute an additional indication that
KISC components are involved in light signaling.

The last evidence supporting the involvement of KISC in light signaling is deduced from the
interactome of Kin7.3. Specifically, two proteins that are strongly correlated with the light
signaling, emerged as possible interactors of Kin7.3: Phototropinl (PHOT1) and FAR-RED
ELONGATED HYPOCOTYL3 (FHY3) (Moschou lab, unpublished data). PHOT1, is a blue-light
receptor evolutionary conserved among photosynthetic algae and flowering plants (Li et al.,
2015), discussed in more detail in section 1.4, while FHY3 is a transcription factor essential for
phytochrome signaling (Siddiqui et al., 2016; Y. Liu et al., 2019).

Together, all the above-mentioned evidence, formulate the hypothesis that mainly Kin7.3, but
also Kin7.1 and Kin7.5 are involved in light signaling. Furthermore, considering the major role
of AtESP in promoting the biological function of Kin7.3, it would be reasonable to assume the
correlation of KISC with the light signaling pathway.

1.3 Shade avoidance response

1.3.1 Morphological and physiological alterations in response to shade

In most ecosystems, plants grow at high densities, which results in shading. The evidently
detrimental consequences of the reduction of photosynthetically-active radiation (PAR, 400-
700nm), have provided plants with the evolutionary force either to be tolerant to low light



intensities (tolerance strategy), or to generate shade-avoidance responses (escape strategy,
e.g. A. thaliana) (Casal, 2012; Pierik & De Wit, 2014; Fraser et al., 2016;).

Specifically, plants absorb blue (400-500 nm) and red (635—-700 nm) wavelengths through
chlorophyll to fuel photosynthesis while reflecting FR wavelengths (700-780 nm) (Figure 5B).
Sunlight has an R: FR of approximately 1.2, but neighboring plants can reduce this ratio to as
low as 0.1 in deep canopy shade (i.e., canopy closure) (Figure 5A) (Huber et al., 2020). As a
result of changed light quality and quantity, either in vertical or horizontal irradiation, shade
avoidance syndrome (SAS) is triggered. Generally, shade avoidance responses (SAR) consist of
a suite of developmental changes, mainly involving accelerated hypocotyl, petiole and
internode elongation, directional growth towards illumination (phototropism), upward
movement of leaf or petiole (hyponasty), increased apical dominance (reduced branching),
accelerated flowering and in some cases reduced leaf lamina expansion (Figure 5C) (Smith &
Whitelam, 1997; Casal, 2012; Roig-Villanova & Martinez-Garcia, 2016; Ballaré & Pierik, 2017,
Huber et al., 2020).

s o

Sunlight

Irradiance (umol m-25°')

Shade light

& .

300 400 500 600 700 800
Wavelength (nm)

Figure 5. Shade light triggers Shade Avoidance Response (SAR). (A) Plant isolated from nearby vegetation (left) in
contrast with plant shaded by an overhead canopy and surrounded neighbors (right) (Casal, 2012). (B) Spectral
photon distribution of sunlight and shade light (Casal, 2013). (C) Phenotype of Arabidopsis plants grown under low
(right) or high (left) red: far-red light (R:FR) ratio (Wang et al., 2020).

1.3.2 Signal transduction

The perception of the spectral differences, in specific circumstances results in SAR, firstly
initiated by the excitation of specialized photoreceptors containing, at least one, nonprotein
component known as chromophore. Chromophores are responsible for the photon
absorption, eventually resulting in photoreceptors’ conformational changes and the
subsequent initiation of a signal cascade, known as light signaling. Higher plants have at least
five types of sensory photoreceptors which allow the precise monitoring of light from UV-B
to the near infrared (far-red). Specifically, red (R) and far-red (FR) light is sensed by the
phytochromes (phyA—phyE in Arabidopsis), UV-A/blue light is sensed by cryptochromes,
phototropins, and members of the Zeitlupe family (cry1, cry2, photl, phot2, ZTL, FKF1, and
LKP2 in Arabidopsis) ( Kami et al., 2010; Heijde & Ulm, 2012), while recently a UV-B
photoreceptor, called UV RESISTANCE LOCUS 8 (UVR8), was discovered (Rizzini et al., 2011).



While the sensory photoreceptors involved in perceiving differences between full light and
shade light include phytochromes, cryptochromes, phototropins, UVR8 (Casal, 2013), phyB
seems to exhibit a central role in SAS. Phytochromes exist in two photoconvertible forms, an
inactive R-absorbing Pr form and an active FR-absorbing Pfr form. Under high R:FR (i.e., low
vegetation density) the photoequilibrium is displaced toward the active Pfr form and the SAS
is suppressed. On the contrary, under low R:FR the photoequilibrium is displaced towards the
inactive Pr form and the SAS is induced (H. Smith & Whitelam, 1997; Harry Smith, 1982; Casal,
2012)
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Figure 6. Photoreceptor-mediated light perception, from UV-B to infrared light, in higher plants (Heijde & Ulm,
2012)

Once activated the PHYB- Pfr is translocated into the nucleus where it interacts with a family
of bHLH transcription factors, the PHYTOCHROME INTERACTING FACTORS (PIF). This
interaction firstly results in blocking DNA-binding capacity of several PIFs, and secondly PIFs
phosphorylation, subsequent ubiquitination and finally its degradation by the proteasome
(Legris et al., 2019; Leivar et al., 2012). In low R:FR environments PHYB inactivation and thus
stabilization of PIFs (i.e. PIF4, 5 and 7) triggers the expression of growth-promoting genes,
mainly related to auxin biosynthesis (de Wit et al., 2016; C.Pantazopoulou, 2017). When
grown in low R:FR, loss-of-function mutations in TAA1 (TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIS, converts tryptophan into indole-3-pyruvate) or PIF7 do not upregulate auxin
levels and therefore do not exhibit SAR (L. Li et al., 2012).

Alongside decreases in R:FR ratio, shaded plants also perceive a reduction of ultraviolet-A
(UVA) and blue light (B) and also an enrichment of green light (Casal, 2012). Low Blue Light
(LBL) can also mediate shade avoidance response, mainly through CRY1 and CRY2 activation.
Pedmale et al.(2016) showed that PIF4 and PIF5 act downstream of CRYs to mediate LBL-
hypocotyl elongation. Specifically, CRY1 and CRY2 physically interacts with PIF4 and PIF5 but
in distinct region comparatively to PHYB. Thus, they proposed a cross-talk between low R:FR
and LBL signaling in shade avoidance (Pedmale et al., 2016). Additionally, similar to PHYA and
PHYB active forms, CRYs, have been shown to bind SUPPRESSOR OF PHYA-105 (SPA) proteins
and inhibit their interaction with CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) (Lian et
al., 2011; Sheerin et al., 2015). COP1/SPA1 consists an E3 ubiquitin ligase complex degradating
negative regulators of PIF activity such as HY5, HYH and HFR1 (Toledo-Ortiz et al., 2014).



Together all these data indicate CRYs contribution in SAR through LBL perception in shady
environments.

Regarding the role of phototropins in blue light-controlled-shade avoidance response, this is,
as yet, less studied. However, as phototropism is part of shade avoidance responses (Casal,
2012), phototropins (the principal photoreceptors controling this response) seems to be
essential for SAR. Moreover, recently, a cross-talk between PHYB and PHOT1 in regulating
phototropism in photoautotrophic seedlings was shown (Figure 7A) (Goyal et al., 2016a).
Specifically, phyB seems to be a strong inhibitor of phototropism, particularly in high R:FR
environments, by suppressing PIF4/5/7 and thus the expression of auxin-related genes and
particularly YUCCA gene family. Therefore, in shady environments, where phyB exists in the
Pfr inactivated form, PIF4/5/7 promote phototropism by YUC-mediated auxin production,
which is probably important for the establishment of an auxin gradient between illuminated
and shaded side. Additionally, a recent study suggest that phototropin is partly involved in
typical shade avoidance response, such as promotion of stem elongation, plant flowering and
leaf expansion, in association with low phytochrome activity (Kong & Zheng, 2020).

Finally, UVR8 photoreceptor, responsible for UV-B radiation perception, has recently reported
to strongly repress SAR (Hayes et al.,, 2014). Following canopy closure, apart from R:FR,
reductions in blue light intensities and UV-B signals true shade (Fraser et al., 2016; Sharma et
al., 2019). In Arabidopsis seedlings grown under artificial light, moderate levels of
supplemental UV-B can strongly suppress hypocotyl elongation responses to low R : FR ratio
(Hayes et al., 2014). The suggested molecular mechanism for this response is based on UVR8-
COP1/SPA1 interaction. More specifically, UV-B absorption monomerize the dimeric UVR8
forms, resulting in interaction of UVR8 with COP1/SPA1 complex and subsequent promotion
of HY5 and HYH and PIF inactivation (Jenkins, 2017). This suggestion, is further supported with
a recent study indicating that activation of the UVR8 promotes rapid PIF5 degradation via the
ubiquitin-proteasome system (Sharma et al., 2019).

All the above-mentioned molecular mechanisms reveal a complex SAR signaling network
involving multiple photoreceptors and modules (Figure 7B). Furthermore, PIFs seem to play a
key-role in this network, whereas auxin biosynthesis and regulation are essential for the
physiological and morphological changes underlying SAR.

Besides auxin, other hormones such as gibberellins (GA), brassinosteroids (BR) and ethylene
also induce SAR, however the molecular mechanism linking hormones to shade avoidance is
beyond the scope of this thesis. Briefly, ethylene is required for shade-induced petiole
elongation, while auxin, GA and BR are involved in shade-regulated stem growth. Moreover,
salicylic acid (SA) and jasmonic acid (JA) are repressed in low R:FR light conditions leading to
decreased plant defense in shady environments, while strigolactone (SL) and abscisic acid
(ABA) suppress branching (Figure 7C) (reviewed in: C. Yang & Li, 2017).
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Figure 7. SAR: Photoreceptors, hormones and signal transduction. (A) Schematic representation of the crosstalk
between Photl and PHYB in SAR-induced phototropism response (Goyal et al., 2016a). (B) Signal network involving
multiple photoreceptors and the dominant role of PIFs in SAR (Fraser et al., 2016). (C) Hormonal regulation in shade
avoidance (C. Yang & Li, 2017)

1.4 Phototropins: Blue light photoreceptors regulating multiple
physiological responses

1.4.1 Structure and biological function

As briefly mentioned in the 1.3.2 section, phototropins are blue (390-500 nm) and ultraviolet-
A (UV-A; 320-390 nm) photoreceptors, known principally, for their central role in
phototropism response (Figure 8C)A) . Higher plants have two different phototropins, PHOT1
and PHOT2, while there have been duplication events in these genes, but only in some species
(F. W. Li et al., 2015).

PHOT1 and PHOT2 regulate many physiological activities and seem to be functionally
redundant (Figure 8C). Specifically, genetic analysis in Arabidopsis has shown that PHOT1 and
PHOT2 overlap in function to regulate hypocotyl and root phototropism (Sakai et al., 2001),
chloroplast accumulation movement (Kagawa et al., 2001), stomatal opening (Kinoshita et al.,
2001), leaf positioning and leaf flattening (S. I. Inoue et al., 2008). However, depending on
light intensity, some of the physiological responses seem to be activated by only one of the
PHOTs . Thus, even though both PHOT1 and PHOT2 regulate hypocotyl phototropism in
Arabidopsis in response to high intensities of unilateral blue light (> Tumol m2s?), only PHOT1
mediates this response under low light (John M. Christie, 2007). Moreover, regarding the
chloroplast accumulation movement to the upper cell surface, PHOT1 is more sensitive than
PHOT2. In contrast, when higher plants sense high light intensity, chloroplast move away from



the side of irradiation to prevent photodamage of the photosynthetic apparatus in excess light
(avoidance movement of chloroplast). This physiological response is only mediated by PHOT2,
indicating that PHOTs can have unique roles. This is also the case for the hypocotyl growth
inhibition mediated by solely PHOT1 upon blue light irradiation in etiolated seedlings (Kevin
M. Folta et al., 2003). However, both PHOT1 and PHOT2 induce an increase in cytosolic [Ca%'],
which is a prerequisite for the hypocotyl inhibition mediated by PHOT1 (Harada & Shimazaki,
2007). Additionally, PHOT1 seems to be responsible for BL-mediated mRNA destabilization,
even if it lacks an RNA binding capacity itself (Kevin M. Folta & Kaufman, 2003; Reichel et al.,
2016).
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Figure 8. (A) Action spectrum typically observed for phototropin- mediated responses (Briggs & Christie, 2002) (B)
A hypothetical model for the activation of phototropin molecules by blue light (S. ichiro Inoue et al., 2010) (C)
Diagram illustrating the range of phototropin-induced responses in higher plants (John M. Christie, 2007)

1.4.2 Signal transduction: phototropism, leaf flattening and positioning
Here,| will describe succintly three relevant to my studies PHOT1-mediated responses,

phototropism, leaf flattening and leaf positioning.

PHOTs status and localization is of great importance for the signal cascade to initiate. Xue et
al. (2018) showed that PHOT1 exists mainly as monomers and dimers at the plasma
membrane (PM) and that the dimerization rate increases upon blue light irradiation. The
dimerization occurs within sterol-rich membrane microdomains (MM). Furthermore, upon
blue light activation and consequently PHOT1 autophosphorylation, a portion of the pool of
phot proteins becomes internalized (Figure 8B, Figure 9A) (Xue et al, 2018, Christie et al, 2018).

Furthermore, initial studies about the cellular and subcellular distribution of PHOT1 showed
that upon BL stimulation, a fraction of PHOT1 is “released” from the plasma membrane to the



cytoplasm (Figure 9B) (Sakamoto & Briggs, 2002; Wan et al., 2008). However, even though the
importance of the partial internalization of PHOT1 to cytosol, through clathrin-mediated
endocytosis, has been marked especially for phototropism (Roberts et al., 2011), recent
approaches aimed at tethering PHOT1 to the plasma membrane by myristoylation or
farnesylation, found that incorporation of these modifications severely diminishes the light-
induced internalization of PHOT1 without impacting its functionality in Arabidopsis
(phototropism, petiole positioning, leaf flattening and chloroplast accumulation movement)
(Preuten et al., 2015) (reviewed in: Liscum, 2016). Hence, the role of membrane-binding and
detachment of PHOTL1 is unknown.
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Figure 9. Initial signaling upon BL irradiation. (A) Phot-1 dimerization and autophosphorylation within membrane
microdomains upon BL irradiation (Xue et al., 2018b). (B) phot-1-GFP punctate aggregation and formation of
mosaics (arrows) after BL exposure. Confocal microscopy of cortical cells within the elongation zone just below the
apical hook of etiolated seedling (reviewed in: Liscum, 2016)

Phototropism:

Upon unilateral irradiation, a light gradient is established across the stem, which creates a
photoreceptor activation gradient between the irradiated and the shaded side. The early
signaling events, after PHOT1 autophosphorylation are firstly characterized by the de-
phosphorylation of the NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3). In darkness, NPH3 is
phosphorylated and localized to plasma membrane, interacting with the N-terminal portion
of PHOT1 through its C-terminal region (Motchoulski & Liscum, 1999; Pedmale & Liscum,
2007; Haga et al.,, 2015). Immediately after irradiation (within 5 min), NPH3 is de-
phosphorylated in a PHOT1 -dependent manner, its interaction with PHOT1 is inhibited and
cytosolic aggregates form (Haga et al., 2015). The phosphorylation state of NPH3 changes
again either in darkness or after long periods of irradiation leading to its relocation to the PM
(Figure 10) (Haga et al., 2015; Christie et al., 2018; Legris & Boccaccini, 2020). However, the
kinase(s) and phosphatase(s) responsible for this turnover remain to be identified (Haga et al.,
2015; Sullivan et al., 2019a).

Recent findings, suggest that ROOT PHOTOTROPISM2 (RPT2) proteins accumulate following
both R and BL irradiation and suppress PHOT1 activity through binding to the LOV1 domain
(Kimura et al., 2020). Therefore, RPT2 indirectly suppress the NPH3 dephosphorylation and



aggregation, leading to an alleviated gradient of NPH3 across the irradiated and shaded
hypocotyl sides. The NPH3 gradient formation seems however, necessary to drive hypocotyl
phototropism (John M. Christie & Murphy, 2013; Sullivan et al., 2019a). Together all these
data might suggest that RPT2 acts as a molecular rheostat that maintains a moderate
activation of PHOT1 (Kimura et al., 2020), which is actually necessary for phototropism
regulation, especially autotropism (the phenomenon of the organ straightening after
bending). Furthermore, besides RPT2-dependent regulation of PHOT1 activity, previous data
suggest that NPH3 display a similar role through its interaction with CULLIN3 (CUL3), a
component of CULLIN3-based E3 ubiquitin ligase complexes (CLR3). In high-intensity BL,
PHOT1 is both mono/multi- and polyubiquitinated by CRL3N""3, with the latter event targeting
PHOT1 for 26S proteasome-mediated degradation (Roberts et al., 2011).

Besides NPH3-RPT2 -like (NRL) family, also Phytochrome Substrate Kinase family (PKS 1-4) is
known to be involved in PHOT-mediated signalling pathway. Especially for phototropism, PKS4
is a substrate of PHOT1 kinase activity (Demarsy et al., 2012), as it seems to enhance
phototropism in low BL, while inhibiting phototropism in high blue light following PHOT1-
mediated phosphorylation (Schumacher et al., 2018).

Another phosphorylation substrate of PHOT1 is ABCB19 (J M Christie et al.,, 2011), a
transmembrane auxin efflux carrier belonging to ABCB (for ATP Binding Cassette B) family. As
abcb19 mutants have exaggerated phototropism, it seems that this phosphorylation is not
required to promote hypocotyl bending but rather to inhibit it (J M Christie et al., 2011).
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Figure 10. Hypocotyl curvature mediated by photl. n Arabidopsis young seedlings, unilateral B irradiation drives
hypocotyl curvature, which is the result of an increase in cell elongation in the shaded part of the hypocotyl
compared to the lit side. This asymmetrical growth is accomplished by differential auxin distribution and photl
activity across the hypocotyl. In blue light-irradiated cells, phot1 is activated and it starts a cascade of molecular

events, which includes: NPH3 de-phosphorylation and internalization, phosphorylation of PKS4 and ABCB19 (Legris
& Boccaccini, 2020)

Finally, the signal cascade leading to auxin gradient across the irradiated and shaded
hypocotyl sides is essential for hypocotyl curvature (Figure 10). Besides ABCB19 direct
involvement in PHOT1 signal transduction, the -PIN-FORMED efflux carriers (PIN1-4, PIN7 in



Arabidopsis) are also implicated in establishing this auxin gradient (Fankhauser & Christie,
2015; Liscum et al.,, 2014). Specifically, under conditions of darkness, PIN3 proteins are
expressed in the hypocotyl endodermis, showing an apolar localization in endodermal cells.
However, under unilateral white light irradiation (2 umol m=s™), the PIN3 protein levels were
found to be greatly decreased in the outer lateral side of the endodermal cells on the
irradiated hypocotyl side in a PHOT1-dependent manner (Ding et al., 2011). Furthermore, the
alteration of PIN3 distribution is also correlated with the auxin distribution pattern. This result,
in combination with the decrease in the phototropic curvature of etiolated pin3 mutated
etiolated seedling, underline the main idea behind phototropic response: asymmetric auxin
distribution upon unilateral irradiation results in an increase in elongation at the shaded side
combined with a decrease in elongation at the irradiated side (Fankhauser & Christie, 2015).

For the scope of this study, the last worth-mentioning molecular alteration necessary for
phototropism to happen, is microtubule reorientation. Microtubules control the differential
growth response that underlies tropic responses in plants, including phototropism and
gravitropism (Bisgrove, 2008). Sullivan et al., treated etiolated transgenic PHOT1-GFP
Arabidopsis lines with oryzalin and they observed partial receptor internalization from the
plasma membrane to cytoplasm, while the phototropic response of the treated samples was
impaired. One explanation, came from Lindeboom et al. (2013), who showed that in PHOT1-
stimulated microtubule reorientation (from transverse to longitudinal) katanin is required for
hypocotyl curvature (Figure 11). Hence, phototropic impairment following oryzalin treatment
is probably a result of microtubule depolymerization rather than an increase in PHOT1
internalization. In contrast, a new study indicates that the motor proteins myosins XIf and XIk
are responsible for maintaining a balance between organ bending and straightening.
Specifically, myosin xif-1 xik-2 (loss of function mutants) hypocotyls exhibit enhanced bending
in response to unilateral blue light irradiation (Okamoto et al., 2015)
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Figure 11. (Left): Microtubule reorientation (transverse to longitudinal) induced by blue light and mediated by
katanin in a phot-dependent manner (Right): Plants deficient in Kataninl (ktn1-1 mutants) exhibit reduced
phototropic bending (Lindeboom et al., 2013)

Leaf positioning and flattening

Although the molecular mechanism for the phot-mediated phototropism has been widely
investigated, other PHOT-regulated physiological responses, such as leaf positioning and
flattening, have attracted minor attention.



Leaf positioning, characterizing both the straight and upward growth of petioles, is induced
by BL and it is mediated by PHOT1-signal transduction in low blue light, while in high
intensities PHOT1 and PHOT2 act redundantly to mediate leaf positioning. Till today, NPH3,
RPT2 and PHYTOCHROME KINASE SUBSTRATE 1-2 (PKS1, PKS2) have been implicated to this
response, acting downstream of PHOTSs (S. I. Inoue et al., 2008; de Carbonnel et al., 2010;
Harada et al., 2013)(Harada et al., 2013; S. I. Inoue et al., 2008). Recent studies have also
implicated ABCB19 in leaf positioning response, explaining at the same time, the changes in
overall auxin levels, necessary for the displayed upright petiole angle. Specifically, low-fluence
BL activates PHOT1, which phosphorylates to inactivate ABCB19, resulting in reduced long-
distance auxin transport and increased auxin in the petioles. This accumulation finally results
in PIN-directed transport to mediate leaf positioning (Jenness et al., 2020)

Regarding phot-mediated leaf flattening, similar components to leaf positioning seems to be
involved. Even under high PAR, photl phot2 double mutants, display curled leaf morphology,
indicating that phototropins, and mainly phot2, are responsible for plant growth even under
high radiation intensities (de Carbonnel et al., 2010). In addition, NPH3 mediates flattening on
a PHOT1-depentdent manner, only under low blue light conditions (S. I. Inoue et al., 2008),
while PKS1, PKS2 and RPT2 are also important regulators of the response (de Carbonnel et al.,
2010; Harada et al., 2013). ABCB19 does not display a clear role during leaf-flattening
response, as the expected phenotype of totally flattened leaves in abcb19 mutant is not
observed (Jenness et al., 2020). Nevertheless, BL activation of PHOT1 enhances auxin
accumulations in the leaf tip and along the leaf margins, resulting in leaf flattening (Jenness
et al., 2020), while, generally, spatial auxin signaling attenuate adaxial-abaxial polarity, leading
to leaf flattening (Guan et al., 2017).

1.5 Aim of the study

The aim of my thesis was to investigate the role of KISC in light signaling, approaching the
hypothesis from different perspectives. Firstly, through confirming or rejecting the interaction
of Kin7.3 with components related to light-signaling (PHOT1, FHY3) and secondly, through the
phenotypical and physiological characterization of KISC-related-loss-of-function mutants in
response to different light qualities (white, blue, red). Furthermore, | aimed to investigate the
genetic relationship between KISC-related and photoreceptors-related genes in order to
better understand the involvement of KISC in light-dependent pathways. Finally, given the
functional redundancy among Kin7.1, Kin7.3 and Kin7.5, at least regarding microtubule
stability and root growth (Moschou et al., 2016), | also aimed to examine whether this genetic
correlation also applies to light-dependent phenotypes.

2  Materials and methods

2.1 Physiology

2.1.1 Plant Materials and Growth conditions

The following genotypes of Arabidopsis thaliana were used for physiological experiments: the wild type
(Columbia-0), k135, kin7.3 rsw4 (Moschou et al., 2016), phot1-5, photl-5 phot2-1, phyAphyB, pifq
(Christie et al., 2011). nph3 (SALK_122544C) and abcb19 (SALK_033455) were ordered form NASC. For



crosses, besides all the above-mentioned lines, PHOT1 :: PHOT1-GFP and 35S::RFP-Kin7.3-tail X
35S:Pin2-GFP in Col-0 background and phot2-1, also used. All Arabidopsis thaliana lines were grown in
a photostable growth chamber (FITOCLIMA 1.200; Aralab) (22° C, 66 + 1% rH, 16h photoperiod), either
on vertical plates containing half strength Murashige and Skoog medium (Duchefa), supplemented with
1% (w/v) sucrose and 0.8% (w/v) plant agar, or in canna terra soil. Light emitting diodes (LED) produce
a highly peaked output in Blue, Red or Far-Red, were incorporated in growth chamber and used for the
different light conditions needed for physiological experiments.

2.1.2 Hypocotyl growth rate measurements

Hypocotyl growth rates were measured as described by Kevin M. Folta et al. (2003). Briefly, for each
genotype used, sterilized seeds were planted onto Petri dishes and stratified for 48h. After
stratification, seeds were given a 2h Red light (105 pmol m=2 s) treatment at 22°C to induce uniform
germination. Plates were then kept in absolute dark in a vertical position at 22°C for 3-4 days.
Hypocotyls were checked for length and vertical orientation with safe green light- emitting diode source
(570nm). For hypocotyl growth inhibition stimulation, seedlings were overhead irradiated using a blue
light-emitting diode source (470nm; 42 umol m2 s1). To test growth rates in response to BL, images
were captured using a digital camera (D3500; Nikon) at 10-min intervals for 80min in darkness then for
2.30h in blue-light illumination. The length of hypocotyls was measured using ImagelJ software (National
Institutes of Health) and hypocotyl growth rates (dLength/dTime) were calculated.

2.1.3 Induction of Phototropism and Measurement of Curvature

For phototropism experiments seedlings were grown on 0.8% agar plates containing 1/4 Murashige
Skoog medium (pH 5.7) supplemented with 0.5% sucrose. After stratification plates were kept in
darkness in a vertical position at 22°C for 3 days. Etiolated seedlings with hypocotyls of approximately
3-4mm were irradiated with a unilateral blue light-emitting diode source (470nm; 20umol m2 s), for
8-11h at 22°C. Images were captured at 1h intervals and the phototropic curvature was estimated as
“deviation from the vertical hypocotyl growth” as described by Christie et al., 2011 (Figure 16B).

2.1.4 Leaf-positioning experiments

Measurement of petiole positioning was based on the protocol of Inoue et al. (2008a) with some
modifications. For each genotype used, sterilized seeds were first planted onto agar Petri dishes and
after stratification were grown under white light (150umol m s-1) till reaching stage 1.02 (Boyes et al.,
2001). Then, de-etiolated seedlings were transplanted into soil and transferred either under overhead
white (150 pmol m? s?) or red (105 umol m2 s?) light for 4 more days until first true leaves were fully
developed (stage 1.04; Boyes et al., 2001). Plants were exposed to red light and then transferred to
overhead blue light (42 pmol m? s) and they kept growing for 4 more days. Petiole angles were
measured for plants grew under red or white light for 11 days and also for plants grew under red + blue
and white light for 15 days. Measurements indicate the angle shaped by the median line of first true
leaves and each petiole, subtracted by 90° in order to obtain an angle of petioles relative to horizontal
axis (Figure 17A).

2.1.5 Leaf- flattening experiment

Leaf flattening was quantified as described by Jenness et al. (2020) with some modifications. Briefly, 7
days old de-etiolated plants grew on agar plates under white light (150 umol m2s?) were transplanted
into soil and transferred either to white (150 umol m=2 s), red (105 pmol m? s) or blue (42 pmol m
s1) light. The fifth youngest rosette leaf from 25 days old plants was used for the measurements.
Specifically, following removal, the adaxial side was imaged. Then, the leaves were manually uncurled
and re-imaged. Both curled and uncurled leaf areas were measured using Imagel) software. Leaf
flattening index was then calculated by dividing the curled with the uncurled leaf area.

2.2 Preparation of Agrobacterium strains

2.2.1 TAP plasmid material

TAP-constructs for genes corresponding to proteins emerged from Kin7.3 interactome were ordered
from ABRC: At3g22845 (DKLAT3G22845), At5g48870 (DKLAT5G48870.1), Atlg65700



(DKLAT1G65700.1), At3g63460 (DKLAT3G63460), At1g49750.1 (DKLAT1G49750), At3g20820
(DKLAT3G20820), Atlg67680 (DKLAT1G67680), At5g21274.1 (DKLAT5G21274), At4gl7520
(DKLAT4G17520.1), At4g16830 (DKLAT4G16830), At3gl15010 (DKLAT3G15010), At5g15750.1
(DKLAT5G15750), At4g33050.2 (DKLAT4G33050). For FHY3 (At3g22170.1), CRCK2 (At4g00330.1) and
PHOT1 (AT3G45780.1), DKLAT3G22170, DKLAT4G00330 and DKLAT3G45780 were used respectively as
stock numbers for the order. All bacteria (strain: DH10B) transformed with the plasmids mentioned,
were sent as stab LB agar cultures.

2.2.2 TAP plasmid isolation using alkaline lysis

An amount of liquid bacteria culture was centrifuged at 11.000xg for 30 seconds. The pellet was
resuspended in resuspention buffer (50mM glucose, 25mM Tris-HCL pH 8.0, 10m M Na2EDTA,
100mg/ml RNAse A), lysed in lysis buffer (0,2M NaOH, 1% SDS) and neutralized in neutralization buffer
(3M NaOAc pH 4.8). After centrifugation at 12.600xg for 5 minutes, pure ethanol 100% was added to
the supernatant and the tubes were centrifuged at 12.600xg for 10-20 minutes at 4oC. The resulting
pellet was washed with 70% (v/v) ethanol and the tubes were centrifuged at 12.600xg for 5 min. After
air-drying, the resulting pellet was dissolved in ddH20. All plasmids were then checked through
digestion with suitable restriction enzymes and DNA Agarose Gel Electrophoresis.

2.2.3 Agrobacterium-mediated transformation

In order to finally proceed with the transient expression of the TAP-fused genes in N. benthamiana,
TAP-constructs were used to transform Agrobacterium Gv3101 strain. Gv3101 competent cells were
thawed on ice and isolated plasmid was added. The mixture was transferred to liquid nitrogen for 2 sec
to induce cold shock. After incubation for 30min at 37°C water bath (heat shock), YEP (10g L yeast
extract, 10g L? peptone, 5g L't NaCl) medium was added to the tubes. After outgrowth for 3h at 28°C
with agitation, transformants were selected on YEP agar plates containing spectinomycin (50 ug/ml;
TAP-selection marker), gentamycin (10 ug/ml) and rifampicin (100 ug/ml). The cells were incubated for
2-3 days at 28°C and single colonies were selected.

2.3 Agroinfiltration-Transient expression in N. benthamiana

Single colonies for Agrobacteria, containing separately p19 (rif?, spec®), YFP-Kin7.3-Tail (in pGWB542,
rif?, spec®, gent®), eGFP (in p7FWGF2, rif?, spec® ) and TAP-constructs (LIC6, rif?, spec?; pYL436, riff,
spec®, gent®) were inoculated into YEP medium supplemented with the appropriate antibiotic (Figure S
3). The cultures were incubated for 16-20h in the dark at 28°C. Agrobacterium cells were pelleted by
centrifugation at 2800xg for 10min at 4o0C, and resuspended in 2xV MES buffer (MES 10mM, MgCl,
10mM, Acetosyringone 200uM). The cells were centrifuged in the same conditions after incubating in
the dark shaking for 2-3h at 28°C. The pellet was re-diluted in 2XV MgCI2 10mM and centrifuged again.
1ml of MES 10mM, MgCl> 10mM solution was used to dissolve the pellet and after OD%® measurement,
the optical density was adjusted to a final 0.4 OD. Each one of the Agrobacterium strains containing
YFP-Kin7.3t, eGFP and TAP-construct were mixed together with p19 Agrobacterium strain before
infiltration in order to suppress gene silencing. Top leaves of 2-4 week old N. benthamiana plants were
used for infiltration, excluding the youngest leaf. Agrobacterium suspension was infiltrated into the
whole leaf area from a small cut in the lower epidermis, using a needless syringe. After agroinfiltration,
the plants were kept in the growth chamber for 3 days before leaf harvesting.

2.4  Co-Immunoprecipitations

2.4.1 1gG-pull-downs.

Tissue from agroinfiltrated leaves was ground in liquid N2, thawed in 3 volumes of extraction buffer (50
mM Tris—HCI pH 7.5, 150 mM NacCl, 10% glycerol, 0.5% Nonidet P-40, 1 mM DTT, and 100x complete
protease inhibitor cocktail) and incubated on ice for 20 min, while vortexing every 5 min. The mix was
centrifuged at 15.500 rpm for 15 min at 4°C, while the supernatant was filtered through miracloth. 50
ul of the filtered supernatant were kept as input. Extracts, were incubated with 25uL IgG washed beads
for 2h at 4°C with gentle rotation. After centrifugation at 800g for 5min at 4°C, the IgG beads were
recovered and washed 4 times with washing buffer (50 mM Tris—HCl pH 7.5, 150 mM NacCl, 10% glycerol,
0.5% Nonidet P-40, 1 mM DTT). For the elution of TAP-tagged proteins, 25 pl of beads were
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resuspended in 4x laemmli buffer and after boiling for 5 min at 95°C, the mixture was centrifuged at
16,000 rpm for 5min at 4°C. For different elution methods, washed IgG beads were treated with 2ul
PreScission protease (Sigma-Aldrich) diluted in 200ul washing buffer and incubated overnight at 4°C
with gentle rotation. Alternatively, washed IgG beads were treated with 1:10 volumes of 0.1M Glycine-
Cl (pH=2.8) and incubated at RT for 15min, vortexing every 5min. After centrifugation at 800g for 5min
at 4°C, 50ul of supernatant, regardless of the elution method, was resuspended in 4x laemmli buffer
and boiled for 5min at 95°C for protein denaturation. Protein levels were identified by SDS-PAGE
followed by Western blot. Protein immunodetection on polyvinylidene difluoride (PVDF) membranes
was performed using Clarity ECL Western Blotting Substrates kit (BIO-RAD) and Sapphire Biomolecular
Imager (Azure Biosystems).

2.4.2 YFP/GFP-pull-down

Protein extraction was performed as described above (IgG-pull-down) with the exception of the
extraction buffer composition (50 mM Tris—HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton-X-100,
1 mM DTT, 1xPhosSTOP (Sigma-Aldrich), 1xMG132 (Sigma-Aldrich) and 25x complete protease inhibitor
cocktail). Protein extracts were treated with 20uL GFP-Trap® Magnetic Agarose beads (slurry) and
incubated for 2h at 4°C with gentle rotation. Beads were washed 5 times with washing buffer, using
PureProteome™ Magnetic Stand (Sigma-Aldrich). Then, beads were eluted using 1:4 volumes of SDS
Sample Loading Buffer (Laemmli).

3  Results
3.1 Validation of Kin7.3 interactions

3.1.1 Establishment of method

As mentioned above, PHOT1 was identified as a Kin7.3 interactor. The interactome of Kin7.3
was conducted using affinity purification combined with mass spectrometry analysis (AP/MS),
and thus, further validation had to be done due to the false positive results of the technique
(Bontinck et al., 2018; Titeca et al., 2019). Therefore, | used co-immunoprecipitation (Co-IP)
technique in order to validate interactions. However, | firstly had to try, different pull-down
approaches and different elution methods, in order to proceed with the most efficient one.
For the establishment of the method | used different potential interactors of Kin7.3 (data not
shown). The constructs | worked with were: the truncated version of Kin7.3 containing only
the tail domain (Kin7.3t), cloned into pGWB542 binary vector (YFP-N-terminal fusions) and
either the genomic, cDNA or coding sequence (CDS) of the potential interactors, cloned into
TAP-tagged expression vectors (LIC6 or pYL436) (For the potential interactors used, see
materials and methods and Figure S 2). TAP-tag is composed of the immunoglobulin-binding
domain of protein A from Staphylococcus aureus (2xlgG-BD), a human rhinovirus 3C (3C)
protease cleavage site, a six histidine repeat (6xHis) and nine myc epitopes (9xmyc), while it
allows the tandem affinity purification (TAP) of protein complex (Rubio et al., 2005).

After having transiently co-expressed the YFP-Kin7.3t and the TAP-protein of interest in N.
benthamiana leaves, | subsequently proceeded with total protein extraction. Then, | followed
different Co-IP approaches. Firstly, | used IgG Sepharose beads (Sigma-Aldrich) for the pull-
down, taking advantage of the 2xIgG-BD of the TAP-protein (CRCK2-TAP; calmodulin-binding
receptor-like cytoplasmic kinase 2). For the elution, | used either 4 x SDS sample buffer
(laemmli), 0.1 M Glycine-Cl (pH=2.7), or 3C protease (Prescission protease; Sigma-Aldrich).

Finally, TAP-tagged protein and YFP-Kin7.3t were detected through western blot using anti-
myc and anti-GFP antibodies respectively (Figure 12A). However, even though elution with



Glycine-Cl and 3C protease worked, | chose to conduct reciprocal colP, using anti-GFP/YFP
magnetic agarose beads (ChromoTek GFP-Trap®),. This decision was based on the inherent
properties of IgG beads to bind our antibodies, thereby, producing increased noise in my blots
that masked YFP signals of the low expressed YFP-Kin7.3t. The reciprocal YFP-pull-down
proved more efficient, as it resulted in a clear enrichment of the bait. Furthermore, | optimized
the detergent used for the YFP-Kin7.3t; most efficient non-ionic detergent appeared to be
Triton-X-100, compared to Tween-20 and Nonidet P-40, as resulted in a better solubilization
(Figure 12B).
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Figure 12. Refinement of the TAP-purification method for our proteins of interest. (A) Co-IP for TAP-CRCK2 and
YFP-Kin7.3t. Lower YFP-Kin7.3 detection compared to CRCK2 (input) and different elution methods after 1gG pull-
down. Sample buffer (4x Laemmli); SB (B) Different detergent for protein extraction. 0.1% Triton-X-100 seems to
better solubilize YFP-Kin7.3t

3.1.2 PHOT1 interacts with Kin7.3 tail domain

In order to investigate PHOT1 and Kin7.3 interaction | performed Agrobacterium-mediated
transient expression of PHOT1-TAP and YFP-Kin7.3t in N. benthamiana leaves. Furthermore,
free GFP (eGFP) was co-infiltrated together with PHOT1-TAP (negative control). Taking into
consideration that PHOT1 exists in two different conformation states depending on the light
quality, I investigated the possibility of Kin7.3 interacting with the active as well as the inactive
PHOT1 form, using different light conditions. Thus, after agroinfiltration, N. benthamiana
grew for 4 more days either with an overhead white light (150 pmol m2 s?), under which
PHOT1 is active or with Far-Red (FR) light (25 umol m? s1), under which PHOT1 is inactive
(Figure 6). Following protein extraction and Co-IP, it was shown that although Kin7.3t interacts
both with the active and the inactive PHOT1 form, it may prefer the latter (Figure 13).

Furthermore, the immunoreactive YFP-Kin7.3t appears as two distinct migrating forms in
white light, while in FR the faster migrating form is merely detected. As already mentioned,



PHOT1 has a C-terminal serine/threonine protein kinase domain (PKD). Upon blue light
absorption the repression of PKD by the N-terminal photosensory domain is alleviated, leading
to PHOT1 conformational change, its subsequent autophosphorylation and the initiation of a
signal transduction. The active PKD domain can result in the phosphorylation of interacting
components such as PKS4 (Demarsy et al., 2012). In contrast, NPH3, a central component in
PHOT1 signal transduction, has been reported to be dephosphorylated upon blue light PHOT1-
activation, in a PHOT1-dependent manner (Pedmale & Liscum, 2007b; Sullivan et al., 2019b).
Thus, as PHOT1 interacts with Kin7.3 at least in vitro, | hypothesized that the distinct migrating
forms observed, correspond to phosphorylated and dephosphorylated isoforms of Kin7.3t. In
contrast, it would be also possible that the electrophoretic mobility shift could be due to
partial proteolysis, or even due to a different post-translational modification (e.g.
glycosylation).
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Figure 13. Kin7.3t interacts with PHOT1 both under WL and FR. Co-immunoprecipitation (IP) of TAP-fusions of
PHOT1 with YFP-Kin7.3t in N. benthamiana leaves (4 days post infiltration). Membrane was probed with anti-myc
and re-probed with anti-GFP.

In order to investigate this hypothesis, | conducted a preliminary experiment, using YFP-
Kin7.3t agroinfiltrated in N. benthamiana leaves. The protein extracts were incubated for
different time points either with phosphatase inhibitors (phosSTOP; Sigma-Aldrich) or with
Alkaline Phosphatase, Calf Intestinal (CIP; NEB), in order to monitor a possible electrophoretic
mobility shift in YFP-Kin7.3t, through western-blot. However, | could not reach a safe
conclusion, mainly due to the absence of a positive control for the enzymatic activity of CIP
(Figure S 4D).

Besides PHOT1-Kin7.3t, | also investigated FYH3-Kin7.3t interaction following the same steps,
as described above. As shown in Figure 14, FHY3-TAP/Kin7.3t did not interact under the
conditions used.
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Figure 14. FHY3 does not interact with Kin7.3t under the the experimental conditions used. Co-
immunoprecipitation (IP) of TAP-tagged versions of FHY3 with YFP-Kin7.3t expressed in N. benthamiana leaves (4
days post infiltration). Membrane was probed with anti-myc and re-probed with anti-GFP.

3.2 Kinesin7.3 clade is probably involved in hypocotyl growth inhibition
upon BL irradiation

As Kin7.3 seems to interact with PHOTL, | further investigated its implication in PHOT1-
dependent physiological responses. Due to the functionally redundant role of Kin7.1, Kin7.3
and Kin7.5 at least regarding microtubule stability and plant growth ( Moschou et al., 2016), |
investigated the phenotype of k135 triple mutant which harbors T-DNA insertion either in the
motor or the tail domain of Kinesins (Figure S 1B). Specifically, it has been reported that in
etiolated seedlings, PHOT1 interferes with hypocotyl growth rate upon BL stimulation via
increases in [Ca2+cyt](K. M. Folta & Spalding, 2001; Kevin M. Folta et al., 2003). Therefore, |
measured the hypocotyl growth kinetics of etiolated seedlings Col-0, photl, photlphot2, and
k135, for 80min (10min intervals) and then | exposed seedlings to continuous BL (42 pmol m"
2 s'1), measuring again the kinetic for 2.5 h (10min intervals). As shown in Figure 15, phot1-5
phot1-2 cannot sense BL and thus it exhibits steady hypocotyl growth rate with respect to Col-
0. Even though the resulting measurements are not clearly consistent with previous reports
indicating great differences between Col-0 and phot1-5, phot1-5 phot2-1, it seems that k135
hypocotyl growth pattern corresponds better to the one of photl-5, giving a preliminary
evidence for their synergistic action in hypocotyl growth inhibition (Figure 15).
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Figure 15. Kin7.3 clade seems to contribute to the photl-mediated primary hypocotyl growth inhibition. Etiolated
Col-0, k135, phot1-5, phot1-5 phot2-1 seedlings grew vertically in agar plated for 3d in dark. The hypocotyl growth
kinetic was measured for 80min and 2.5h in the dark and continuous BL (50 umol m2 s1) respectively. Data points
represent the mean growth rate of at least 12 independent seedlings, and error bars represent SE/2. Statistics
regarding population distribution were done using Shapiro-Wilk test and Q-Q (quantile-quantile) plots (Figure S
10).

3.3 KISCisinvolved in autotropism response

The photl1 loss of function mutant results in the incapability of the etiolated seedling to bend
towards directional light in both low- and high-BL, while phot2 is important for high BL
intensities (reviewed in: Goyal et al., 2013; John M. Christie et al., 2018; Legris & Boccaccini,
2020). Furthermore, NPH3 appears to be a key component in this response, as Arabidopsis
mutants lacking NPH3 fail to exhibit phototropism under a variety of different light conditions,
both in etiolated and de-etiolated mutants (Motchoulski & Liscum, 1999; Fankhauser &
Christie, 2015; Haga et al., 2015; Sullivan et al., 2019). In contrast, abcb19 mutants show
enhanced bending relative to wild type, which is evident as early as 2—4 h after exposure to
directional low-BL (J M Christie et al., 2011). However, this pattern only refers to dark-
acclimated Arabidopsis seedlings (de-etiolated seedlings subjected to 24-h period of dark
acclimation prior to phototropism). Furthermore, in response to continuous low-intensity BL
(absence of red-light pretreatment), a phyA and mostly phyAphyB double mutants show
strong phototropic defects in etiolated seedlings, deteriorating in the absence of RL
pretreatment (Parks et al., 1996). Recent studies indicate that phyA contributes to enhanced
phototropism in etiolated seedlings, while phyB is a strong inhibitor of phototropism in
photoautotrophic seedlings particularly in high R/FR environments, suggesting an antagonistic
role between phyB and phototropins (Goyal et al., 2016b).

Taking into consideration the primary role of both PHOT1/2 in mediating phototropic
response, as well as the contributions of PhyA/B, | investigated whether Kin7.3, as well as,
Kin7.1 and Kin7.5, display a deviating phototropic pattern comparing, firstly, to wild type A.
thaliana (Col-0). As | used different intensity of directional blue light in comparison with the
literature (20 umol m2 s?) | firstly validated the setup of the experiment by using Col-0 as a
positive control for phototropism, and photl-5, photl-5 phot2-1, nph3, abcb19 mutants



(Figure 16A). Three-days old etiolated seedlings were subjected to 8h unilateral BL
illumination, regarding Col-0, k135, kin7.3rswd, photl, photl-5 phot2-1, and phyAphyB
genotypes. Before stimulation of phototropic response, | irradiated the seedlings with
overhead RL (110 pmol m2 s?) for 15min, in exclude Phys functions in the phototropic
responses. As shown in Figure 16B, the triple k135 mutant display a hyberbending response
in comparison to WT(Col-0), while k7.3rsw4 exhibit the same deviation pattern, but
interestingly, to a greater extent.

As | have not tested phototropic pattern of k7.3rsw4 phot1 or k135 photl | cannot conclude
that Kin7.3-clade function is PHOT1-dependent. For instance, Arabidopsis mutants defective
in the motor protein myosin XI (specifically XIf and Xlk) or ACTIN8 exhibit hyperbending of
stems in response to unilateral continuous BL photostimulation (Okamoto et al., 2015). Thus,
considering the primary role of KISC in regulating microtubule stabilization, as well as the
redundant role of Kin7.1, Kin7.3 and Kin7.5 regarding this response (Moschou et al., 2016),
the resulting phototropic pattern observed in the relevant mutant lines, seems reasonable.
Furthermore, | hypothesize that Kin7.3-clade, could contribute to the stem straightening
(autotropism), a necessary response, which leads to the stop of bending in order for the plant
to attain its desired position (Okamoto et al., 2015).

Regarding the more severe deviation from the vertical grwoth axis observed for kin7.3rsw4,
this could relate to the ESP mutation (rsw4). However, this hypothesis needs to be confirmed
using rsw4 single mutant as control. Another explanation, in addition to the above-mentioned
hypothesis, comes from the nature of k135 triple mutation. Specifically, kin7.1 and kin7.5
mutants have T-DNA insertions in their motor domains and do not show transcription of the
N-terminal region (Figure S 1B). In contrast, kin7.3 allele can potentially produce a truncated
version of Kin7.3 with a motor domain and a partial AtESP interaction domain (Kin7.3*7%") that
show weak binding to AtESP (Moschou et al., 2016). Thus, the milder phenotype of k135
mutant, in comparison with the ones observed in kin7.3rsw4, could be attribute, to the
partially activated KISC complex.
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Figure 16. Phototropic response of various mutants involved in light perception/bending responses of the
hypocotyl. (A). Refinement of method. Col-0, phot1-5, nph3, abcb19, were used in a pilot experiment. photl and
nph3 display severe phototropic defects, while abcb19 initially shows increased hypocotyl curvature, however, this
phenotype dimishes with time. (B) Phototropic time course for wild-type (Col-0), phot1-5, photlphot2, k135,
kin7.3rsw4 and phyAphyB. Hypocotyl deviation from the vertical axis as described previously (J M Christie et al.,
2011). Results represent the mean + SE, n > 15.

3.4 KISCisinvolved in leaf positioning response

Hyponasty mainly refers to the upward leaf movement, observed in low R/FR and results from
the differential petiole growth and elongation of stems and petioles. Thus, leaves occupy
elevated position towards the more illuminated parts of the canopy. However, regarding the
shade-induced hyponastic growth, besides phyA and phyB, also, Cryl and Cry2 play a major
role through low blue light perception (Millenaar et al., 2009). Even though PHOT were first
reported not to regulate hyponasty response (Millenaar et al., 2009; Mullen et al., 2006),
Inoue et al. (2008b), reported that when red light was at the same time supplemented with
BL, the leaf surface was perpendicular to the light direction due to both the straight and
upward growth of petioles, in contrast with the arched petioles observed in RL alone. They
called the response “leaf positioning” and they showed that it is PHOT1-mediated in low BL
and PHOT2-mediated in high BL intensities. Further studies demonstrated key roles for NPH3,
RPT2 and ABCB19for the regulation of leaf positioning acting downstream of PHOTs (de
Carbonnel et al., 2010; Harada et al., 2013; S. I. Inoue et al., 2008; Jenness et al., 2020). In
conclusion, it seems that the upward petiole growth is regulated by a still poorly understood
crosstalk among different photoreceptor-mediated pathways (phyA, phyB, cryl, cry2, phot1,
phot2), acting also differently regarding the light intensities.

As already mentioned, k135 and k7.3 mutants seem to display a hyponastic phenotype at the
almost fully developed rosette stage (Figure 4). While PHOTs have not been reported to
regulate the response in this developmental stage, | firstly investigated the leaf positioning in
either 1.02 or 1.04 stage (Boyes et al., 2001), when 2 or 4 true leaves have emerged,
respectively. | used Col-0 (wild type) and k135, k7.3rsw4, photl-5, photl-5 phot2-1, nph3,



abcb19, phyAphyB and pifq mutant lines in order to monitor both the PHOTs- and PHYs-
mediated response. The experimental setting was as follows. | grew plants on agar plates, in
white light (150 umol m2 s?) for 7d to induce de-etiolation. De-etiolated plants had a pair of
cotyledons and undeveloped first true leaves. | then transplanted the plants in soil and |
transferred them either in overhead RL (105 pmol m?2 s, 16h photoperiod) or WL (150 pmol
m2 st 16h photoperiod) and | kept them under the same conditions for 4 more days till the
first true leaves were fully developed. Then | measured the petiole angle of the first true leaf
in both conditions. As shown in Figure 17A, photl-5, photl-5 phot2-1 and nph3 display
significantly reduced petiole angle in RL, in contrast to k7.3rsw4, k135, abcb19, phyAphyB, but
also Col-0, in which a slight decrease is observed. The only exception comes from pifqg, which,
nevertheless, display constitutively photomorphogenic phenotype. k7.3rsw4 phenotype
resembles abcb19 and phyAphyB : they display significantly greater leaf elevation compared
to WT both in WL and RL.

In order to further examine the genetic relationship between the above-mentioned genotypes
| proceeded with BL treatment. Specifically, | transferred the already exposed RL plants, to
overhead high intensity BL (42 umol m? s, 16h photoperiod) for 4 more days in order to
compare the leaf elevation between the R- and BL-exposed first true leaves among the
different genotypes. In order to ensure that changes in petiole angle do not reflect different
age between “red” and “red + blue” plants, | compared the petiole angle growing in WL either
for 11days or 15days.

However, leaf elevation seems to be also age-dependent, as in all genotypes tested, first true
leaves of 15 days old plants display decreased petiole angle comparing to the corresponding
leaves of 11 days old plants (Figure 17; Figure 18). Thus, the direct comparison of leaf
positioning between “red” and “red + blue” plants was not possible. However, in consistency
with the literature, comparing the same-age “blue + red” and “white” light plants seems that
in BL-sensing either from PHOTSs or CRYs plays a major role in leaf positioning (Figure 18A).
This can be clearly justified by the fact that “red + blue” (15 days old plants) WT and pifq
display more increased petiole angles comparing with the ones grown in WL even for 11 days.

Furthermore, PHOT2 clearly contributes to this response as photl-5 phot2-1 is the only
mutant line that continues to display statistically significant difference from the WT. Finally,
the elevated petioles observed in “red” k7.3rsw4 are probably due to a downstream signal
initiated by the active Pfr form of phyB, as the blue light supplementation almost rescued the
phenotype of both “red” k7.3rsw4 and photl. However, as k7.3 interacts with photl, a
crosstalk between phyB and photl in regulating leaf positioning cannot be refuted. In any
case, additional experiments need to be done in order to examine the light signaling for leaf
positioning response, as well as the involvement of Kin7.3 and KISC in the pathway, which
could also be light-independent, as hyponasty results as a response in different kinds of abiotic
stress.
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Figure 17. Involvement of KISC in leaf positioning (a). Leaf positioning was determined after light treatments by
measuring the hypocotyl-petiole angle; 90° was subtracted to provide an indication of petiole position relative to
horizontal axis (inset in A). When plants reached stage 1.02, they were transferred to soil either to 105 pmol m2 s
1red light (R) or 150 umol m2 st white light (W) and allowed to grow for 4d. (A) grouping according to genotype
(B) grouping according to light. Data shown represent means + SE (10 > n > 15). Asterisks indicate statistical
difference by one-way ANOVA followed by Tukey's HSD (P < 0.05).
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Figure 18. Involvement of KISC in regulating leaf positioning (b). Leaf positioning was determined after light
treatments. Measurements done as described in Figure 17. Plants exposured to red light were transferred to blue
light (R + B; 42 umol m=2 s1; 16h photoperiod) or they remaining in white light (W; 150 umol m=2 s, 16h
photoperiod) for additional 4 days. (A) grouping according to genotype (B) grouping according to light. Data shown
represent means + standard error (10 > n > 15). Asterisks indicate statistical difference by one-way ANOVA followed
by Tukey's HSD (P < 0.05).
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3.5 KISCisimplicated in leaf flattening-curling response

PHOT1 (under low intensities of blue light) and phot2 (under high intensities of blue light)
mediate leaf flattening, while nph3 has a central role in the signal transduction of photl (de
Carbonnel et al., 2010; S. I. Inoue et al., 2008; Jenness et al., 2020). ABCB19 has recently been
implicated in leaf morphology, however, no major defects in leaf flattening were reported in
abcb19 mutant after low or high blue light supplementation. This was because of the complex
regulation of leaf flattening, that likely involves direct photl regulation of ABCB19 among
several other auxin biosynthesis and transport processes (Jenness et al., 2020). Furthermore,
the curled leaves in wild-type Arabidopsis grown under RL has been attributed to phyB Pfr,
activated form, while it was shown that phototropins promote leaf flattening by suppressing
the leaf-curling activity of phyB (Kozuka et al., 2013).

In order to access the involvement of KISC in leaf flattening, | grew plants under white light
(150 umol m2s1) in agar plates for 7 days, until reaching stage 1.02 (Boyes et al., 2001). Then,
| transferred the seedling in soil and | kept them growing either under white (150 umol m2s
1 16h photoperiod), red (105 umol m2 s, 16h photoperiod) or blue (42 umol m2 s, 16h
photoperiod) LED light until they were 25 days old. Then | measured the leaf flattening index
(see materials and methods) of the fifth rosette leaf of Col-0, k135, k7.3rsw4, phot1-5, phot1-
5 phot1-2, nph3, abcb19, phyA phyB and pifg and | compared their flattening response in
different light conditions, as well as the leaf flattening pattern among the different genotypes
mentioned above (Figure 19).

Col-0 k135 phot1-5 phot1 phot2 nph3 abcb19 k7.3rsw4 phyA phyB pifq

Figure 19. Rosette phenotypes of Col-0, k135, k7.3rsw4, phot1-5, phot1-5 phot1-2, nph3, abcb19, phyA phyB and
pifg, growing under white (W; 150 pmol m2 s1), blue (B; 42 umol m2s1) or red (R; 105 pumol m2s1) LED light and
16h photoperiod. All the plants are 25days-old. In RL (third row) 5t rosette leaves are illustrated.

Interestingly, as shown in Figure 20A, under high intensity of white light, both k135 and
k7.3rsw4, together with abcb19 exhibit more flattened leaves in the red than the white light
condition. In contrast, all the other genotypes curling their leaves downwards in response to
RL, with the exception of phyA phyB and pifq that, reasonably, are RL-insensitive.
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Figure 20. KISC seems to be involved in leaf flattening response. Plants were transferred from white light (7 days
old) to either white, blue, or red LED-light, with 16h photoperiod, as described in materials and methods. When
plants were 25 days old, the fifth rosette leaf of all the genotypes and replicates was measured for flattening index
(curled leaf area deviated with manually flattened leaf area. Data shown are means + SE (5 <n <12). (A). Grouping
by genotype. Asterisks indicate statistical difference detected by one-way ANOVA (p < 0.05) following by Tukey’s
HSD (p < 0.05), between different light conditions in the same genotype. (B). Grouping by light condition. Asterisks
indicate statistical differences also detected by one-way ANOVA (p < 0.05) following by Tukey’s HSD (p < 0.05),
between genotypes versus Col-0.

B ©

0

W A

Leaf Flattening Index
o
©

o el
& ‘i
[oN W

Furthermore, looking at the differences between genotypes, k135 and k7.3rsw4 display more
curling leaves with respect to WT, both under WL and RL. In contrast, BL alleviated differences
between phyA phyB and k135, k7.3rsw4, abcb19 and pifg, while phot1-5, photl-5 phot2-1,
and the photl-related nph3 showed statistically significant more curled phenotype comparing
to Col-0 (Figure 20B). All together these data, demonstrate a possible crosstalk between
phototropins and phyB in regulating leaf flattening, which has already been mentioned by
Kozuka at al. (2013). Probably, phyB, either directly or indirectly, activates Kin7.3 downstream,
to mediate leaf curling. On the other hand, photl may oppose this effect by physically
interacting with Kin7.3. Thus, in RL, where phyB is active and photl is inactive, all the mutant
lines, as well as Col-0, curl their leaves downwards, while k135 and k7.3rsw4 exhibit more
flattened leaves. Additionally, the curled-leaf phenotype observed in white light conditions
for k7.3 mutant lines, points, in accordance with the literature, that phyB is genetically
epistatic to PHOTs with respect to the curled-leaf phenotype. Finally, it is likely that the genetic
crosstalk suggested for Kin7.3-photl-phyB, also applies to ABCB19, as it displays the same
pattern with Kin7.3 regarding the flattening-curling response. However, additional
experiments should be done in order to validate all the above-mentioned hypothesis.

4 Discussion

The validation of the interaction between Kin7.3t and Phototropinl (PHOT1), underlines the
first evidence that KISC is involved in the light signaling transduction. As Kin7.3 is a core
component of KISC and PHOT1 is the main photoreceptor responsible for BL and UV-A
perception, the hypothesis that KISC plays a role in “blue-light pathways” is more than
reasonable. Even though the interaction was not tested using the full-length Kin7.3,
preliminary experiments through AP/MS (Kin7.3 interactome) conducted using full-length
GFP-Kin7.3 suggest that Kin7.3 indeed can interact with PHOT1. Furthermore, ESP binds to the
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C-terminal-tail domain of Kin7.3, relieving the self-inhibitory state of Kin7.3 in which the tail
domain is “released” from the motor domain. Thus, the use of Kin7.3 which corresponds to
the active open conformation of the tail domain is justified. It would be interesting, however,
to test whether PHOT1-Kin7.3 interaction still occurs in rsw4 (i.e. absence of ESP).
Furthermore, regarding FHY3-Kin7.3 interaction, even though the Co-IP showed a “negative”
result, the two proteins probably interact with each other transiently. Alternatively, the FHY3
could potentially interact with the Kin7.3 N-terminus, and thus the Co-IP conducted using
Kin7.3 tail domain was inappropriate to detect the interaction. Thus, further evaluation needs
to be done, either through cross-linking using appropriate constructs, or through enrichment
of the active FHY3 form using RL after N. benthamiana agroinfiltration.

In order to investigate the in vivo PHOT1-Kin7.3 dynamics of colocalization, | proceeded with
crossing PHOT1::PHOT1-GFP with Rps5a::tag-RFP-Kin7.3 (unpublished) transgenic plants.
Seeds from T3 generation have already been collected and need to be checked under the
confocal microscope in order to observe possible co-localization of tag-RFP-Kin7.3 and PHOT1-
GFP. Other techniques for in vivo visualization of the interaction could also been conducted,
such as Bimolecular fluorescence complementation (BiFC).

Regarding the physiological experiments conducted for the investigation of the pathways in
which KISC is involved, it is important to clarify that all the above-mentioned results cannot
validate that either k135 or k7.3 rsw4 phenotypic deviations from Col-0 (wild-type) are light-
dependent. For instance, hyponasty response, which is strongly correlated with leaf
positioning described by Inoue et al.(2008b), is not only manifested in shady conditions, but
also upon different abiotic stresses such as flooding, mechanical stimulation and touching
(thigmomorphogenesis), or elevated temperatures (Polko et al., 2011; Wit et al., 2012). Thus,
it cannot be excluded that the increased petiole angles observed in k7.3rsw4 were due to an
abnormality caused in the expression of genes related to mechano-stimulation. In order to
ensure the light-dependent phenotype, the crossed lines that have already been created
(mutated background regarding both KISC-related and photoreceptor-related genes) should
be subjected to the same experimental procedures. In this manner, the genetic relationship
between KISC components and PHOT1, PHOT2, PHYB and PHYA photoreceptors could be
evaluated either by rescued or enhanced phenotypes.

Nevertheless, in case that phenotypes observed upon leaf positioning and flattening
experiments, are indeed light-dependent, we could propose a possible pathway which
involves KISC, PHOT1, PHYB and indicates a potential crosstalk between the components.
Regarding the leaf flattening response, as already mentioned, both k135 and k7.3rsw4 display
a curling-leaf phenotype both in white and blue light conditions, unlike red light conditions in
which rosette leaves were noticeably more flattened that the wild type. Taking into
consideration, that in WL both PHYB and PHOT1 were active, and the knowledge that PHOT1
promotes leaf flattening by inhibiting PHYB leaf-curling activity (Kozuka et al., 2013), we can
hypothesize that in k135 and k7.3rsw4, PHOT1 signal transduction regarding this response
was somehow inhibited. Furthermore, considering that in RL condition PHYB was in its Pfr
active form and PHOT1 was inactive, we can also hypothesize that PHYB Pfr curling activity



was to some extend suppressed. Thus, we can assume that Kin7.3 and consequently KISC, is
involved in the downstream signal initiated by PHYB in order for the leaves to be curled. In
contrast, PHOT1 inhibits the signal transduction initiated by PHYB by physically interacting
with Kin7.3. Finally, the still “curling” phenotype observed in both k135 and k7.3rsw4 in blue
light conditions can be attributed by the assumption that phototropins not only mediate leaf
flattening by preventing PHYB-dependent pathway, but may also act independently. The
above-described crosstalk could potentially apply to the phenotype observed in k7.3rsw4
mutants regarding leaf positioning. Probably, Kin7.3 acts downstream of PHYB Pfr in order for
SAR to be suppressed.

Regarding the physiological experiments conducted using only BL of high intensity results
should be reconsidered. | should point out that the experimental approach used for hypocotyl
growth rate assay needs to be refined, as during imaging (10min intervals) exogenous WL light
could get into the growth chamber. Thus, the data obtained for hypocotyl length and
consequently hypocotyl growth rate in dark conditions contain artifacts, that could also
explain the decreased hypocotyl length observed in all genotypes in darkness. Regarding
phototropic experiments, even if the hyperbending response of k135 and k7.3 rsw4 is not
attributed to PHOT1-Kin7.3 interaction, the KISC function in autotropism is of great
importance, as it signals the termination of the phototropic response. Furthermore, it would
be interesting to repeat the same experiment but without prior exposure to RL, in order to
test if phytochromes are also responsible for the responses observed, as it has been shown
that PHYA enhances hypocotyl curvature in etiolated seedlings (Haga et al., 2015). On the
other hand, it would be very informative to assess the phototropic response in de-etiolated
seedlings as described by Christie et al., (2011), where PHYB and PHOT1 display antagonistic
action (Goyal et al., 2016), while seedlings are grown in light conditions that better resemble
their natural environment.

Finally, with regards to the aforementioned phenotypes and physiological responses, we can
assume that the involvement of KISC in light signaling is underlined by its role in regulating
auxin canalization (Moschou et al., 2016). The establishment of an auxin gradient and the
consequent asymmetric growth is of great importance for phototropism, leaf positioning and
leaf flattening responses (J M Christie et al., 2011; Hansen et al., 2016; Hohm et al., 2013;
Jenness et al., 2019, 2020; C. K. Pantazopoulou et al., 2017; Zhao et al., 2020). Indeed, in all
physiological experiments and all light conditions tested, k7.3rsw4 and k135 display the same
phenotypical pattern with ABCB19, which is an auxin efflux transporter. As ABCB19 and Kin7.3
directly interact with PHOT1, the hypothesis that PHOT1-ABCB19-Kin7.3 act in the same
pathway to regulate light-dependent responses is strongly supported. ABCB19 control the
auxin transport activity of PIN1 proteins by directly interacting with them and stabilize their
localization in membrane microdomains at the plasma membrane in vivo and in yeast
(Boosaree Titapiwatanakun et al., 2009). Moreover, ABCB19 tissue expression overlaps with
that of PIN3 and PIN4 in the cortex, indicating that it could control the activities of many PIN
transport pathways (revied in: Sakai & Haga, 2012). As KISC has been shown to control the
polar localization of PINs in root system (Moschou et al., 2016), it would be possible to control

the polar localization of PIN proteins in the aerial plant organs, too, such as leaves and stem.



Although the mechanism by which auxin induces differential cell growth either in stem
(phototropism), petiole (hyponasty) or leaves (flattening) is not well understood (Bisgrove,
2008; Michaud et al., 2017; Zhao et al., 2020), it is thought that auxin alters the rate at which
cells elongate by promoting cell wall extensibility (reviewed in: Bisgrove, 2008). In
accordance, the RNAseq data analysis of k135 showed that the GO term “plant-type cell wall
organization or biogenesis” was highly enriched, while the respective genes (e.g. EXPA16 and
EXPA2, XTH24, XTH15) were up-regulated.

In conclusion, this study has contributed to the further clarification of the role of
Kin7/Separase complex in aerial plant parts and the light signaling pathways. Additional
experiments should be conducted in order to uncover the molecular mechanism under which
KISC is implicated in the light-dependent signal transduction. Future studies could examine
Kin7.3 expression pattern in leaves and stems of Arabidopsis thaliana in white, as well as in
dark, red and blue light conditions of different intensities (at low and high photon fluence
rates). Thus, it would be possible to better understand the expression pattern of Kin7.3 in
different light conditions, and mainly, bypass the drawbacks of heterologous protein
expression in N. benthamiana. Furthermore, using genetic tools available in the lab we could
evaluate the genetic relationship between KISC components and different photoreceptors.

Finally, as already mentioned, the thorough comprehension of the mechanisms underlying
light signaling, could lead to multiple applications in agriculture, either through the
exploitation of transgenic plants exhibit a gain of function phenotype regarding light capture
and thus photosynthesis, or by using light-controlled environments, in which crops could grow
in more favorable conditions. For instance, kin7.3 rsw4 does not seem to exhibit a typical
shade avoidance response (SAR), which could be of great importance for agriculture. Numerus
studies indicate that SAR leads to an increased photosynthetic capacity essential for light
competition among plants (Weiner et al., 2001; Pantazopoulou et al., 2019). On the other
hand, the apical dominance observed as adaptation in shady environments, induces
reallocation of resources into elongation growth at the expense of harvestable organs (usually
fruits and seeds) (Roig-Villanova & Martinez-Garcia, 2016). This investment inevitably leads to
a decrease in crop yield (Boccalandro et al.,, 2003). kin7.3rsw4 mutant line displays a
constitutive hyponasty response, as already shown, but also delayed flowering (data not
shown). On the other hand, transgenic plants could be beneficial for agro-economy not only
at the level of transgenic crops (directly), but also at the level of cultivations. Using appropriate
combination of crops and gain-of-function-transgenic plants regarding light capture, favorable
crop patterns could be applied in order, for example to suppress weeds’ development by
subjecting them in continuous shady environments, detrimental for their development.
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6 Supplemental Figures
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Figure S 1 Supplemental figures for physiological experiments. (A). nph3 genotyping. PCR products resulted from
multiplex PCR using genomic DNA extracted from Col-0 (wild-type) and nph3 mutant line. Primers used: LBb1.3
(ATTTTGCCGATTTCGGAAC,), LP (TTTTTGCATTTGTTCCCAGAC), RP (TGAGTGTTTGCTGAATGATGC). Primers design:
as described in http://signal.salk.edu/tdnaprimers.2.html. (B). Position of T-DNA insertion sites in kin7.1, kin7.3,
kin7.5 (Moschou et al., 2016). (C) Normal probability QQ-plot (quantile-quantile plot) for hypocotyl growth rates.
The input consists of all the values (hypocotyl lengths) resulted from all replicates and genotypes. (D). QQ-plot for
values used for the phototropism control assay (Figure 16A). (E). QQ-plot for values used for phototropism assay

(Figure 16B).

Figure S 2. Restriction-digestion validation in 1.2% agarose gel electrophoresis of the TAP-plasmids. 1. LRR
(At1g49750.1), 2. LRR (At3g20820), 3: Calmodulin-binding protein (At4g33050.2), 4: FHY3 (At3g22170.1), 5: LSM8


http://signal.salk.edu/tdnaprimers.2.html
https://www.arabidopsis.org/servlets/TairObject?type=gene&id=39779

(At1g65700), 6: SEC31B (At3g63460), 7: SRP72 (At1lg67680), 8: CRCK2 (At4g00330.1), 9: UBA2C (At3g15010), 10:
Alpha-L-Binding (At5g15750), 11: emp24 (At3g22845), 12: Calmodulin-binding protein (At4g33050.2), 13: CALM6
(At5g21274.1), 14: LSM5 (At5g48870), 15: LSM8 (At1g65700), 16: RGGB (At4g17520), 17: RGGA (At4g16830). All
digestions were done using Hindlll.
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Figure S 3. Plasmid maps of constructs used to validate interactions between YFP-Kin7.3t and PHOT1 or FHY3. All
vectors used to transform Agrobacteria (strain: Gv3101), which then used for transient expression of the protein
in N. benthamiana leaves (agroinfiltration) (A): phot1 cDNA had been cloned into pYL436-TAP vector with Gateway
technology (unknown entry Gateway vector). (B) pPB7FWG2,0 carrying green fluorescent protein gene (Egfp), driven
by 35S promoter (Karimi et al., 2002) (C): fhy3 genomic DNA had been cloned into LIC6-TAP vector with Gateway
technology (unknown entry Gateway vector). Figures A and C made using SnapGene and they do not correspond
to precise maps (unknown entry vector).
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Figure S 4. (A, B, C): Row images after protein immunodetection on PVDF membranes. (A). Immunodetection of
GFP and YFP-Kin7.3t proteins using anti-GFP antibody (B) Immunodetection of PHOT1-Tap-tagged protein using
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anti-myc antibody. (C): Immunodetection of YFP-Kin7.3t using anti-GFP. Different lanes correspond to different
detergents used in the extraction buffer. (D): Phosphorylation assay for YFP-Kin7.3t using phosphatase inhibitors
(PhosSTOP) or Alkaline Phosphatase, Calf Intestinal (CIP). CIP is activated in 37°C, MgCl, was used to saturate EDTA
(already added to the extraction buffer). Different time intervals used either for PhosSTOP or CIP assay in order to
potentially observe different ratio between the two migrated proteins forms.



