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OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

Selaginella moellendorfii (Selaginellaceae, Lycopodiophyta) DchtiiTy
ng plant lineage, lycophytes, were not able to produce lateral roots

the first rooti
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‘ ‘ auxins do not induce root meristem bifurcation in Selaginella
Hethell'lngton‘ A.)., Dolan L. The evolut‘lon of Fang T, Motte H., Parizot B., Beeckman .

ch°ps_'d ro-otmg structures: t?onservatlsm Root branching is not induced by auxins in Selaginella moellendorffii.
and disparity. New Phytologist. 2017 Frontiers in Plant Science. 2019




OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

Ceratopteris richardii
(Pteridaceae, Polypodiopsida)

Hou G., Hill J.P, Blancaflor E.B.

Developmental anatomy and auxin response of lateral
root formation in Ceratopteris richardii. Journal of
Experimental Botany. 2004.

Hou G., Blancaflor E.B. Fern root development.
Annual Plant Reviews Volume 37. 20009.

Common ancestor:

Monopodial branching

B

elongation zone

meristem




OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

Spermatophyta, sensu stricto

o, In parental Above the
Ry RN root meristem elongation zone
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OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

Cluster roots, also known as proteoid roots: model experimental tools for key biological problems

250 1
A J Meristem inactivation
BN

RNA degradation
NO production
Pi recyeling

-
Mature

Exudation of:
Citrate, H*, —
¥ Phanolics

APasa;
Fe-Reduction

Juvenile

Stimulation of
root halr growth

Pre- "
Emergent

Initiation of
C 500 lateral rootlets \

Hakea prostrata
Taxoil Tun nHULIMAIMK OOKOBBIX KOPHEW BCTpeuaeTcs y BujioB cemelicTB Betulaceae, Casuarinaceae,

Eleagnaceae, Fabaceae, Moraceae, Myricaceae, a Takxxe Cyperaceae u Restionaceae.

Lupinus albus, L. consentinii, Casuarina glauca, Hippophae rhamnoides, Ficus benjamina
Lupinus albus 5 om



OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

NCIE LR Arabidopsis

Ceratopteris
richardii
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OCHOBHbIe TUMbl BETBNEHUA KOPHEBbLIX CUCTEM

B annkanbHoOM mepucreme poanTenbCKoro KopHﬂ
| R J"

= 511

. Haqano 30Hbl PACTAXKEHWA

Bblle 30HbI pacTAXKEeHUA POAMNTEIbCKOIO KOPHA

Bokosoi Differentiation

'«1& re.?  KOpeHb Zone
ha,
Bokosoit | \ Beixog, 60koBsoro

lateral root

KOpeHb ’1 KopH#

H | [
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&8 |
== -F' Z KopHesble |
= s 3
=1 ﬁ«; BOJIOCKU |.
2y |
3 Ij Epidermis | AnuKanbHas
OHa
} pacTaxeHus B '-“JI Cortex mepucTema
1 I Endodermis KODHA
Mepucrema 1l Pericycle g
: § i | Stele
EI:.::_-..L\:L". § II EIJILI | Lateral root cap 1;
t-ﬁti Yexnuk | lﬁllr; I:i'l Columella root cap ;
4 E-'_-'_' f Quiescent Center i
R Cortex/End. initials
II. Epidermis initials
Columella initials




OCHOBHbIE TUMbl NHULMALMM BOKOBOrO KOPHA

lpynnbl pacTeHuM ¢ MHMLUMaUmMeit 60KOBOro KOpPHA B MepuUcTemMe poanUTeNbCKOro KOpHA

Cucurbita pepo

| Class/Clade | _Order | _ Family | Species | Reference

Gulyaev (1964)

4 Rosids Cucurbitales Cucurbitaceae Cucurbita maxima Mallory et al. (1970)
S}
‘% Cucumis sativus (Dubrovsky, 1986; 1987)
" o Superasterids Caryophyllales Polygonaceae Fagopyrum esculentum O'Dell and Foard (1969)
g Lamiids Solanales Convolvulaceae Ipomea purpurea Seago (1973)
o . _ Pontederia cordata Charlton (1975; 1983; 1987)
9 o Commelinales Pontederiaceae ; ; _
B G Commelinidae Eichhornia crassipes Mallory et al. (1970); Clowes (1985)
= 2 § Zingiberales Musaceae Musa acuminata Charlton (1982)
o
:<_:3 5 Araceae Pistia stratiotes Clowes (1985); Charlton (1987)
== Alismatidae Alismatales Butomaceae Butomus umbellatus
_ o o Zhupanov, Brykov (2014)
Alismataceae Sagittaria sagittifolia
(]
.E' | | A Mallory et al. (1970); Charlton (1983);
Q _ , Polypodiales Pteridaceae Ceratopteris richardii Hou et al. (2004); Hou, Blancaflor
:8 Pteridopsida P (2009)
£ Salviniales Marsileaceae Marsilea quadrifolia Charlton (1983)

llina E.L., Kiryushkin A.S., Semenova V.A., Demchenko N.P., Pawlowski K., Demchenko K.N.
Lateral root initiation and formation within the parental root meristem of Cucurbita pepo: is auxin a key player?
Annals of Botany. 2018.
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AYKCUH — K1H0OYEBOU QAKTOP
perynaumm BeTBAEHUA KOPHS




1 Pericycle
' - ¥ylem pole associated
- Phloem pale associated
. - Primed pericycle
. - Founder pericycle cells

._ Xylem
. MetaXylem

B prowryiem

I Phloem
MetaPhloem
B FrotoPhicem

Companion cefls

- Aurin maximum

- Auxin fluxes

1 Ground tissues
. Endodermis
Cortex
. Tricheblast epidermis
f' Arrichoblast epidermis

[ pooteap
Columella

l Quiescent center
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Module 2
ARF7,19 +— &

AATY
LBD16
Nuclear &#— ]-

migration
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Mitotic
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" Ca «— Cellstretching

Founder cell 'Y
specification < @ \
- P Root bending

ARF5,6,7,8,19
T Module 1

SHP1, 2 IAA28 basal

STK, AGL20 meristem
TF oscillationsC Auxin oscillations

Meristem

Meristernatic
competence

Waving and
gravitropic response
auxin fluxes ?

AYKCUH UrpaeT BaXKHY0 POJib Ha BCEX 3Tanax
Pa3BUTUA BOKOBOIro KOpPHSA.

e  Ocumnnauma ayKcmHa npmMBoanUT K U3SMEHEHMUIO
3KCNPEeccHMmn reHoB, 3anyCcKatoLmx
cneundPuKaLUIo KNETOK NepULMKAE B KNETKU-
OCHOBaTe/IbHMLbl BOKOBOro KOPHA.

*  AYKCWH 3anyCKaeT CUHXPOHHYIO MUTPaLUIO
A0€ep B K/IETKax-OCHOBATe/IbHULLaX.

* [lpaBunbHOe pa3BuUTHUE NpUMmopana
npouncxogut 3a cyeT PIN-onocpegosaHHOro
pacnpeaeneHna ayKkCuHa.

TpaHCKPUNUMOHHbIN PpakTop GATA23 —MmULLIEHD
ayKCMHa, Heobxoammbin ansa cneundmnKaumm
KNeTOK-OCHOBATe/NIbHUL, B NepULUKeE.

Parizot B., Beeckman T. 2012. Genomics of Root Development. Root Genomics and Soil
Interactions, Blackwell Publishing Ltd. 3-28.



DR5::GUS

OCHOBHble CTaAUN UHULMALKUN MTPUMOPANA ODOKOBOro KOPHS
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Benkova et bl.,

VIR

Cell. 2003. 115: 591-60j2'.

0 cneundmrKauna KNeToK-0OCHOBATENbHUL, B MEPULMKIE MAaTEPUHCKOIO KOPHSA
| nepBoe aHTUKIMHaNbHOE (aCCMMETPUYHOE) AeNeHne KNeTOK-OCHOBaTEeNbHML,
| nepuKANHaAbHbIE Ae/IEHNE KNeTOK NepuLnKaa n obpa3oBaHue ABYX CN0EB
Hi-1v JanbHeNWmne NEPUKINHANbHBIE AENEHUA B CNOAX NEPULMKAA
V-Vii obpa3oBaHMe KynonoobpasHoro npumopams 6OKOBOro KOpHA
e (exit) BbIXxog, GOKOBOro KOPHA Ha NOBEPXHOCTb

Dubrovsky J.G.G. bioRxiv. 2018.




p35S::FH6-GFP - mapKkep membpaHbl
P35S::H2B-RFP - mapkep aaep KneTtok
PDR5::GFP-NLS - KneTo4HbIM OTBET Ha ayKCUH

De Rybel et al. 2010. A Novel Aux/IAA28 Signaling Cascade
Activates GATA23-Dependent Specification of Lateral Root
Founder Cell Identity. Current Biology.




AYKCUH B anMKa/bHON MEPUCTEME KOPHA

NHA0NMNYKCYCHas KMcnoTa, obpasytowanca B
KOPHEBOM Yex/IMKe U3 npeaLllecTBeHHMKA, UHAO0-
3-MacnAHOW KUCNOTbI, MOAYANPYET aMNANTYAY
OCLUUNNALMWN 3TOIO FOPMOHA B KOPHeE.

3-Indolebutyric Acid (IBA)
MHAO0A MaCcNAHaA KNCA0Ta

c i £V, - )

‘S:fm: J - -I.“

E‘;’ : OcumnnAuMA KOHUEHTPaLMM ayKCUHA, B CBOIO
i

53 I oyepenb, onpeaenaer cosgaHue 30Hbl
Lo — KOMMNEeTeHTHOCTM 06pa3oBaHNA BOKOBOIo KOpHS

rawifin  naxdin

(prebranch site).

De Rybel. A role for the root cap in root branching revealed by the
non-auxin probe naxillin.
Nat Chem Biol. 2012



OCLI,I/I/'I/'IHLI,I/IH RNETOYHOIo OTBE€TA HA aYKCUNH

nPY MHULUMaLUMKM BOKOBOIO KOPHSA

M CalHl x DRE-GUS

A ¥ 1-7 % DRS-GUS .
ool | £ Regular lateral root spacing and
el | oscillation in DR5::GUS activity in the
* a0 | " H
20 i= basal meristem
; 2] 175 [ s Iﬂz:D| 2:: | ;?5 [ﬁ
e .0 | (A) DR5..GU§—act|V|ty ina 7.5-hour
ll time course in Col-0 (gray) and aux1-7
s (white) expressed as percentage of
1 R sy seedlings with strong GUS staining at
Toner label
¥ Lot i e each time point. The green line
e = | ' = highlights the oscillation in DR5 activity
]| I Y in Col-0. Labels a-d (green circles) mark
§2 iy . . . . .« e
el ll N fie the time points with high DR5 activity.
;_:W | | | Egzu
iheeTE| 8.8 8
= 8 PO 60 @0 De Smet at al. 2007. Auxin-dependent regulation of lateral root positioning
U B e (SR N () e e e e in the basal meristem of Arabidopsis. Development. 134(4): 681-690.
0 5 10 15 20 25 30 35 40 45 S0 55 &0
Hours after germination




Cucurbita pepo — kaba4ok Cucumis sativus — o2ypey
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llina et al. 2018. Lateral root initiation and formation within
the parental root meristem of Cucurbita pepo: is auxin a key

MaKCMMyMbI OoTBeTa Ha dYKCUH Z1IOKaJ/iIu30BaHbI B
player? Annals of Botany. 121: 1-16.

npumopauax 60KOBOro KOpHA
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Cucumis sativus
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HOKOBOro KOpHS
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IK30reHHbIN ayKCUH B MHULMALLMM DOKOBOro KOPHA

A wi Cucurbita pepo . Selaginella moellendorffii
_ 120 i — N
E sa0 " o]
£ w ' ‘5
E 60 * ' g
En 40 i | E
= 20 - ; _::? N\ S
g, : NI
\q,?- gt eb 2
ouﬂ- yﬂfﬁﬁ’? @“ﬁw 2 rﬂ* ‘#@F @_\ﬂ ﬁﬁ ﬁﬁ’ @_&* *‘ﬁ;}; #"f -@F‘ _::gz
o
B 100
?; a0 = P =T o [khA] . 0,25 1
2 2 . Control 2,40
5 60 o = i \ ] . . . .
E \ E\Z Fang T., Motte H., Parizot B., Beeckman T. Root branching is not induced by auxins
2 “a h\ in Selaginella moellendorffii. Frontiers in Plant Science. 2019
2 » NN .y .
2 & '- Ceratopteris richardii
1] 1 , T T :
I A ST S SR w"«;@"“@"ﬁﬁ‘ eof ' 1 -
o |
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u t“‘i@*"’\ x5 &?‘{#@? rﬂ*ﬁ#‘}#’" ﬂ@? ’ﬁ o ﬂg-.\ %D'p- Hou G., Hill -J.P.,.Blancaflor EB I?evelo?mental anatomy f‘:md auxin response of lateral
ot g o o * o @ﬁ‘y root formation in Ceratopteris richardii. Journal of Experimental Botany. 2004.
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K
ik Auxin Auxin Auxin
[ DRs | hi? . 1 Auxin 1
[] Pericycle L SHYZ/IAA3 1 IAAZE
RALF34 | o &0 o 1o 1 SLR/IAA14 1
[ ] Lateral root cap 5,6, 7, 8, Endodermal L ARFS, 6, 7, 8, 19
| volume loss;  ARF7, 19 }
& GATAZ23  Symplastic  pericycle cell | Cellcycle GATA23
&F Stable static ewpression connectivity  swelling | ppig, 18, 33 regulaters expression GLVE
0 Auxin maxima auxin response il e
.,i,g"‘F’ | Fourder cell  MAKR4 Ty MAHHJ,\ / ,f""f
nd Priming Prebranch site specification Muclear migration ACDVinitition

Elongation and differentiation zone

E Apical meristem iE!asaI marlstami

Jo12
m 1007

XPP markers

-

Development

Trinh C.D., Laplaze L., Guyomarc'h S. Lateral root formation: building a meristem de novo.
Annual Plant Reviews. 2018.



NaeHTdUKauMA peryisTopHbiX GaKTOPOB MHULIMALMMN BOKOBOIro KOPHS

TpaHCKpUNUUOHHDbIN PaKTOp GATA23 — MULLEHDb aYKCUHA

B HacToALWee Bpems, sKcnpeccus
reHa GATA23 cuutaeTca
Hanbonee paHHUM COObITUEM,
CBA3aHHbIM C MHULMNALNEN
npumopamsa BOKOBOro KOpHA.

GATA23 nepBbi MONEKYNAPHbIN KOMNOHEHT cneunduKaunum KNeToK-
OCHOBATE/IbHUL, U KOMIMOHEHT CUTHaNbHOM cuctembl TIR1-IAA28.

Bo3MOKHO, OH GpOpMUpPYET KOMMNETEHLMIO KNETOK NEPULMKAIA Ha
KCMAeMHOM nostoce B 6a3anbHOM YaCTU MepUCTEMbI K MHULMALUN
HOKOBOro KOpPHS.

De Rybel B. et al. A Novel Aux/IAA28 Signaling Cascade Activates GATA23-
Dependent Specification of Lateral Root Founder Cell Identity. Current
Biology. 2010. 20(19): 1697-1706.




Seedlings with priming (%)

NaeHTUdUKaLMA peryisTopHbIX GAaKTOPOB MHULMALMMN BOKOBOTro KOPHSA

, 1 =
80
v ¢

70 g / \ —\ -
60 \ J / no

e - -J
50 '
40 I
30 3 ]
<0 (i} —— pDRS::GUS priming
104 * —— pGATA2Y.:GUS paichos i

Ll LI o L i L = L c L o LI

"' ¥ L
0 § 10 16 20 25 30 35 40 45 650
Hours after germination

JKcnpeccna GATA23 3asucut oT TIR1-onocpenoBaHHOro NyTH nepegayn
ayKCMHOBOTO CUrHana B 6a3asibHOM YaCTU MePUCTEMDI

De Rybel B. et al. A Novel Aux/IAA28 Signaling Cascade Activates GATA23-Dependent Specification of Lateral Root Founder (

Identity. Current Biology. 2010. 20(19): 1697-1706.

-y

L=

Average GATA23 expression patches

B npeaenax 6a3asibHOM YaCT MePUCTEMbI B K/TIETKAX
NPOTOKCUNEMbBI OCUUNNNPYIOLLME NMMKN AKTUBHOCTU
PDR5 1 conyTcTByOLWAA I0KaIbHaA akcnpeccna GATA23
B K/JIeTKaX NepuLmKaa KCUNEeMHOTO MoJIioCca HaYnHaeTcA
yepes 10 4 nocne NMKa oTBeTa Ha ayKCUH, YTO
NpPMBGAN3NTENBHO PAaBHO ANUTENBHOCTU MUTOTUYECKOTO
LMKNa.
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JIoKannsauyma akTUBHOCTM NPOMOTOpPa reHa GATA24

B KOHYMKe KopHA KabauKa (Cucurbita pepo)
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GATA24 Cucurbita pepo — opmonoz GATA23 Arabidopsis thaliana
CpGATA24::NeonGreen-H2B
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NMpomoTop reHa CpGATA aKTUBEH B pAAaxX NPOTOKCUIEMBI, MEPULMKAQ N SHAO0AEPMbI B 30HE MHMUMAUMA NPUMOpANEB
H6OKOBOro KOpHA KabayKa. Ikcnpeccmsa akTuBmpyeTca Ha yaaneHmm 250-350 MKM OT MHULUMANbHbIX KNETOK PAAO0B U

3aKaHUYMBaeTCcA Ha yaasieHnn 2.5-3 MM OT KOHYMKA KOPHA.
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JIoKannsauyma akTUBHOCTM NPOMOTOpPa reHa GATA24
B KOHYMKe KOopHA KabauKa (Cucurbita pepo)
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GATA24 Cucurbita pepo — opmonoz GATA23 Arabidopsis thaliana
A 260 pm 390 um 520 um 1200 um
o £ ; cortex
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MpomoTop reHa CpGATA akTUBEH B pAdax NPOTOKCUAEMbI, MEPULMKIA U SHAOAEPMbI B 30HE MHULMALUMUA NPUMOPAMEB

HOKOBOro KOpHs Kabayka. JKcnpeccus akTMBMpyeTca Ha yaaneHun 250-350 MKM OT MHULMANbHbBIX K/IETOK PALOB U
3aKaH4YMBaeTCA Ha yaaneHun 2.5-3 MM OT KOHYMKA KOPHS.

Kiryushkin A.S., llina E.L., Puchkova V.A., Guseva E.D., Pawlowski K., Demchenko K.N. Lateral root initiation in the
parental root meristem of cucurbits: Old players in a new position. Frontiers in Plant Science. 2019.




NpeHTuPunKauma peryiaTopHbiX pakToOpoB MHULMALMKM BOKOBOro KOpHA

MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4)

PMAKR4:GFP-MAKR4 makr4-1 F pPMAKR4:GFP-MAKR4 x pGATA23:nGFP

Pericycle Pericycle

Pericycle Endodermis

Endodermis Pericycle

MAKR4 — KOMNOHEHT cneyudPurKaLum KNeToK — MULLEHb UHA0-3-Mac/IIHO KUCNOTbI

Xuan W., Audenaert D., Parizot B., Mdller B.K., Njo Maria f., De rybel B., De rop G., Van isterdael G., Mdahonen
Ari p., Vanneste S., Beeckman T. Root cap-derived auxin pre-patterns the longitudinal axis of the Arabidopsis root.
Current Biology. 2015. 25(10): 1381-1388.



NaeHTUdUKaLMA peryiaTopHbiX GAaKTOPOB MHULIMALMM BOKOBOTro KOPHS
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OZ: oscillation zone
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MAKR4 -- npeBpallaeT KNeTKkuy,
KOMMNETEHTHbIE K 06pa30BaHUIO

OOKOBbIX KOPHEN, B HENOCPEACTBEHHO

NHULMANbHbIE KNEeTKN byayulero
npumopamna 6OKOBOro KOpPHA.
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AKTMBHOCTb NpomoTopa reHa MAKR4 B KopHe Kabauka (Cucurbita pepo)

Havano
aKCnpeccuum
MAKR4 B Knetkax
NPOTOKCUIEMbI, B
cpegHem, Ha
yaanenmn 250
MKM OT
NHUUNanemn
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Kiryushkin A.S., llina E.L., Puchkova V.A., Guseva E.D., Pawlowski K., Demchenko K.N. Lateral root initiation in the parental
root meristem of cucurbits: Old players in a new position. Frontiers in Plant Science. 2019.




KoHTponb Hayana nponndepaumm KNeTok Npm MHULKaUMM BOKOBOro KOpHS

i I o ~a “tag, De Veylder L., Beeckman
: - & . T., Inze D. The ins and
: : : [ SCF : : outs of the plant cell
: : : cycle. Nat Rev Mol Cell
: : Biol. 2007.
v v i :, H
EZ2Fa CY oD ICK A/ KRP A CDKB CYCB
(CYco3: (KRET) (CKB2:1) (CYCBIT)
(CYCr3:2)

'l-"l'"|"|'f|lfl|i'l'

4 » w A
yrmmeTric
1 a 7 | division

Mepexos, oTaeNbHbIX KNeTOK NePULIMKAAG Ha KCUIEMHOM MOJHOCE Bbillie 30Hbl PACTAMXKEHUA U3
ctagun G1 B ctaguio S (Bo3obHoBNeHME nNponndepaummn) n nocneayollee nx gesieHue
CTUMYNNPYETCS aYKCUHOM. ITU KNEeTKM BO30OHOBAAIOT NPOABUMKEHNE NO MUTOTUYECKOMY LIUKAY,
TONbKO KOrga AOCTUratoT 30HbI MHULUMALUMN BOKOBbIX KOPHEN.



KoHTpO/1b Havyana npoandepaumnm KNeToK nNpm MHNLMALUN BOKOBOro KOPHSA

6:00 h NAA 7:00 h NAA

before asym. division stage |

Y Arabidopsis ayKCHH 3anycKkaeT He TO/IbKO npouecc cneundpuKaLmm KNeTok NnepuLnKkaa, Kotopble B byayuem aaayt
Hayano npumopamnto BOKOBOro KOPHA, HO TaK»Ke 1 NPoLLecc akTMBaLMN MUTOTUYECKOTO LMKAA B KNETKAX NepULMKAa.

LBD18 LBD18

2:30.h NAA 4:45 h NAA 6:00 h NAA
¢ | f
>3 i » 4
|
T ProLBD18:NLS-GFP Primmosdiiim Primordivim Primardiiim
iniliation patterning emergence

befare nuclear migration nuclear migration before asym. division

Aumin
|

td
LBn2o
2y

Tima

LBD18 binds the E2Fa promoter and is induced upon lateral root initiation

Inducton kavel

Auxm — |AATE — ARFT — LEDZS —= LANZ PG
* Posilive lsedback loop |\\ ,-f
LBD1a

Berckmans et al.
Auxin-Dependent Cell Cycle Reactivation through Transcriptional Regulation of Arabidopsis E2Fa by Lateral Organ Boundary Proteins. Plant Cell. 2011.



KoHTponb Hayana nponndepaumm KNeTok Npm MHULKaUMM BOKOBOro KOpHS

E2F transcription factor a, retinoblastoma-binding protein

-

‘III!I!II!IiIiIIIIIII II-.‘
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E2Fa cryco ICK/KRP CYCcAa = v A cDkB cyce
(CYCD3:1) (KRPT) FCYCA 2:4) = (CoKB2:1) (CYCBI)
(CYCr3:2) (KRP2)

‘l 1 -Fa.ct-::srs K ":IR’HJ‘U/
L =i M o <=3
LeYcAd P YCE

= / 2 e
[ EZF target genes e e e e e "o S
+ ¥ :
+ -5 a7 r - ﬁsynfrm etric
Iwisioxm

TpaHCKpUNUMOHHbLIN paKTop E2F cTumynmnpyeT nepexop, K KNeToYHbIM AeNeHUAM B NPOLLeCCe MHULMALUN
H6oKOBOro KopHs. Ikcnpeccuna E2Fa perynnpyetcs AMMEPOM TPAHCKPUNLUMOHHbIX ¢paKkTopos LBD18—-LBD33,
KOTOpPbIN, B CBOIO o4Yepeab, peryinpyercs nepeaadyem ayKCMHOBOro curHana. Taknum obpasom, 3anyck
TpacHKpuNunn E2Fa ¢ nomoLlbo TPAaHCKPUNUUOHHbIX dakTopoB LBD sBnaeTca ob6wmm mexaHM3mom
aYKCMH-3aBMCMMOMN aKTUBALUMN MUTOTUYECKOTO LIMKAA

Berckmans et al., 2011. Plant Cell.



KoHTponb Hayana nponndepaumm KNeTok Npm MHULKaUMM BOKOBOro KOpHS
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{CYC3:0) (KRPT) YA Z:4) —E""-'I_LF?r_—! (CRKB2 T} (CYiCBE)
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+ > 5 o2 ' o ASymmetric

dlivision

Komnnekcel CYCB1, CYCA2 u CDKA, nossonstot knetkam nepuumkna Ha KCMIEMHOM nontoce, BbilLeAWUM U3
LKA B KOHLLE MEPUCTEMBI B cTagum G1 npucTynuThb K dbase S

PICKLE interacts with RETINOBLASTOMA-RELATED 1 (RBR1) to repress the LATERAL ORGAN BOUNDARIES-
DOMAIN 16 (LBD16) promoter activity



KoHTpoab Havyana npoandepaumm KNETOK NP MHMUMaLUMM BOKOBOIrO KOPHS

LATERAL ORGAN BOUNDARIES DOMAIN 16 (LBD16) n ero ponb B uHuumaumm 6oxkosoro kopHa Arabidopsis 00:00

O6wwasn cTpyKTypa agomeHa LOB
ool XV XeLson XeL vy JKcnpeccua AtLBD16 B nape KneTok
nepuuyKkaa Npm MHUULMaUmMm 6OKOBOro KOpPHA

Xz CXa CXaC G

C-domain Iwanant G Leucine-zipper-ike motif Variable C-terminus

LOB domain

Majer et al., Trends in Plant Science. 2011

LED16 LED18 LED29

Goh et al., Development. 2012

I I I

Primordium Primordium Primordium
initiation patterning emergence




KoHTpoab Havyana npoandepaumm KNETOK NP MHMUMaLUMM BOKOBOIrO KOPHS

AKTUBHOCTb NpomoTopa reHa CpLBD16 B KOHUYMKE KOPHA KabauKa (Cucurbita pepo)

2 Kopa LieHTpankHbIV A 500 ym| B
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e e
H U H U
T M T W)
pn p nNa
awv anj3 /
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bl bl
i Kopa i | L Kopa
:"'----..--
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2 AN 800 um | T 161000 pm
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K
ik Auxin Auxin Auxin
[ DRs | hi? . 1 Auxin 1
[] Pericycle L SHYZ/IAA3 1 IAAZE
RALF34 | o &0 o 1o 1 SLR/IAA14 1
[ ] Lateral root cap 5,6, 7, 8, Endodermal L ARFS, 6, 7, 8, 19
| volume loss;  ARF7, 19 }
& GATAZ23  Symplastic  pericycle cell | Cellcycle GATA23
&F Stable static ewpression connectivity  swelling | ppig, 18, 33 regulaters expression GLVE
0 Auxin maxima auxin response il e
.,i,g"‘F’ | Fourder cell  MAKR4 Ty MAHHJ,\ / ,f""f
nd Priming Prebranch site specification Muclear migration ACDVinitition

Elongation and differentiation zone

E Apical meristem iE!asaI marlstami

Jo12
m 1007

XPP markers

-

Development

Trinh C.D., Laplaze L., Guyomarc'h S. Lateral root formation: building a meristem de novo.
Annual Plant Reviews. 2018.
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Manble curHanbHble nenTuabl

Cemencrso Ponb B pacteHum

CucrtemuH XMnyeckaa s3awmrta oT TpaBoOAAHbIX, HACEKOMbIX

Mopaep»KaHne romeoctasa B K/1eTKax B anuKabHOM
CLE-nenTtuAapbl

MepUCcTeMbI
ENODA40O Pa3BuTneE a3oThUKcupytowero KnybeHbka
PutocynbGOKUHBLI KneTouHaa nponndepaunm

POLARIS Pa3suTne npoBoaALLEN CUCTEMbI B INCTE
S-locus Cysteine-Rich

protein/S-locus Protein 11 [MpenAaTcTBMe CaMOONbINIEHUIO

(SCR/SP11)
ROTUNDIFOLIA4 n DEVIL1 Pasmep n dopma nmcra

Inflorescence Deficient in OTMMpaHMe OpraHoB LBETKa Nnoc/e BbIMNO/JHEeHUA
Abscission (IDA) dusnonornyeckom GyHKLMU

Rapid Alkalinization Factor MoawenaunBaHne BHEKNETOUYHOM cpeabl U UHIIMbuposaHue
(RALF, RALFL) pacTAXKeHUA KNEeTOoK



Manble curHanbHble NenTuabl

RALF — ceMeNncTBO KNETOYHbIX CUTHAbHbIX NENTUAOB, PEFYANPYIOLWMX POCT U Pa3BUTUE PACTEHUN, A
TaK¥e OTBETbl Ha CTpecc.

OTBeuvatoT 3a bbICTpOe noALenaynBaHne BHEKIETOYHOIO NPOCTPAHCTBA MyTEM KPAaTKOBPEMEHHOFO
yBE/IMYEHUA KOHLEHTpaUMm LuTonaasmatnyeckoro Caz*, npnsoasa K 3aBUCMMbIM OT KasbLma )
CUTHaZIbHhIM COBRITUSM Uenel nellenTon HAa KNeTOYHOU NOBEPXHOCTMU. g

Cell wall o2
: HT
RALF34 d I
Membrane ) / I-
- Eﬁ_\\ Ca’ pulse
( |proRALF34
\ V. ¥ N
M
Root hair
1 Fine tuning
lateral root
Cytosol | Root growth
5 Primary root

Murphy E. et al. Understanding the RALF family: a tale of many species. Trends Plant Sci. 2014. 19: 664-671.



RALFL34 B perynaumm nepsbixX AeNEHUN MPU MHULMALNN

npumopamna bokoBoro KopHs Arabidopsis

* RALFL34 Bauset paHee, yem GATA23 Ha CUTHA/IbHbIN KacKag,
nHUuMaumm 6okoBoro KopHa Arabidopsis.

* B npomoTope 6binn HangeHol ERF4- n ERF9-cBA3bIBatoWwmMe MOTHUBSI,
BO3MOXHO, 3TuneH Yyepes ERF perynunpyet skcnpeccuio RALFL34.

SRR RN SRR AN R SRR R ERE RS EEEEERE R FEEsEEEEEEE
-
"

| 1.

i ERE4 Lateral Root
auxin > ERFQ —_— RAL::L34 > GATA23 --=---- > initation
a 1
b o o e -l

* [logasneHune akcnpeccun RALFL34 npnsoaunT K
YBE/IMYEHUIO NNOTHOCTU BOKOBbLIX KOPHEN.

Murphy E. et al. Journal of Experimental Botany. 2016. 67: 4863-4875.

Lateral root density (#cm)
O = N W ;R ~N @ 0
—

”§§ 42



RALFL34 B perynaunm nepsbix AeNeHUN NPU MHULMALMK

npumopamna bokoBoro KopHs Arabidopsis

i ERF4 Lateral Root
auxin > EREQ — RAL.::L34 > GATA23 ==emmu- > nitiation
! .
ethylene response factors (ERFs) i_ -E

Murphy E. et al. Journal of Experimental Botany. 2016

PRALFL34::n3xRFP
WAVE131Y

Pe

-

Before asymmetric cell division

RALFL34 is interpreting a shoot-derived signal to drive the progression from founder cell to
stage 1 primordia
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JKcnpeccma RALFL34 HaunHaeTcA B K/1IeTKax pAaaa NpoTOKCMAeMbl Ha yaaneHmnmn okono 200 MKM OT MHULMANbHbBIX KNEeTOoK;

Ha yaaneHun 250-300 MKM pacnpocTpaHAeTcsa B KNeTKM-0CHOBaTEIbHMLbI BOKOBOro KOPHS, Pacrno0KeHHbIE B MEPULUKE;
JKCnpeccma COXPaHAETCA B KNETKaX PAL0B KCUAEMbl MexXay npumopamamm BOKOBOro KOpHA, a TakXe B npumopamax Ao yganeHmsa 1800 mkm.



PR

AKTMBaLMA SKCNpeccuu
reHa RALFL34 npoucxoaut
B KCMNEMe paHbLue
BUOAMMbIX NPU3HAKOB
MHUUMaLMK BOKOBOTO
KOPHA B Nepuymnkne

| o
LBETKOBbIX PaCTEHUN.

efore asymmetric cell division

CpaBHeHMe naTtrepHa akcnpeccun RALFL34 y uBEeTKOBbIX PAaCTEHUIM C pa3HbIMMU
TUNAMM PACNONOXKEHUA 30HbI MHMUUMALMMK, NOKa3ano, 4yto RALFL34 — nepBbin

KaHAWAAT Ha PO/1Ib CUCTEMHOIO perynaTopa Kackaaa, NpuBoAsLLEro K 06pa3oBaHUto
HGOKOBOro KOpHA.

DanbHeuwee usyyeHme ¢pyHKkumn RALFL34 nomoKeT NOHATb
MeXaHU3Mbl Ha4ya/IbHbIX 3TaNOB MHULMALMKU HOKOBOIro KOPHA KopeHb orypua
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DEEPER ROOTING 1 (DRO1)

B KOHTPOJ1IE apPXUTEKTYPbl KOPHEBOM CUCTEMDI

DRO1 perynupyeT yron pocta KOpHS NyTeM Mogynsiuumn OoTBETa Ha rpaBMTaLNiO Y 3I1aKOB.

(a)

Primary root (b) -DRO1 +DRO1

Seminal roots
Crown roots

General dicot root system General monocot root system

(c)

uopebuo|g

Jjjewsisuaiy

Uga et al., Nature Genetics. 2013



DEEPER ROOTING 1 (DRO1)

B KOHTPO/1€ aPXMUTEKTYPbI KOPHEBOW CUCTEMDI

AtDRO1 BnusieT Ha opueHTauuto 6oKoBbix KopHen y Arabidopsis

Guseman J.M., Webb K., Srinivasan C., Dardick C. DRO1 influences root system architecture in Arabidopsis and Prunus species.

The Plant Journal. 2016.

4 Arabidopsis AtDROT T
2 4« Peach PpaDROA
Branch angle Tip angle + Arabidopsis AIDRO3
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Plasticity of Lateral Root Branching in Maize

Emerged LR

LRP formation zone

Mitrate

Yu P, Hochholdinger F., Li C. Plasticity of Lateral Root
Branching in Maize. Frontiers in Plant Science. 2019

Hydropatterning is dependent on auxin response factor
ARF7. This transcription factor induces asymmetric
expression of its target gene LBD16 in lateral root

founder cells. This differential expression pattern is regulated
by posttranslational modification of ARF7 with the small
ubiquitin-like modifier (SUMO) protein. SUMOylation

A Water availability

negatively regulates ARF7 DNA binding activity. ARF7
SUMOylation is required to recruit the Aux/IAA (indole-3-
acetic acid) repressor protein IAA3.

T T UIMOY
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Orosa-Puente B. at al. Root branching toward water involves posttranslational
modification of transcription factor ARF7. Science. 2018.
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DBONOUMA KOPHEBbIX CUCTEM

Roots of Rhynie chert plants (Devonian) Stepwise and independent origins of
roots among vascular plants

Lycophytes Euphyllophytes

N
Origin
e O ——
roots
Dichotomy

N Monopodial
\') rj branching

A. mackiei-type
rooting axis

bifurcating
shoot-like axes
(rhizomorphs)

Rootless common ancestor of
vascular plants

Asteroxylon mackiei

Hetherington A.J., Dolan L.

Karatygin, Demchenko. Paleontological Journal. 2006. Stepwise and independent origins of roots among land plants. Nature. 2018



DBONOUMA KOPHEBbIX CUCTEM

Root evolution and the evolutionary history of LBD proteins in plants

Class |
Species A B C1 C2 DI D2 E
Vilis winifera (Vv) 8 6 2 2 1) 15 3
E/l-'ﬂ? Arabidopsis thaliana (At) 10 10 2 2 2 3 T
™ Populus trichocarpa (Pi) 8 8 4 3 3 7 9
;z ANGIOSPERMS  —= " Zoamays @m) a BBl 2 5 9 @& %
Oryza sativa (Os) 4 7 1 2 2 5 8
Sa ~ GYMNOSPERMS :
SECOND EXPANSION Lycophytes Class IB gene lineage
TR FERNS (Lycopodiophyta) (LBD16, LBD29)
420 FIRST EXPANSION rRIMEROPHYTES T Selaginella -
maore than 440 My ago ..
a0 NN AN | ., Mmoellendorphii
ORIGIN LYCOPHYTES ——— Selaginelia moellendortfii (Sm)
less than 1,2 By ago .
500 BRYOPHYTES ~—————— Physcomitrella patens (Pp) 5 4 Se/aglne/la M
acanthonota
Ay ———— Spirogyra pratensis Chanderbali A.S., He F,, Soltis P.S., Soltis D.E.
Volox carteri Out of the water: Origin and diversification of the LBD gene family.
CHLOROPHYTES \f Chiamydomonas reinhardtii Molecular Biology and Evolution. 2015.
: . . : Ostrevcoccus fauri . : :
Synthetic monophyletic tree representing phylogenetic relationships between the main groups of plants in the green lineage.
Key
P evolutionary origin of roots land plants 7?7 ASLABD existence not determined euphyllophytes
<  rool-associated ASL/LBD clade T extinct group B roct / vascular issue development associated-subclass

Phylogenetic analysis showing that lycophytes lack the LOB domain genes that act downstream of auxin to regulate root
development in monilophytes and spermatophytes

Coudert Y., Dievart A., Droc G., Gantet P. ASL/LBD phylogeny suggests that genetic mechanisms of root initiation downstream of auxin are distinct in Lycophytes and
Euphyllophytes. Molecular Biology and Evolution. 2013.



DBONOUMA KOPHEBbIX CUCTEM

Possible root
branching initiation

e Dichotomy Common ancestor: In parental Above the
B Monopodial branching root meristem elongation zone
° ':';;5 (SCR+5HR) A B C D
Ty angiosperms

[ Auxin response .
w w w
- £ =
S R R
= e c
2 e 2
® w "
i) gymnosperms E! E‘I Ea,
L L =
T T (1]
ferns = = E
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lycophytes lh

Modified after Goebel (1928) and Voronin (1964)

Motte H., Beeckman T. The evolution
of root branching: increasing the level
of plasticity. Journal of Experimental
Botany. 2018

llina E.L., Kiryushkin A.S., Semenova V.A., Demchenko N.P., Pawlowski K.,
Demchenko K.N. Lateral root initiation and formation within the parental root
meristem of Cucurbita pepo: is auxin a key player? Annals of Botany. 2018
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MyOpuwlii cmompum 6 Kopenn: s HOCMOMPeA 6 KOPEeHb...

JIlam éce No-npesKHemy: Mam MH020 HeOKoHUueHH020 (d'inacheve)!
JDMmo YCnOKOUAO MeHA...

Yumamean, mbl NOHAA MeH!

Do ceudanus!

Kozvma JlpymKoe. 24 okmsbps 1859
JDyx u nepvs. JIpedysedomaerue.
Cospemennux, 1860. mom 80 Ne 4, c. 42.
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