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Introduction

Operation of developmental mechanisms depends on housekeep-
ing and general metabolism-related genes involved in mainte-
nance of fundamental life functions. Not much is known,
however, about how these genes interact with specific develop-
mental pathways (Kooke & Keurentjes, 2012). During the last
decade, genes have been identified whose functions are important
for both general plant metabolism and some specific develop-
mental programs (Chen & Xiong, 2005; Mo ez al., 2006; Mehr-
shahi ez al., 2010; Srivastava et al., 2011a). One such gene, which
encodes a folylpolyglutamate synthetase and is involved in vita-
min B9-related metabolism, is essential for root apical meristem
(RAM) function (Srivastava ez al., 2011a,b).

Vitamin B9 is a collective term for tetrahydrofolate (THF) and
its derivatives, which are vital for basic metabolism because they
are donors of the C1 atom during synthesis of essential cellular
compounds such as amino acids, purines, thymidylate, pantothe-
nate, and formylmethionyl—transfer RNAs (Fig. 1, Table1).
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Summary

¢ Roots have both indeterminate and determinate developmental programs. The latter is pre-
ceded by the former. It is not well understood how the indeterminacy-to-determinacy switch
(IDS) is regulated.

e We isolated a moots koom2 (mko2; ‘short root' in Mayan) Arabidopsis thaliana mutant
with determinate primary root growth and analyzed the root apical meristem (RAM) behavior
using various marker lines. Deep sequencing and genetic and pharmacological complementa-
tion permitted the identification of a point mutation in the FOLYLPOLYGLUTAMATE
SYNTHETASET (FPGST) gene responsible for the mko2 phenotype.

e Wild-type FPGST is required to maintain the IDS in the 'off' state. When FPGS1 function is
compromised, the IDS is turned on and the RAM becomes completely consumed. The polyg-
lutamate-dependent pathway of the IDS involves activation of the quiescent center indepen-
dently of auxin gradients and regulatory modules participating in RAM maintenance
(WUSCHEL-RELATED HOMEOBOX5 (WOX5), PLETHORA, and SCARECROW (SCR)). The
mko2 mutation causes drastic changes in folate metabolism and also affects lateral root pri-
mordium morphogenesis but not initiation.

¢ We identified a metabolism-dependent pathway involved in the IDS in roots. We suggest
that the root IDS represents a specific developmental pathway that regulates RAM behaviour
and is a different level of regulation in addition to RAM maintenance.

Monoglutamylated THFs are converted by folylpolyglutamate
synthetases (FPGSs) to polyglutamylated THFs (Fig. 1b) which
have greater stability, as they are less prone to oxidative cleavage
(Ravanel eral, 2001, 2011; Hanson & Gregory, 2011). In
Arabidopsis  thaliana, FPGS1/AtDFB is found in plastids,
FPGS2/AtDFC in mitochondria, and FPGS3/AtDFD in the
cytosol (Tables 1,2; Ravanel ez al., 2001; Mehrshahi ez al., 2010).
Because mammals lack the folate biosynthetic machinery, they
have to obtain this vitamin mainly from plant sources. Folate
deficiency causes various developmental abnormalities during
animal and plant development (Ishikawa ez al., 2003; Ifergan &
Assaraf, 2008; Hanson & Gregory, 2011; Srivastava eral,
2011a). For example, a mutation in A. thaliana GLOBULAR
ARRESTI which encodes a dihydrofolate (DHF) synthase
(DHEFS/AtDFA), involved in the synthesis of DHF, results in a
developmental arrest at the globular-to-heart transition stage of
embryo formation (Ishikawa efal, 2003). Mitochondrial and
cytosolic FPGS isoforms are required for embryogenesis and
shoot/flower development, respectively (Mehrshahi ez al., 2010),
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Fig. 1 Folate structure and reaction of polyglutamylation. (a)
Tetrahydrofolate (THF) structure and related folate species. (b) Reaction of
polyglutamylation catalyzed by FOLYLPOLYGLUTAMATE SYNTHETASE
(FPGS).

whereas the plastidial isoform is essential for root growth and the
maintenance of RAM activity (Srivastava et al., 2011a,b).

In the root, two essential RAM components are important for
the maintenance of growth. The first is a stem cell niche that
includes quiescent center (QC) cells surrounded by the initial
(stem) cells that give rise to different cell types (Van Den Berg
etal., 1997; Sabatini eral, 2003; Aida ez al, 2004). The second
is the cell proliferation domain where cells in the A. thaliana root
pass through four to five cell division cycles before they start
rapid elongation (Bennett & Scheres, 2010; Ivanov & Dubrov-
sky, 2013). RAM activity depends on the coordinated function
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of these compartments through complex gene regulatory net-
works. Root growth can be indeterminate or determinate. While
the RAM is functional, indeterminate root growth is maintained.
Under certain conditions, the RAM can be significantly dimin-
ished or consumed and the root stops growing (Perilli ezal,
2012; Xiong eral., 2013). However, no determinacy program is
turned on when a pool of meristematic cells is maintained to per-
mit posterior growth recovery (Xiong etal, 2013). However,
when a determinate developmental program operates, the RAM
eventually is completely consumed (exhausted), and root growth
stops (Shishkova ez al., 2008).

The determinacy program leads to differentiation of all cells
at the root apex, as observed in the primary roots of Cactaceae
and in clustered or some unclustered lateral roots in many plant
taxa, including agricultural crops (Varney & McCully, 1991;
Watt & Evans, 1999; Shane & Lambers, 2005; Zobel, 2013).
Determinate root growth can be constitutive (Shishkova ez al,
2008) or induced under conditions of low phosphate (Watt &
Evans, 1999; Sanchez-Calderén ez al., 2005; Shane & Lambers,
2005; Cruz-Ramirez et al., 2006; Svistoonoff ez al., 2007; Shishk-
ova etal., 2008). Both types have an adaptive significance, and
commonly before RAM exhaustion, an indeterminate growth
phase is present. The mechanism that regulates the indetermi-
nacy-to-determinacy switch (IDS) is not well understood. It has
been shown that, during induced root determinacy, low phos-
phate sensing turns on the IDS, which is dependent on pH and
iron (Fe) availability and mediated by the multicopper oxidases
LOW PHOSPHATE ROOTT1 (LPR1) and LPR2 (Svistoonoff
etal., 2007), and associated with activity of phosphate-recycling
cellular components (Cruz-Ramirez et al., 2006). In Cactaceae,

Table 1 Arabidopsis thaliana FOLYLPOLYGLUTAMATE SYNTHETASE (FPGS) genes: their names, compartmentalization, and related mutants

FPGS-encoding genes Enzyme localization

Reported mutants

FPGS1/AtDFB/MKO?2 Plastid
FPGS2/AtDFC Mitochondrion
FPGS3/AtDFD Cytosol

fpgs1', drh2/atdfb-1?, atdfb-22, atdfb-32, mko2>
fpgs2'/atdf>
fpgs3', atdfd?

"Mehrshahi et al. (2010).
2Srivastava et al. (2011a).

3This study. Where the same mutant has been reported with two different names, they are separated by “/".

Table 2 Folate species that donate or accept C1 and the respective products synthesized in different compartments

Products synthesized in

Folate species Plastid Mitochondrion Cytosol
Tetrahydrofolate (THF) Glycine Glycine Glycine
10-formyl-THF Formyl-methionyl-tRNA Formyl-methionyl-tRNA Formate
Purines Formate
Formate
5,10-methylene-THF Thymidylate Thymidylate Thymidylate
Serine Pantothenate Serine
Serine
5-methyl-THF Methionine np Methionine

np, no product synthesized. The data shown are based on Mehrshahi et al. (2010); Hanson & Gregory (2011); Ravanel et al. (2011); and Srivastava et al.

(2011a,b).
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RAM exhaustion is related to the absence or only transitory
establishment of the QC post-germination (Rodriguez-Rodriguez
etal., 2003). It appears that the same factors that maintain the
stem cell niche can be involved in the maintenance of indetermi-
nacy. For example, the transcription factors SHORT-ROOT
(SHR), SCARECROW (SCR), and PLETHORA (PLT) are
essential for QC identity and maintenance. Accordingly, single
shrand scr mutants and double p/t] p/t2 mutants show a determi-
nate root meristem phenotype (Benfey eral, 1993; Sabatini
eral., 2003; Aida er al., 2004). PLT gene function is inter-related
to auxin gradients in the root tip (Aida eral, 2004). Conse-
quently, this plant hormone is essential for indeterminacy main-
tenance. Double loss-of-function mutants in the TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSISI (TAAI) and
TRYPTOPHAN AMINOTRANSFERASE RELATED2 (TAR2)
genes involved in auxin synthesis show complete RAM exhaus-
tion (Stepanova eral., 2008). Also, the cell cycle machinery,
specifically CDC27B/HOBBIT and a cell cycle switch protein
CCS52A2, which are functional components of anaphase
promoting complex/cyclosome (APC/C), is involved. (Willem-
sen etal, 1998; Pérez-Pérez eral, 2008; Vanstraelen eral.,
2009). Until now, however, there have only been a few reports
on the dependence of the IDS on a particular metabolic pathway
(Cheng et al., 1995; Vernoux et al., 2000).

Here we report that a folate polyglutamate-dependent pathway
is involved in the control of the transition from root indetermi-
nacy to determinacy in A. thaliana. We have isolated a moots
koom?2 (mko2) loss-of-function mutant, which is not affected in
QC establishment post-germination. We found that the mko2
mutant is a new mutant allele of A#DFB encoding the plastidial
FPGS isoform (FOLYLPOLYGLUTAMATE SYNTHETASE!
(FPGS1)). We report novel mechanistic insights into how folate
metabolism regulates the IDS. The primary root meristem of
mko2 is consumed within a short time. Our analysis indicates
that the folate polyglutamate-dependent pathway is not related to
SHR/SCR- and PLT-dependent regulatory pathways of RAM
indeterminacy and that it is also involved in lateral root (LR) pri-
mordium morphogenesis.

Materials and Methods

Plant material and growth conditions

The mko2 mutant was isolated from ethyl methanesulfonate
(EMS)-mutagenized seeds of Arabidopsis thaliana (L.) Heynh.,
Landsberg erecta (Ler) accession (EMS-mutagenized seeds were
kindly donated by J. Bowman, University of California, Davis,
CA, USA). A total of 17 457 M2 plants were screened for abnor-
mal root phenotypes in the same screen where kol was isolated
(Hernandez-Barrera etal, 2011). The mko2 mutant was back-
crossed three times and F3 and posterior progenies were used for
phenotypic analysis and crosses with marker lines. The mutants
atdfb-1, atdfh-2, atdfb-3, atdfc and atdfed (Mehrshahi ez al., 2010;
Srivastava eral., 2011a) and the transgenic lines p WOX5::GFP
(Satkar eral., 2007), pSCR::H2B::YFP (Heidstra eral., 2004),
pPLT1::CFP (Galinha et al., 2007), pDR5rev::GFP (Friml et al.,
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2003), AUX1::AUX1::YFP (53), pPIN3::PIN3::GFP (Friml ez al.,
2002b), pPIN4::PIN4::GFP (Friml et al,, 2002a), pAGL42::GEP
(Nawy etal., 2005), QC25, QCI84, and J2341 (Sabatini etal.,
2003) have previously been described. Seeds were sterilized and
seedlings were grown as previously described (Hernandez-Barrera
etal., 2011). 5-Formyl-5,6,7,8-tetrahydrofolic acid calcium salt
(5-CHO-THEF), methionine and methotrexate (Sigma-Aldrich)
were used at final concentrations of 500 uM, 10 UM, and 25 nM,
respectively. For auxin treatment, 3 d post-germination (dpg)
seedlings were transferred to media supplemented with 1-naph-
thaleneacetic acid (NAA) at a range of concentrations.

In silico mapping of the mko2 mutation

mko2 was crossed with Columbia-0 (Col) wild type (WT) to gen-
erate a mapping population of the F, progeny. A nuclear-
enriched DNA sample was prepared from ¢. 700 seedlings with a
mutant phenotype from the mapping population (Schneeberger
etal., 2009). The Illumina library was sequenced at the UNAM
DNA Deep Sequencing Facility (UUSMD-UNAM) (Cuerna-
vaca, Mexico) to 15-fold genome coverage. The SHORE-mar
computer program was used for analysis of polymorphisms asso-
ciated with the mutation (Schneeberger ¢z al., 2009).

Root growth, microscopy, and other analyses

Primary root length was measured on scanned images of seedlings
using IMAGE] software (http://rsb.info.nih.gov/ij/). The number
of cortical cells within the RAM cell proliferation domain was
determined on cleared root preparations in accordance with pre-
viously described criteria (Ivanov & Dubrovsky, 2013). Roots
were cleared as previously described (Dubrovsky ez /., 2009) and
analyzed under a Zeiss Axiovert 200M microscope (Zeiss,
Oberkochen, Germany) equipped with differential interference
contrast (Nomarski) optics. The LR density and initiation index
were estimated as previously described (Dubrovsky ez al., 2009).
Starch granules were stained as previously described (Herndndez-
Barrera eral., 2011). Photographs were taken using a Photomet-
rics CoolSNAPcf Color Camera (Valley International Corpora-
tion, Austin, TX, USA). Confocal microscopy was performed
with a Zeiss LSM 510 Meta microscope; the laser setting was as
described by Hernandez-Barrera efal (2011). For examination
of cellular organization, roots were counterstained with propidi-
um iodide (10 or 15 ug ul ™Y or FM4-64 (8 uM). Folate analyses
were performed as previously described (Srivastava et al., 2011a).
Gene co-expression analysis was performed using GENEVESTIGA-
TOR (Zimmermann ez al., 2004). Statistical analyses were per-
formed as indicated in the figure legends.

Image analysis

As a consequence of differences in optical properties between the
WT and mutant samples, we modified the images post-capture
to improve the display of the signal distribution. These image
modifications were performed linearly using IMAGE] so that no
information was lost. The original images are available upon
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request. The mean pixel density of fluorescent signal was mea-
sured with IMAGE] on original images obtained with identical
laser settings.

Transcript level analysis

Total RNA was isolated from 11-d-old seedlings using an RNeasy
mini kit (Qiagen, Hilden, Germany), according to the manufac-
turer’s instructions. For quantitative two-step RT-PCR, 1 pg of
total RNA was reverse-transcribed to first-strand cDNA with the
Qiagen cDNA synthesis kit and this cDNA was subsequently used
as a template for quantitative PCR with gene-specific primers.
The plant-specific eukaryotic translation initiation factor EIF4A2
gene served as a control for transcript level normalization, and
comparative expression levels (272%) were calculated according to
Ramakers ez al. (2003). The primers used were as follows: E/F4A2
(sense 5'-GGCTGAATGAA GTTCTCGATGGACAG-3 and
anti-sense 5'-ACGAGAGCCTGGCACTGGAGAAG-3'); AtFPGSI1
(sense 5'-GGTACAGC AGCTGATTTGC-3’ and anti-sense 5'-
TCTTTCACTCTGCACAAGGC-3"); AtFPGS2 (sense 5'-GGG
GCTTGACCATACACTGA-3" and anti-sense 5'- CAATGTG
GTGGACCTGCAG-3'); AtFPGS3 (sense 5'-CAGACAAACGG
TTTACCCGA-3' and anti-sense 5'-GAAAACGAACTTGTTT
ACTTTGGC-3).

Plasmid construction

All constructs were made using Gateway™" technology (Invitro-
gen Life Technologies, Carlsbad, CA, USA). The entry clones
were obtained using the pENTR-D-TOPO vector (Invitrogen
Life Technologies) and expression vectors using the Gateway vec-
tors (Curtis & Grossniklaus, 2003). For complementation stud-
ies, a 7-kb genomic FPGSI fragment was amplified using gene-
specific primers (sense 5-TGTTAAGGTC AAAACATAAA
CTCCAT-3' and anti-sense 5-TTTTCTGATTAATCTCAG
TACATCGC-3'). This fragment is comprised of a 2-kb
upstream FPGSI promoter region and a 5-kb region downstream
of the ATG start codon. It was cloned into the pMDC107 binary
vector, transformed into Agrobacterium tumefaciens LBA4404
and finally transformed into mko2 and atdfb1 mutants using the
floral-dip method (Clough & Bent, 1998). Transgenic plants
were selected on growth media supplemented with 25 pg ml™
hygromycin and later propagated on soil. Around 10 indepen-
dent T2 transgenic lines were tested for fluorescence and comple-
mentation.

Results

FPGS1 is required for indeterminate root growth

Based on morphological abnormalities of root system formation,
we isolated an EMS-induced mutant with a very short primary
root exhibiting determinate growth, and fewer and shorter LRs
compared with wild type (WT) (Fig. 2a—c). The recessive mutant
showed Mendelian inheritance and was denominated m200ts koom
2 (mko2), which means ‘short root’ in the Mayan language. The
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mkol mutant has previously been described (Herndndez-Barrera
etal,2011).

The primary root of the mko2 plants grew very slowly. By
8dpg, primary roots averaged 5mm in length, whereas the
primary root of the WT Ler seedlings at this age was 10-fold
longer (Fig. 2b). Determinate growth of the ko2 primary root
was caused by complete meristem consumption involving cessa-
tion of proliferation and terminal differentiation of the root tip
cells. This could be detected morphologically by the presence of
root hairs at the very tip of the primary root formed by differenti-
ated epidermal cells (Fig. 2¢).

The primary root was often intertwined with lateral and
adventitious roots. Frequently, LRs were formed almost at the
very tip of the primary root, whose growth had terminated
(Fig. 2¢) and for this reason the primary root could only be
unambiguously identified until 10-12dpg. As expected, a
decrease in the number of meristematic cells compared with WT
(Fig. 2d) was detected during the course of RAM exhaustion. It
was a relatively rapid and asynchronous process and by 9 dpg
RAM exhaustion was found in 61% of the mko2 seedlings
(Fig. 2¢), whereas no seedlings of the same age without RAM
were detected in WT.

To identify the gene responsible for the mutant phenotype, a
nuclear DNA-enriched sample prepared from plants with the
mutant phenotype from the mapping population was subjected
to deep sequencing. Using SHORE-MaAP software, the ‘interval’
plot of the relative allele frequencies of Ler and Col revealed a
narrow candidate region (Fig. 2f). One candidate gene within this
region, At5g05980, which encodes the plastidial isoform of FOL-
YLPOLYGLUTAMATE SYNTHETASE (FPGS1/AtDFB)
(Ravanel etal, 2001; Mehrshahi etal, 2010; Srivastava et al.,
2011a), had a C to T transition in the 14th exon leading to an
R445Q) change in the C-terminal domain (Fig. 2g). Interestingly,
in the allelic mutant a#dfb-3 in the Col background (Srivastava
etal., 2011a), the incidence of seedlings with determinate root
growth was much lower, although root growth dynamics and
meristem length were similar between mko2 and atdfb-3 seed-
lings, in contrast to the azdfc (fpgs2) and atdfd (fpgs3) mutants in
other FPGS isoforms (Fig. 2b,d). This suggested specific roles for
FPGS1, and not FPGS2 and FPGS3, in root development. Also,
fully elongated cells in mko2 were about two-fold shorter than
those in WT, similar to those of plants of the a#dfb-3 mutant
(Srivastava ez al., 2011a). Interestingly, the meristem exhaustion
phenotype was found in the primary root but not in lateral roots
of the mko2 mutant. The shoot growth of the mko2 mutant was
slower in young plants but later these differences were less pro-
nounced (Supporting Information Fig. S1a—d). The mutant pro-
duced functional inflorescences and viable seeds.

Exogenous application of 5-CHO-THF to mko2 seedlings
re-established primary root growth and normal RAM organiza-
tion (Fig. S1f,g), as it does for other allelic mutants (Srivastava
etal., 2011a). Furthermore, the WT FPGSI genomic region
complemented root developmental defects of the 7402 mutant
(Fig. Sle). Overall, this analysis suggested that the plastidial iso-
form, FPGSI/AtDFB, was required for indeterminate root
growth and normal root development.
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Fig.2 Phenotype of the Arabidopsis thaliana

moots koom2 (mko2) mutant and other
folylpolyglutamate synthetase (fpgs)

mutants and mko2 mapping. (a) Root system

in mutants affected in FPGS7 (mko2 and

atdfb-3), FPGS2 (atdfc) and FPGS3 (atdfd);

mko2 is in the wild-type Ler (Wt-Ler) and all

other mutants are in the wild-type Col (Wt-

Col) background; seedlings shown are 8d
post-germination (dpg). The length of a (c)
square side is 13.2 mm. (b) Dynamics of

primary root growth (mean =+ SE; n =20-35).

Statistically significant differences are

indicated only for seedlings at 8 dpg;

*, P <0.001, Student's t-test. (c) The root tip

phenotype in the Wt-Ler, mko2, and atdfb-3

mutants at 6 (panels 1-2) and 11 (panels 3—

4) dpg. Arrowheads, formation of root hairs

at the very tip; arrow, emerging lateral root

close to the tip of the primary root apex.

Bars, 30 um. (d) Root meristem length

expressed as the number of cortical cells in a

file within the cell proliferation domain of the

root apical meristem (RAM) in seedlings at

6 dpg (mean + SE; n = 20). Statistically (d)
significant differences were determined using

Student's t-test: *, P<0.05. (e) The

dynamics of RAM exhaustion in mko2 (black

bars) and atdfb-3 (gray bars); three biological

replicates, 54-104 seedlings each

(mean = SE); the complete RAM exhaustion

events of the primary root depicted in (c,

panels 2-4) were scored. (f) Parental allele

recombination frequency in a DNA sample of

the mko2 mapping population analyzed with
SHORE-map after deep sequencing. (g)

Schematic diagram of the coding sequence o
of FPGS1/AtDFB and position of mko2 and
the T-DNA insertion sites of known alleles.

40

30

20

Number of cells in RAM

The point mutation in mko2 drastically affects folate
metabolism

The mutation in ko2 caused an R445Q) change. The Arg in the
corresponding position is highly conserved in plants and metazo-
ans (Fig. S2) but not in some bacteria and fungi, and is located
close to the FPGS catalytic domain. In humans, the equivalent
Arg377 is important for the FPGS activity (Sanghani eral,
1999). It was shown that the R377A mutation resulted in a 20-
fold decrease in FPGS catalytic activity (Sanghani ezal., 1999).
This analysis strongly suggests that the R445Q mutation in
FPGS]I should significantly affect protein function in the mko2
mutant and subsequently changes the balance between mono-
and polyglutamylated folates.

To test this hypothesis, we analyzed the folate profile sepa-
rately for shoots and roots. Total folate contents remained
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similar; however, folate derivatives in mko2 shoots and roots
changed significantly in comparison with WT levels (Fig. 3a,b).
In the mko2 shoots, the monoglutamylated form of 5-CH3-
THF decreased by 60% compared with WT (Fig. 3a). Polyglut-
amylated forms of THF (which includes 5,10-CH2-THF in
our analysis) were only 15% of those in WT. Total folate con-
tents remained similar as a result of a 1.6-fold increase in 5,10-
CH=THEF. In the mko2 roots, the monoglutamylated form of
5-CH3-THF decreased by 40% compared with WT (Fig. 3b).
THF contents increased greatly in the mk02 mutant; the mono-
glutamylated THF was 680% of that in WT whereas monoglut-
amylated 5-CHO-THF increased to a much lesser extent.
Surprisingly, a 6.9-fold increase was found in the polyglutamy-
lated 5-CHO-THF form in the mko2 roots. Although total
folate content was similar in Ler (this study) and Col WT seed-
lings (Srivastava eral, 2011a), we found that the extent of

New Phytologist (2014)
www.newphytologist.com



polyglutamylated folates was less prevalent in the Ler back-
ground. In the Col WT roots, 78% of total folates were poly-
glutamylated (Srivastava ez al., 2011a), whereas in Ler WT only
38% were polyglutamylated (this study). Considering the poly-
glutamylated folates in azdfb-1 and mko2 versus the respective
WTs, we estimated that, while azdfb-1 roots contained 69% of
that of the Col WT (Srivastava ezal, 2011a), the mko2 roots
had only 21% of that of the Ler WT. Overall, this analysis
revealed that the FPGS1 defect in the 7402 mutant significantly
affected the balance between mono- and polyglutamylated folate
species and that FPGS1 activity was compromised.

Previously, it was reported that the loss-of-function azdfb-1,
ardfb-2, and atdfb-3 mutants had no detectable FPGSI tran-
script (Srivastava ez al., 2011a). RT-qPCR analysis demonstrated
that the mko2 mutation did not abolish FPGS1 transcription
but reduced the transcript level to ¢ 33% of that in WT
(Fig. 3¢). Importantly, the mko2 mutation significantly affected
the transcript level of the mitochondrial A:DFC/FPGS2 and
cytoplasmic ATDFD/FPGS3 isoforms, diminishing it by ¢ 50%

New
Phytologist

(Fig. 3¢). These data suggested a feedback regulation of these
genes by folates.

FPGS1/AtDFB function is required for indeterminate root
growth through the maintenance of stem cell niche organi-
zation

To address how folate metabolism can be involved in RAM activ-
ity maintenance and the IDS, we analyzed developmental
changes in the organization of the stem cell niche of the RAM.
The mko2 primary root had normal RAM organization in early
post-germination seedlings (e.g. Fig. 4a,f, column 2), but gradual
developmental changes led to RAM disorganization at later
stages. Because meristem exhaustion was an asynchronous process
(Fig. 2¢) and it was difficult to identify the primary root in the
mhko2 seedlings after 10—12 dpg, we focused on developmental
changes taking place over a 9-dpg period. Using results for differ-
ent individual roots, we proposed a scenario in which a sequence
of events leads to RAM exhaustion; this sequence is depicted in
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Fig. 3 Altered folate glutamylation profile

* and FOLYLPOLYGLUTAMATE
SYNTHETASET (FPGST), FPGS2 and FPGS3
mRNA levels in the Arabidopsis thaliana
moots koom2 (mko2) mutant. (a, b) Folate
glutamylation profile in shoots (a) and roots
(b) of seedlings at 15 d post-germination
(dpg). Data are mean + SE from three
biological replicates; each shoot sample
included 50 seedlings and each root sample
150 seedlings. (c) RT-qPCR analysis of
FPGS1, FPGS2 and FPGS3 expression in wild
type (WT) and mko2 seedlings at 11 dpg.
Open bars, WT; closed bars, mko2 mutants.
Values are the mean =+ SE of three biological
and three technical replicates. Statistically
significant differences were determined using
Student's t-test: *, P<0.05.
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Fig. 4 (columns 2—4). When RAM exhaustion was over, it was
practically impossible to analyze the roots with differentiated root
tip cells under a confocal laser scanning microscope because of
poor laser beam penetration into the tissues. For this reason, no
data on roots with consumed RAM were obtained.

WUSCHEL-RELATED HOMEOBOX 5 (WOX5) is specifi-
cally expressed in the QC and is important for maintenance of
distal stem (columella initial) cell activity (Sarkar ez al., 2007). In
the mko2 background, the domain of WOX5 promoter activity
was expanded (Fig.4a, panels 1-4): GFP fluorescence was
detected in 4.0 1.9 and 2.4 + 0.5 cells per confocal section in
the mko2 mutant and WT, respectively (mean &£ SD; n=14-23;
Mann—Whitney rank sum test; P <0.001). This implies that the
FPGS1-dependent folate profile is important for maintaining the
relative quiescence of the QC. Before RAM exhaustion, the mko2
mutant showed the presence of starch granules in the columella
initial cells (Fig. S3a), indicating their differentiation and loss of
stem cell activity, similar to findings in wox5-1 (Sarkar eral.,
2007) and ces52a2 (Vanstraelen et al., 2009) mutants. This sug-
gests that WOXS5 function in the maintenance of distal stem cell
activity was abolished in the 7402 seedlings. In spite of differenti-
ation, columella initial cells and their daughters maintained their
identity, as demonstrated by J2341 enhancer trap GFP expres-
sion in the m#ko2 background (Fig. S3b). Importantly, pWOX5::
GFP expression was detected until the beginning of RAM exhaus-
tion, suggesting that cells with QC identity were present while
the RAM was maintained. This analysis showed that FPGS1-
dependent maintenance of root indeterminacy can be WOX5
mediated and that it can be related to loss of the proliferative qui-
escence of the QC.

The GRAS (GIBBERELLIN-INSENSITIVE [GAI], REPRES-
SOR of gal-3 [RGA], SCARECROW) family transcription factor
SHR moves out of the provascular tissues to the endodermis, the
cortex-endodermis initial cells, and the QC, where it activates
transcription of another member of the same family, SCR, which
is essential for stem cell niche activity and maintenance of root
indeterminacy (Nakajima ezal, 2001; Sabatini ezal., 2003). In
the mko2 background, no changes in SCR promoter activity were
observed (Fig. 4b, panels 1—4), which is consistent with the phe-
notype observed in the azdfb-1 allele (Fig. S4). When the QC
cells divided periclinally, the pSCR::H2B::YFP marker was pres-
ent in both cell layers in both allelic mutants. Similar to WOX5,
PSCR activity was detected until RAM consumption.

Other important players in QC specification are the PL77 and
PLT2 genes from the APETALA2/Ethylene Responsive Factor
(AP2/ERF) transcription factor family; they are required for stem
cell activity and are redundantly involved in the preservation of
root indeterminacy (Aida eral, 2004; Galinha eral, 2007).
When WOX5 is mutated it accelerates determinate development
in both ser-4 and pltl plt2 (double) mutants (Sarkar ez al., 2007),
demonstrating that all three pathways apparently act synergisti-
cally to maintain indeterminate root growth. In the mko2
mutant, PLT] promoter activity was similar to that in WT and
was present until complete loss of the RAM (Fig. 4c¢, panels 1-4).
Interestingly, the same behavior of the QC markers was found in

the atdfb-1 mutant. QC25 and QC184 (Sabatini ezal, 1999),
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PAGL42::GFP (Nawy etal., 2005) and pSCR::H2B-YFP expres-
sion was found to be maintained until RAM disorganization (Fig.
S4d). This analysis suggests that the folate pathway of root meri-
stem indeterminacy control is independent of SCR-SHR- and
PLT-dependent regulatory modules involved in stem cell niche
maintenance. At advanced stages, before complete meristem
exhaustion, all the markers analyzed in mko2 were barely detected
as a result of RAM disorganization (data not shown).

During the first 9 dpg, the QC in mko2 showed periclinal divi-
sions (e.g. Fig. 4a—¢, column 3). While the QC cells are com-
monly transversely aligned in WT, the mko2 mutant at 6-9 dpg
exhibits a loss of alignment leading to the RAM disorganization
that took place before meristem exhaustion. Analysis of p WOX5::
GFP suggested that root determinacy in mko2 is associated with
proliferation activity of the QC cells. To test this hypothesis, we
analyzed QC behavior in mko2. In WT, the QC cells divide
rarely and in young seedlings the QC is commonly one cell layer
thick (Bennett & Scheres, 2010). In mko2 at 2-3 dpg, the QC
thickness (height), expressed as number of cells, was the same as
in WT and by 6 dpg it was close to two cells in height. This was
27% greater than in WT (Fig. 5a), suggesting that periclinal divi-
sions in the QC were more frequent in the mutant. Remarkably,
in spite of the absence of differences in the number of cells in
seedlings at 2-3 dpg (Fig. 5b), the QC thickness increased in unit
length and was 41% greater in mko2 compared with WT, indi-
cating unusual longitudinal growth of the QC cells. The same
differences were found in plants at 6 dpg (Fig. 5a). These results
showed that both activation of QC cell proliferation and their
longitudinal expansion were abnormal in mko2. Lack of quies-
cence in the QC could inhibit stem cell functions, promote their
differentiation and eventually lead to RAM exhaustion.

FPGS1/AtDFB is required for indeterminate root growth
independently of auxin gradients

RAM organization and stem cell activity depend on auxin gradi-
ents established in the apex (Friml eral, 2004; Blilou etal,
2005) with a maximum in the QC (Sabatini ez al., 1999; Peters-
son et al., 2009). A loss of the auxin maximum in the RAM leads
to its consumption (Friml ez 4/, 2004). Monitoring of the auxin
response with DR5rev::GFP showed that, while the QC cells
divided periclinally in mko2, DR5rev::GFP fluorescence was
found in the QC cell daughter cells and was maintained in the
columella. Even in mko2 seedlings at 9 dpg, when stem cell niche
organization was significantly altered, the DR5rev::GFP expres-
sion pattern was conserved (Fig. 4d, panels 1—4). There was no
difference in GFP signal intensity in mko 2 versus WT (Fig. 4d,
insets in panels 2 and 3). An essentially similar DR5rev::GFP
expression pattern, although in fewer cells, was reported for the
allelic atdfb-1 mutant (Srivastava et al., 2011a) in which determi-
nate growth was only found in a small fraction of seedlings
(Fig. 2¢). These results suggested that the auxin gradients estab-
lished in the root tip were not abolished. To test this hypothesis,
we analyzed the expression pattern of pAUX1::AUXI::YFP (Swa-
rup etal., 2001), pPIN3::PIN3::GPF (Friml etal., 2002b), and
pPIN4::PIN4::GPF (Friml et al., 2002a) markers and found that,
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Fig. 4 Disorganization of the Arabidopsis thaliana moots koom2 (mko2) root apical meristem, and expression of various markers with and without
monoglutamylated tetrahydrofolate treatment. Expression of (a) pWOX5::GFP, (b) pSCR::H2B::YFP, (c) pPLT1::CFP, (d) DR5rev::GFP, (e) pAUX1::AUX1::
YFP and (f) pPIN3::PIN3::GFP markers was analyzed. The first column shows the wild type (WT) roots. Columns 2—4 show developmental changes over a
9 d post-germination (dpg) period leading to root apical meristem (RAM) exhaustion; seedling age is indicated (d corresponds to days post-germination).
As RAM exhaustion was asynchronous, at the same age a more or less advanced RAM consumption stages can be found. The fifth column shows the
seedlings at 9 dpg (except for pWOX5::GFP, 6 dpg) germinated and grown in the medium supplemented with 500 uM 5-formyl-tetrahydropholate (5-
CHO-THF). The sixth column shows untreated control seedling roots of the same age. Arrowheads indicate the quiescent center. For each marker line, age
and condition, n=10-13, except for the data shown in the last two columns (n =5). All insets shown in columns 5 and 6 show quantification of fluorescent
signal in respective marker lines (n =5); in all cases no significant difference was found (P> 0.05; Student's ¢-test). Insets in (d), panels 2 and 3 show
quantification of fluorescence signal in grouped samples of seedlings at 2-3 and 6 dpg, respectively; n=11-13; no significant difference was found
(P>0.05; Student's t-test). Green bar, WT; yellow bar, mko2. Bars, 30 pm.
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Fig. 5 The quiescent center (QC) size is altered in the Arabidopsis thaliana
moots koom2 (mko2) mutant compared with wild type (WT). (a) The QC
thickness (height) expressed in micrometers. (b) The QC thickness
expressed as the number of cells along the longitudinal axis; d corresponds
to days post-germination; open and closed bars indicate WT and mko2
mutants, respectively. Mean + SD; n = 17-22; different letters indicate
statistically significant differences following ANOVA multiple comparison
Tukey test at P<0.05.

while the RAM was preserved, the expression pattern for the
AUXI influx carrier was similar to that in WT (Fig. 4e, panels 1—
4). PIN-FORMED 3 (PIN3) and PIN4 efflux carriers are impor-
tant for stem cell niche patterning and correct RAM organization
(Friml ez al., 2002a; Blilou et al., 2005). We found that the gen-
eral PIN3 (Fig. 4f, panels 1-4) and PIN4 (Fig. S3d) expression
pattern was maintained. This suggests that the IDS controlled by
FPGS1 can be independent of auxin gradients. To confirm this,
we grew the mutant seedlings in the presence of auxin and found
no root growth recovery. General patterns of root growth inhibi-
tion and lateral root initiation induced by auxin were similar to
those in WT (Fig. S5), further suggesting unaltered auxin

responses in the mutant.

The indeterminacy-to-determinacy switch depends on
folate status

In the mko2 mutant the other two isoforms, FPGS2 and FPGS3,
should maintain enzymatic activity to some extent, even though
their transcript level is lower than in WT (Fig. 3¢). As mentioned
above, mko2 seedlings re-established indeterminate primary root
growth in the presence of 5-CHO-THEF (Fig. S1f,g). RAM orga-
nization and the expression of the studied molecular markers and
auxin transporters in mko2 roots treated with 5-CHO-THF were
also mainly re-established (Fig. 4, last two columns). Quantitative
analysis showed that pPLT1::CFP fluorescence was re-established
to the same level as in WT (Fig. 4c, insets in the last two col-
umns). DR5rev::GFP and pPIN3::PIN3::GFP expression was
more variable in ko2 roots grown on media supplemented with
5-CHO-THEF; however, no statistically significant difference in
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signal intensity was found compared with WT (Fig. 4d,f, insets
in the last two columns). The mko2 root growth recovery was
similar to that observed in an allelic null mutant, azdfb-1 (Srivast-
ava et al., 2011a), and therefore other FPGS isoforms may partic-
ipate in re-establishment of folate metabolism in these allelic
mutants. Considering that folates are essential for one-carbon
metabolism and that methionine synthesis is Cl-dependent
(Ravanel ez al., 2011), we investigated whether mko2 root growth
can also be restored by methionine, similar to a#dfb-1 (Srivastava
etal., 2011a). We found that mko2 determinate root growth
became indeterminate, although the primary root growth rate
was lower than in WT (Fig. S1h). This finding implies that the
RAM function was at least in part compromised by deprivation
of the C1 metabolism-dependent products. Therefore, we suggest
that the FPGS1 function prevents RAM determinacy through
both a specific requirement for FPGS1 in stem cell niche mainte-
nance and a general role in maintenance of folate-dependent C1
metabolism. If the presence of folates is essential for indetermi-
nate root growth, then inhibition of folate synthesis should cause
root determinacy. To test this hypothesis, we grew WT seedlings
in the medium supplemented with 25 nM methotrexate, a com-
pound that strongly inhibits folate synthesis (Crosti, 1981; Ap-
pleman ezal, 1988; Prabhu eral, 1998). We found that the
primary root did not reach >2 mm in length and all seedlings
exhibited complete RAM exhaustion and determinate growth of
the primary root (Fig. S6).

FPGS1 is also involved in lateral root primordium
morphogenesis

FPGS1 activity was originally identified in plastids (Ravanel
etal., 2001). However, transient expression of pFPGS1::FPGS1::
GFP in tobacco cultured cells showed GFP signal in both plastids
and the cytosol (Srivastava eral, 2011b). Using pFPGSI.:
FPGS1::GFP, we transformed ardfb-1 and mko2 mutants and
detected GFP expression in the cytoplasm of the root tip cells.
We also found that GFP expression was highest in the RAM of
the primary root and LRs and in LR primordia (LRP) (Fig. S7).
High FPGSI expression in the LRP prompted us to investigate
whether FPGS1 has a role in LR development. We found an
increase in the density of LR initiation events (for both LRs and
LRP) in mko2. However, because the elongated cells were much
shorter in both the mko2 and ardfb-3 mutants, the LR initiation
index (Dubrovsky eral, 2009) remained the same as in the
respective WT (Fig. S8a—c). Therefore, LR initiation was not
affected in mko2. However, the mutant seedlings showed delayed
LR emergence. In WT and mko2 seedlings at 6 dpg, emerged
LRs represented 42% and 18% of all LR initiation events, respec-
tively (z=237 LR initiation events in 15 WT primary roots and
50 events in 16 mko2 primary roots), indicating slower primor-
dium development in the mutant. In mko2 and atdfb-3 mutants,
a majority of the LR primordia were also abnormal (Fig. 6a).
Defects in primordium morphogenesis in ko2 were related to
the disturbed balance between periclinal and anticlinal divisions:
at the same developmental stage, in the external primordium cell
layer a greater number of cells were found in mko2 compared
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with WT. Also, periclinal divisions in the external primordium
layer were spread to a greater extent than in the WT, resulting in
abnormal primordium shape (compare Fig. 6b,c). Neither azdfc
nor atdfd mutants had these developmental abnormalities (Fig.
S8f). Moreover, the LR initiation index in azdfc was similar to
that in mko2, and a slight decrease was found in azdfd (Fig. S8¢c).
These results demonstrated a nonredundant requirement for
FPGS1 for LR primordium morphogenesis. In spite of the pat-
terning abnormalities, emerged lateral roots had apparently inde-
terminate root growth. The time of emergence of individual LRs
was recorded and their apices were analyzed under the micro-
scope 20 d later. None of the LRs analyzed showed root determi-
nacy (n=20; Fig. S8d,e). Nevertheless, similarly to the primary
root, LR growth was very slow in the 72402 mutant and the whole
root system still had not reached 5 mm in length at 15 dpg (data
not shown).

Discussion

It was shown previously that folate polyglutamylation is impor-
tant for root meristem maintenance (Srivastava ezal, 2011a).
Here we extended this analysis and now provide compelling evi-
dence that folate polyglutamate (vitamin B9) production repre-
sents a new pathway involved in IDS control. Interestingly,
another vitamin (B6, pyridoxine) is also essential for root growth.
A loss-of-function mutation in PYRIDOXINE SYNTHASE 1
strongly inhibits A. thaliana root growth and diminishes meri-
stem length but, in contrast to the mko2 mutation, does not
induce RAM consumption (Chen & Xiong, 2005). This and
many other examples of reduced RAM length show that the
developmental program for maintenance of meristem size is dif-
ferent from that for the maintenance of indeterminacy. When
the former program is compromised, a smaller meristem is
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preserved, whereas when the latter program does not operate, the
whole meristem becomes consumed. Therefore, the IDS repre-
sents a specific developmental pathway in the regulation of RAM
behavior in general and we propose that it is a different level of
regulation of root meristem development in addition to meristem
maintenance.

A key question is whether the IDS in mko2 was caused by a
generally weakened metabolism resulting from disturbed C1
metabolism or whether it was specifically dependent on the role
of FPGSI in root development. We believe that both possibilities
are valid. Comparison of mko2 and atdfb-1 versus the respective
WT indicates that the FPGSI mutation in the Ler background
led to a greater deficiency of polyglutamylated folates (21% and
69% of WT amounts were available in mko2 and atdfb-1 roots,
respectively). This might explain the more drastic metabolic
changes and stronger phenotype in mko2 versus atdfb-1. A lower
folate polyglutamylation level can impact one-carbon metabolism
reactions as a result of decreased folate retention within compart-
ments and because of the preference of many folate-utilizing
enzymes for the polyglutamylated forms of folates. For example,
methionine synthase does not have significant activity with
monoglutamylated form of 5-CH3-THEF (Ravanel ez al., 2004).

The A. thaliana primary root executes either indeterminate
(under normal growth conditions) or determinate (under phos-
phate-deficiency conditions) developmental programs (Sdnchez-
Calderé6n eral., 2005). At some developmental time, the transi-
tion from the indeterminate to the determinate program under
low phosphate has a point of no return because no stem cells
could maintain their function (Sanchez-Calderdén ezal, 2005).
Similar behavior was found in 7402 when the mutant first grew
in folate-free medium and then after different time intervals was
transferred into folate-containing medium (data not shown).
In this case, recovery was possible only when mko2 seedlings were

(©)

Fig.6 FOLYLPOLYGLUTAMATE SYNTHETASE1 (FPGS1)/DIHYDROFOLATE SYNTHETASE-FPGS homolog B (AtDFB) is required for Arabidopsis thaliana
lateral root primordium morphogenesis. (a) Percentage of lateral root primordia (LRP) with normal morphogenesis in moots koom2 (mko2) and atdfb-3
versus the respective wild type (WT). Mean = SE for three samples, four seedlings each; number of primordia per sample was 10-18 (mko2) and 53-69
(WT). Statistically significant differences were determined using Student's ¢-test: *, P<0.05. (b, ¢) Examples of abnormalities in primordium morphogenesis
in mko2 (c) as compared with WT Ler (b) at stages Il and VI. Black arrowheads indicate anticlinal divisions that took place at stage I. White arrowheads
show the portion of the primordium dome where in the external cell layer periclinal division took place. Asterisks show these periclinal divisions; arrows
indicate abnormally oriented divisions. All the data are for seedlings at 6 d post-germination (dpg). Bar, 40 pm.
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transferred before RAM exhaustion (Fig. S1f). These observa-
tions indicate that overall the IDS concept can be applied to both
WT A. thaliana and the mko2 mutant. The fact that WT plants
could phenocopy mko2 when treated with an inhibitor of folate
synthesis (Fig. S6) suggests that endogenous folate levels are
involved in the regulation of the transition from root indetermi-
nacy to determinacy. Also, the correlation between a lower
abundance of polyglutamylated folates and a stronger root
phenotype in mko2 in Ler versus atdfb-3 in Col-0 (Fig.2e)
supports the possibility that folates emerge as endogenous regula-
tors of the IDS in A. thaliana.

A puzzling question is how to explain the finding that exoge-
nous treatment with 5-CHO-THF reversed determinate growth
to indeterminate (Fig. S1f), whereas this same folate species accu-
mulated endogenously in the mutant (Fig. 3b). A possible expla-
nation could be related to compartmentalization of folate species
essential for cell proliferation. 5,10-CH=THF is synthesized
from 5-CHO-THEF only in mitochondria and is a precursor for
10-CHO-THF, which donates C1 for synthesis of purine and
formyl-methionyl-tRNA, required for DNA synthesis during cell
cycle S-phase (Fig. 1; Ravanel eral, 2011). The short-root phe-
notype in mko2 suggests that the observed accumulation of 5-
CHO-THEF in the mutant tissues took place in compartments
other than the mitochondria, where it could not be metabolized.
However, when 5-CHO-THEF is present in the growth medium
at a high concentration, root growth is re-established. We
hypothesize that this monoglutamylated folate species in the
medium creates a stoichiometric shift, which partially recovers
cellular folate metabolism with the aid of FPGS2 and three iso-
forms.

Stem cell niche behavior in the 7402 mutant was remarkably
similar to that in the ccs5242 mutant (Vanstraelen ez /., 2009):
the QC cells became activated before RAM exhaustion, distal
stem cells became differentiated, and PLT1 and WOX5 activities
were present until RAM exhaustion. In both cases, abnormal QC
function promotes distal stem cell differentiation, similar to
laser-ablated QC cells (Van Den Berg ez al., 1997). However, it is
worth noting that QC activation does not always lead to root
determinacy. Ethylene also promotes QC cell division but its
identity and function are maintained and no IDS is turned on
(Ortega-Martinez et al., 2007).

It has been previously shown that, in mutant seedlings showing
root determinacy, cell division activity in the RAM and the cell
proliferation domain can be present during a very narrow win-
dow of time, as in the shr (Lucas ez al., 2011) and ccs5242 (Vanst-
raelen ezal., 2009) mutants. Alternatively, it can be maintained
for a more extended time before the determinacy program is
turned on, as in the scr (Sabatini et 4/, 2003) mutant. Interest-
ingly, under natural conditions, as in the constitutively present
determinacy program in Cactaceae, both scenarios are functional
(Dubrovsky, 1997; Dubrovsky & Gomez-Lomeli, 2003; Shishk-
ova etal., 2013), suggesting that this developmental program
does not depend on whether the RAM cells above the stem cell
niche maintain cell division for a longer or shorter time. In mko2,
meristematic cells were found in the root tip before RAM con-
sumption,  suggesting  that during RAM  exhaustion
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developmental changes in both the stem cell niche and the prolif-
eration domain are taking place in a coordinated manner. Our
data indicate that the maintenance of root indeterminacy and
normal stem cell niche function is impossible without FPGS1
activity, while other regulatory modules involved in RAM main-
tenance are not affected.

The finding that the IDS was independent of auxin gradients
in this study is in agreement with the absence of changes in auxin
tissue content in A. thaliana seedlings treated with an inhibitor of
THF biosynthesis (Stokes eral., 2013). RAM exhaustion of the
A. thaliana triple mutant in the GRAS transcription factors
HAIRY MERISTEM], 2, and 3, which also has root determinacy,
is similarly independent of auxin gradients (Engstrom eral.,
2011). Nevertheless, we cannot exclude a link between folate
metabolism and auxin signaling, specifically in the QC. High
auxin concentrations and maximum response in the QC are
involved in its function as a stem cell niche (Bennett & Scheres,
2010). Creation of this maximum depends on WOX5-regulated
auxin synthesis in the QC cells, which in turn is IAA17-depen-
dent (Tian etal., 2013). The mko2 mutant shows an expanded
WOX5 expression domain, similar to the 7aal//axr3 mutant
(Tian etal, 2013), which could be related to IAA17 function
and may suggest possible interactions between folate and auxin
signaling pathways.

Interestingly, the IDS can be turned on in roots that show
both a lower auxin content, as in 35S::PID (Friml et al., 2004),
and a higher auxin content, as in shr (Lucas ezal., 2011), com-
pared with WT. This also suggests that this developmental switch
is not entirely auxin dependent. The auxin response and auxin
transporter expression were maintained in the mko2 and are in
line with this idea. The fact that FPGSI is found among QC-
enriched transcripts (Nawy ezal, 2005) and that it is highly
expressed in cortex-endodermis initial cells and their daughters
(Sozzani eral., 2010) supports its pivotal role in stem cell niche
function. Indeed, as shown here, the mko2 QC loses its quies-
cence and this appears to be a critical step in the transition to
RAM determinacy. Therefore, our data reinforce the concept that
the QC is required for indeterminate root growth (Rodriguez-
Rodriguez eral.,, 2003; Sabatini eral, 2003; Aida ezal., 2004).
We show that this requirement is FPGS1 dependent.

FPGS1 is mainly involved in the root and not in the develop-
ment of other plant organs. FPGSI, in contrast to FPGS2 and
FEPGS3, is strongly expressed in the RAM and in the young dif-
ferentiation zone of the root, with the highest expression level in
the protoxylem-adjacent pericycle and LR primordium (Brady
etal., 2007; Winter et al., 2007). Concordantly, FPGS1, but not
FPGS2 or FPGS3 is co-expressed with other genes specifically in
roots (Fig. S9, Table S1) and the phenotypes of loss-of-function
mutants in other FPGS genes did not show abnormal root devel-
opment (Mehrshahi ezal, 2010; Jiang ezal, 2013), similar to
our root growth analysis (Fig. 2a). Moreover, we found abnor-
malities in LR primordium morphogenesis only in fpgs/ mutants.
In spite of the role of FPGS1 in LR development, no effect on
LR initiation was found in the mko2, atdfb-3, and atdfc mutants.
The decrease in the LR initiation index found in azdfd was only
23% (Fig. S8a—c). The fact that LR initiation was unaffected in
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FPGSI mutants suggests that the role of FPGSI in root develop-
ment is not related to a general inhibition of cell proliferation.
Based on the number of LR initiation events, it has been reported
that the azfc mutant is impaired in LR initiation under nitro-
gen-limiting conditions (Jiang ez al., 2013). However, a compari-
son of the primary root length and the number of LR initiation
events reported in this study shows that both parameters changed
proportionally, indicating that LR inidation is not affected in
atdfc either. Surprisingly, emerged LRs in mko2 did not show
determinacy (Fig. S8d,e) but their growth was inhibited to a
comparable extent as that of the primary roots.

Based on the abnormal patterning of the primary root
meristem, meristem exhaustion, defective LR primordium mor-
phogenesis, and delayed LR emergence found in the mko2 and
atdfb-3 mutants, FPGS1 emerges as an important player involved
in root architecture development and plasticity. One component
of root system architecture plasticity is determinacy of LRs, as in
maize (Zea mays) plants (Varney & McCully, 1991). Our data
suggest that FPGS1 can act as a potentially important player in
the control of the IDS, and further studies are required to
uncover its role in plant root system plasticity regulation in crops
under natural growth conditions.
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