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1 | INTRODUCTION

Leaves are the organs of photosynthesis, capturing light energy and
converting it into chemical energy via the photosynthetic machinery
located in the chloroplasts of its chlorenchyma cells. The development
of a leaf is complex and relies on the precise regulation of various

Abstract

Because of their photosynthetic capacity, leaves function as solar panels providing
the basis for the growth of the entire plant. Although the molecular mechanisms of
leaf development have been well studied in model dicot and monocot species, a lot
of information is still needed about the interplay of the genes that regulate cell divi-
sion and differentiation and thereby affect the photosynthetic performance of the
leaf. We were specifically interested in understanding the differentiation of meso-
phyll and bundle sheath cells in Arabidopsis thaliana and aimed to identify genes that
are involved in determining bundle sheath anatomy. To this end, we established a
forward genetic screen by using ethyl methanesulfonate (EMS) for mutagenizing a
reporter line expressing a chloroplast-targeted green fluorescent protein (sGFP)
under the control of a bundle sheath-specific promoter. Based on the GFP fluores-
cence phenotype, numerous mutants were produced, and by pursuing a mapping-
by-sequencing approach, the genomic segments containing mutated candidate genes
were identified. One of the lines with an enhanced GFP fluorescence phenotype
(named ELEVATED BUNDLE SHEATH CELLS SIGNAL 1 [ebss1]) was selected for fur-
ther study, and the responsible gene was verified by CRISPR/Cas9-based mutagene-
sis of candidate genes located in the mapped genomic segment. The verified gene,

At2g25970, encodes a K homology (KH) domain-containing protein.
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steps such as cell division, proliferation, and cell differentiation. These
developmental processes have been extensively studied in the model
plants Arabidopsis thaliana and Zea mays, and numerous regulators of
leaf development could be identified with various genetic approaches
(Conklin et al., 2019; Nakayama et al., 2022; Nelissen et al., 2016;
Nikolov et al., 2019), but it is still poorly understood with respect to
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how anatomy and morphology of a leaf influence its photosynthetic
performance. Such an information, however, is required, if the photo-
synthetic output of a leaf (Long et al., 2015; Ort et al., 2015) is to be
enhanced or if its mode of photosynthesis is to be redesigned by
introducing a Cy-like photosynthetic pathway into C3 crops
(Ermakova et al., 2020; Mitchell & Sheehy, 2006).

The high efficiency of C4 photosynthesis is intimately associated
with a division of labor between two different leaf cell types, meso-
phyll and bundle sheath cells (Hatch, 1987), that are organized in a
wreath-like structure called Kranz anatomy (Dengler & Nelson, 1999;
Sedelnikova et al., 2018). Promoter reporter gene studies have shown
that bundle sheath specific/preferential promoters of the genes
encoding the P and the T subunits of glycine decarboxylase the Aster-
acean C4 species Flaveria trinervia maintain the BS expression in the
Brassicacean Cj species A. thaliana (Emmerling, 2018; Engelmann
et al., 2008; Wiludda et al., 2012). Vice versa, the bundle sheath spe-
cific/preferential promoter of the sulfate transporter gene SULTR2;2
of A. thaliana was shown to retain BS specificity in the C4 species

(@)  Reporter line
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Flaveria bidentis (Kirschner et al., 2018). These findings suggested that
the gene regulatory systems of the bundle sheath in these two fami-
lies share a large degree of conservation, although the two families
separated about 125 Mya years ago (Westhoff & Gowik, 2010).
Because of its easy genetic tractability, A. thaliana should therefore be
a straightforward genetic system to identify genes affecting the devel-
opment and function of the bundle sheath in dicots (Déring
et al., 2019; Westhoff & Gowik, 2010).

Since alterations in the size of bundle sheath cells or their chloro-
plast numbers are difficult to detect in large-scale phenotypic screens,
we pursued a reporter gene strategy (Page & Grossniklaus, 2002). The
bundle sheath and its chloroplasts were labeled by a chloroplast-
targeted green fluorescent protein (sGFP; Figure 1a; Doring
et al., 2019) that was driven by the bundle sheath preferential GLDPA
promoter of F. trinervia (Engelmann et al., 2008). We expected that an
increase in bundle size/volume or in chloroplast numbers due to a
mutation should lead to an enhanced GFP fluorescence. Seeds from
homozygous lines of A. thaliana carrying the pGLDPAE::TPgrycs-SGFP
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FIGURE 1 Fluorescent characteristics of
ebss1 compared with the reporter line. (a) GFP
fluorescence images of the first leaf of
3-week-old EMS lines ebss1 and the reporter
line. (b) Relative changes of the GFP signal
intensity in ebss1, the reporter line. The
relative signal intensity was measured from
the whole leaves of 15 plants and normalized

Reporter line

ebssl

with the leaf area. The data show mean + SD
from 15 individuals, the asterisk (**) indicates
at-test P < .01.
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reporter gene construct (called the reporter line) were mutagenized
with ethyl methansulfonate (EMS), and stable mutant lines of the M2
generation showing aberrant GFP expression were chosen for further
analysis. Mutant loci were located by applying the SHORE mapping
approach (Schneeberger et al., 2009) to a F2 backcross population
constructed by crossing homozygous mutant F2 plants to the non-
mutagenized reporter line (Déring et al., 2019).

In this study, we selected the ELEVATED BUNDLE SHEATH CELLS
SIGNAL 1 (ebss1) mutant line (Figure 1a) for identifying the causative
candidates for the ebss1 mutant phenotypes. The candidate genes
that were located in the mapping interval were tested for being
responsible for the mutant phenotype by using CRISPR/Cas9 genetic
modification (Schiml et al., 2014). By this approach, we identified
At2g25970 encoding a K homology (KH) domain-containing protein

to be responsible for the ebss1 mutant phenotype.

2 | MATERIALS AND METHODS
21 | Mutant screening, mapping of mutant loci,
and growth of plants

The mutagenesis of the pGLDPAE::TPgrycs-SGFP reporter line of
A. thaliana (ecotype Columbia) with EMS, the screening and isolation
of candidate mutants, the SHORE mapping of mutant loci, and condi-
tions for growing Arabidopsis plants have been described by Doring
et al. (2019).

2.2 | Preparation of CRISPR/Cas9 constructs

For CRISPR/Cas9 constructs, 20-bp-long single guide RNAs (sgRNAs)
were designed from the gene of interest (GOI) containing PAM motif
(NGG) sequences. The sgRNAs were designed in such a way that they
targeted an exon of GOI and preferably no off-target sequence with
maximum mismatches number 3 (http://www.rgenome.net/cas-
offinder/). Primers (Table S1; 1/2 for At2g24610, 7/8 for At2g25220,
14/15 and 17/18 for At2g25970) were annealed, and the annealed
primers were ligated (50-ng PFH6, 1-uL T4 ligase, 2-uL T4 buffer,
1.16-ng sgRNA, and H,O up to 20 L) into Bbs1-digested plasmid
PFH6 (GenBank accession number KY080689; Hahn et al., 2017).
After transformation into DH5a competent E. coli cells (ThermoFisher
Scientific), colonies of recombinant bacteria were selected, and the
correct insertion of the guide RNA was confirmed by Sanger sequenc-
ing (LGC Genomics, Berlin, Germany). sgRNA including the entire
U6-26 promoter-sgRNA cassette was amplified from PFHé6 using Phu-
sion PCR polymerase (Table S1; 36/38 and 37/39), and after purifica-
tion on agarose gels, the sgRNA was cloned into Kpnl/Hindlll-digested
vector pUB-Cas9 (GenBank accession number KY080691; Hahn
et al., 2017) through Gibson cloning (Gibson et al., 2009). Recombi-
nant colonies were identified by PCR, and plasmid DNA was isolated
from positive colonies by using the Qiagen MiniPrep Kit and verified

by sequencing (Hahn et al., 2017).
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2.3 | Transformation of A. thaliana with CRISPR/
Cas9 constructs and selection of positive
transformants

The CRISPR/Cas9 constructs carrying the sgRNA of the
At2g24610, At2g25220, and At2g25970 genes in vector pUB-Cas9
were transformed into Agrobacterium tumefaciens strain AGL1 by
electroporation (Lazo et al., 1991). Positively transformed Agrobac-
terium cells were verified by colony PCR followed by digestion of
the extracted plasmids by suitable restriction enzyme and trans-
formed into the reporter line via the floral dipping method (Zhang
et al., 2006).

Surface-sterilized seeds of the CRISPR/Cas9-mutated reporter
plants were sown on Petri dishes containing half-strength Murashige
and Skoog medium containing 50-pgmL~! hygromycin B (H0654,
Sigma Aldrich), and hygromycin resistant plants were finally trans-
ferred to soil as describe in Déring et al. (2019). Whole-genomic DNA
was isolated from 5-week-old T1 plants mutated in At2g24610,
At2g25220, and At2g25970, and the presence/absence of Cas9 was
assessed with PCR amplification (Table S1; 36/37). All T1 plants were
self-pollinated and screened in the T2 and T3 generations to get
homozygous mutant lines. The mutant screening was initially based
on GFP signal followed by PCR amplification of the mutated gene and
confirmation by Sanger sequencing.

24 | Mutant screening in the T2 generation and
quantification of GFP signal

The first rosette leaf pairs of 17-day-old T2 plants of At2g24610,
At2g25220, and At2g25970 were screened for aberrant GFP
expression under a fluorescent binocular microscope (Axio Imager
M2m Zeiss, Oberkochen, Germany). After that, leaf genomic DNA
was isolated from T2 plants (10 plants for each line) and amplified
with gene-specific primers (Table S1; 3/4, 10/11, and 18/19) using
Phusion High Fidelity DNA polymerase. PCR products were purified
using the Qiagen PCR Purification Kit and then sequenced to detect
Cas9-induced mutations. Selected homozygous mutant lines were
screened again in T3 and T4 generations to confirm the aberrant
GFP phenotype compared with the ebssl and reporter line. The
GFP signal intensity was measured from whole leaves using Image J
and normalized to the leaf area (Doring et al, 2019; Schneider
et al,, 2012).

2.5 | Microscopic analysis of leaf tissue

Leaf tissue was prepared for light microscopy according to Akhani
and Khoshravesh (2013). Fully expanded second leaves of 25-day-
old plants were used, which were grown under optimal light condi-
tions (16 h light and 8 h dark, by 22°C). Leaf edges and the midvein
were removed, and the remaining of the leaf was cut horizontally to

use the mid area (3 x 5mm) of the leaf. Leaf samples were
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immediately fixed in the solutlon containing 1% glutaraldehyde,
1 paraformaldehyde, and .1 M sodium cacodylate. The fixed leaf tis-
sues were washed twice with sodium cacodylate (30-min incubation
each) followed by post-fixation in 1.5% osmium tetraoxide (OsO4)
for 3 h. Leaf samples were then rinsed twice (each 30 min) with a
fixative solution followed by dehydration in a gradient of ethanol
starting from 10% and ending at 100% (1-h incubation in each step).
Tissues were then infiltrated and embedded subsequently in Araldite
resin:propylene oxide solutions (1:3, 1:1, 3:1, and 100% Araldite) fol-
lowed by final polymerization for 72 h at 60°C. The resin-embedded
blocks were then cut with a microtome to obtain 2-um-thick sec-
tions and stained with toluidine blue.

2.6 | RNA quantification by quantitative real-time
PCR (qPCR)

Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen) from
rosette leaf of 25-day-old plants grown under standard growth condi-
tions. cDNA was synthesized from 1-ug RNA using the Quantitect
Reverse Transcription Kit (Qiagen, Hilden, Germany), and the purity
and integrity of the cDNA were verified by agarose gel electrophore-
sis. qPCR was performed with KAPA SYBR FAST gPCR Master Mix
Universal (KAPA Biosystem, Roche Sequencing and Life Science) using
the ABI7500 Fast Real-Time PCR system following the standard pro-
cedure. The gene-specific primers used in the gPCR amplified 120- to
150-bp coding region of the gene (Table S1; 22/23, 24/25, 26/27,
and 28/29). The abundance of actin primers was used as a reference
(Table S1; 30/31).

2.7 | Leaf size measurement

The second rosette leaf pairs of 24-day-old mutant lines ebss1,
At2925970-1, At2g25970-2, At2g25970-3, and reporter line were
photographed and measured the leaf area with image J (Version
2..0-rc-69/1.52p).

3 | RESULTS

The EMS mutant line ebss1 was isolated from the forward genetic
screening of A. thaliana as explained in Doring et al. (2019). The ebss1
mutant line showed an elevated level of signal intensity of the GFP
reporter gene in bundle sheath and vascular tissue (Figure 1a). Quanti-
fication of GFP signal intensity showed more than a 30% increase in

the expression of the reporter gene (Figure 1b).

3.1 | Location and effects of the mutations in the
candidate genes At2g24610, At2g25220, and
At2g25970

Applying an allele frequency >.9 in SHOREmapping (see Figure S1)
revealed three candidate genes for the ebss1 mutant line (At2g24610,
At2g25220, and At2g25970) that were located on chromosome Il in a
sequence interval between 10 and 12 Mbp (Figure 2). In each of the
candidate genes, the EMS-induced mutations resulted in a single
nucleotide polymorphism (SNP) within the coding region. In
At2g24610, the SNP was located in exon-3, changing the 716th codon

Chromosome |l

Length © 2 4 6 8 10

Mbp | | | ! | l

12 14 16 18 20

At2g24610

282 kb

—I—-—*—-—-—-—-'>

Gly - Glu

At2g25220

‘ At2g25970

326 kb

< ———

Stop codon

41188 5uu.ma—

Pro - Leu

FIGURE 2 Mapping and location of candidate genes of the ebss1 mutation on chromosome Il. Allelic frequencies for all SNP were isolated
from whole-genomic sequencing of the reporter line and backcrossed F2 mutants as described (Doring et al., 2019). Genes showing allelic
frequencies > .9 were selected as candidate genes. The blue triangle denotes the SNP positions.
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from GGA to GAA and resulting in an amino acid substitution of Gly-
cine to Glutamic acid. In At2g25220, the mutation was observed in
exon-5, altering the 716th codon from CCT to CTT and causing an
amino acid substitution of Proline by Leucine. In At2g25970, the SNP
was identified in exon-6 within the codon 1456th codon converting
CAG, the codon for Glutamine into the stop codon UAG.

3.2 | Analysis of ebss1 candidate genes by
CRISPR/Cas9 mutagenesis

To identify the gene responsible for the ebss1 mutant phenotype, we
generated CRISPR/Cas9-induced mutant lines for At2g24610,
At2g25220, and At2g25970 as described in Section 2. The CRISPR/
Cas9 vector used in this study encoded sgRNAs that targeted exon-2
of At2g24610, exon-3 of At2g25220, and exon-1 of At2g25970,
respectively (Figure 3a). As a result, various mutant alleles were
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detected, ranging from one or two base pair indels to a large deletion.

Detailed information regarding the various types of mutation obtained
and their effects are shown in Figure 3b.

Screening of CRISPR/Cas9-induced mutant lines of all three can-
didate genes for ebss1 in the T3 generation revealed that the GFP
fluorescence signals of the mutant lines At2g24610 and At2g25220
were similar to that of the reporter line, that is, they did not show the
enhanced fluorescence phenotype typical for ebssl. In contrast,
At2g25970 mutant plants exhibited a high GFP fluorescence pheno-
type (Figure 4a). To corroborate the finding, the first leaves from
50 T3 plants homozygous for mutant alleles of At2925970-1/2/3
each were harvested, and GFP fluorescence was quantified. Figure 4b
shows that the GFP signal intensity of the CRISPR/Cas9 induced
mutant lines (At2925970-1, At2g25970-2, and At2325970-3) is about
30% higher than the reporter line and similar to that of ebss1. We
concluded from this finding that At2g25970, if mutated, leads to an
increased GFP fluorescence and thus causes the ebss1 phenotype.

(@) Ae2a610 —B— >
A A

A2g25220 «—g——l——I

——.—

M2e25970 < — .
A

(b)

Mutation Protein

type

Reporter line ACTTCTAGAGTGTTTGGTCGTGGAGAACTTGTGAAAGATCCTAAGTT

Ar2g24610-1 ACTTCTAGAGTGTTTG -TCGTGGAGAACTTGTGAAAGATCCTAAGTT -1

Premature stop

Reporter line CCCTCGAGAAAGCGACAGGCGGTTTTAAAGAAAGTAGTGTAAT

Ar2g25220-1 ----------------- 131bp-------mmmmmm e o -131 Premature stop
Ar2g25220-2 CCCTCGAGAAAGC - - - AGGCGGTTTTAAAGAAAGTAGTGTAAT -3 Threonine deletion
Ar2g25220-3 CCCTCGAGAAA----- AGGCGGTTTTAAAGAAAGTAGTGTAAT -5 Premature stop

Reporter line TC\lfTCTGGTC CGATCCCATCTGCTTCAGTTGATCCCACCGCAC C\lfACC GG

Ar2g25970-1 TCTTCTGGTCCGATCCCATCTGCTTCAGTTGATCCCACCGCACCTTACCGG +1
Ar2g25970-2 TCTTCTGGTCCGATCCCATCTGCTTCAGTTGATCCCACCGCACCTTACCGG +1
Ar2g25970-3 TCCTTCTGGTCCGATCCCATCTGCTTCAGTTGATCCCACCGCACCTACCGG +1

Premature stop
Premature stop

Premature stop

FIGURE 3 CRISPR/Cas9-induced mutations in ebss1 candidate genes. (a) Location of the EMS (blue triangle) and the CRISPR/Cas9-induced
mutations (red triangle) in At2g24610, At2g25220, and At2g25970. (b) CRISPR/Cas9-induced sequence changes and their effects on protein
level in ebss1 candidate genes. The Cas9 target regions are marked with arrows, and the PAM motif sequence is kept in light blue. Deletions are

indicated by dashes and insertions by red letters.
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At2924610-1

ebss1

(@)

Reporter line ebss1 At2g25220-1

Reporter line ebss1 At29g25970-1

(b)
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fold changes in GFP signal intensity/
100um leaf area

At2g25220-2 At2g25220-3

At29g25970-2  At2g25970-3

FIGURE 4 GFP fluorescent phenotype
of CRISPR/Cas9-induced mutation in
At2g24610, At2g25220, and At2g25970.

(a) Leaf images of GFP fluorescence of the
reporter line, ebss1, and Cas9-induced
mutant lines of At2g24610, At2g25220, and
At2g25970. (b) Quantification of GFP
fluorescence of the reporter line, ebss1, and
various mutant lines of At2g25970. The
relative signal intensity was measured from
the first leaves of 17-day-old plants,
normalized with the leaf area, and compared
with the reporter line. The data are shown
as mean * standard deviation from 50 plants
with standard t-test ** indicating P < .01.

* %k

3.3 | At2g25970 encodes a K homology
(KH) domain-containing protein

At2g25970 encodes an unknown protein that contains K homology
(KH) domains. KH domains were first detected in the heterogeneous
(hnRNP  K)
et al., 1993) and later in other organisms, among them plants

nuclear ribonucleoprotein K of metazoan (Siomi
(Lorkovic & Barta, 2002). KH domains function as nucleic acid rec-
ognition motifs and are found as single or multiple copies within a
2015; Valverde et al., 2008). The

At2g25970 protein contains two KH type 1 domains and is closely

protein (Nicastro et al,

related to At1g33680 and At4gl10070 proteins of Arabidopsis
(Figure S2).

3.4 | Phenotypic analysis of CRISPR/Cas9-induced
At2925970 mutants
3.4.1 | At2g25970 transcript level

To determine whether mutations in At2g25970 affect transcript
abundances of the gene, we performed quantitative RT-PCR analysis.
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FIGURE 5 Transcript amounts of At2g25970 in EMS- and CRISPR/Cas9-induced ebss1 mutant lines. (a) Schematic diagram of At2g25970
gene with EMS (blue triangle) and Cas9 target sites (red triangle) and the positions of forward (F) and reverse (R) primers (red arrows at exon-6)
used to detect At2g25970 transcript level in reporter and mutant lines. Filled boxes represent exons. KH1 and KH2 in the diagram depict the
K-homology domain region in the At2g25970 encoded protein (b) Transcript abundance of At2g25970 in reporter and mutant lines from 25-day-
old seedlings. Three biological replicates were analyzed for each line. RQ (relative quantification) values show fold changes in transcript
abundance as compared with the calibrator (reporter line). The error bar reflects variation among the biological replicates.

As shown in Figure 5, the expression of the At2g25970 gene is highly
reduced in the CRISPR/Cas%-induced mutant lines (At2g25970-1,
At2g25970-2, and At2325970-3) as well as in the ebss1 line compared
with the reporter line.

3.4.2 | Growth characteristics

Major differences in plant growth and height were not observed for
the mutant lines; however, in all mutants, the leaf areas were found to
be increased as compared to the reporter line (Figures 6b/c). These
differences in leaf areas were not observed in ebss1 at an early stage
of development (Figure 6a) but became prominent in later stages.

Detailed examinations revealed that the increasing leaf area was due

to an increase in both the length and width of the leaf blade
(Figure 6d).

The enlarged leaf area of the mutants At2925970-1/2/3 and
ebss1 as compared with the reporter line raised the question of
whether this increase is due to cell enlargement, cell numbers, or a
combination of both. To determine the contribution of cell division
and expansion to the At2g25970-1/2/3 mutants, transverse sections
from leaf blades of the At2925970-1, ebss1, and reporter line were
analyzed by light microscopy. In both types of mutants, the vascular
bundle was found to be expanded, and concomitantly, the number of
bundle sheath cells had increased by two to three more cells
(Figure 7). These findings suggest that the overall increase in the leaf
area is caused by a general increase in the leaf cell numbers due to
the expansion of the vascular bundle and the bundle sheath. Since the
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FIGURE 6 Leaf sizes of EMS- and CRISPR/Cas%-induced mutant lines at various ages. (a) Rosette phenotypes of 28-day-old EMS- and
CRISPR/Cas9-induced mutant lines as compared with the reporter line. (b) Morphology of the first, second, and third rosette leaf of the reporter
line, ebss1, and At2g25970-1/2/3. (c) Morphology of rosette leaves of 36-day-old plants. (d) Differences in leaf areas of 24-day-old reporter and
mutant lines. The leaf area was measured from 10 individuals each. Data are shown as a mean + standard deviation (SD) for each genotype; t-

test: * P <.05; ** P < .01.

GLDPA promoter-driven GFP gene is active only in the bundle sheath
and the vascular bundle (Engelmann et al., 2008). The finding also
explains the enhanced GFP fluorescence as compared with the origi-

nal reporter line.

3.4.3 | Trichome density

To investigate whether other leaf features have been altered in the
At2g25970 mutant lines, we examined the leaf surface by fluorescent

microscopy, and trichome numbers were counted in

At2g25970-1/2/3 and ebss1 mutant plants as well as in plants of the
reporter line (Figure 8a). The results obtained revealed a two-fold
increase in trichome density in all At2g25970 mutants, including ebss1

as compared with the reporter line (Figure 8b).

3.44 | Flowering time

Visual inspection of the growth behavior of At2925970-1/2/3 and
ebss1 mutant plants revealed a delay in flowering time (Figure 9). Bolt-
ing started 5-7 days earlier in the plants of the reporter line, and
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FIGURE 7 Anatomical analysis of bundle sheath cells in the third vein order of 25-day-old plants. Microscopic images of leaf cross sections
of plants of the (a) reporter line, (b) ebss1, and (c) CRISPR/Cas9-induced mutant lines (At2g25970-1). Representative images are shown and the
mean values of five individuals each are depicted in the upper right corner of the respective line. Scale bar: 10 um.

FIGURE 8 Trichomes densities of ebss1 .
and At2g25970-1 mutant lines compared to (a) Reporter Ime ebssl At2259 70-1

the reporter line. (a) Representative images of
the first leaves of 17-day-old reporter and
mutant lines, ebss1 and At2g25970-1.

(b) Calculation of trichome densities from the
first rosette leaf pair of reporter and mutant
lines. Trichomes were counted from

20 individuals. ** indicates t-test P < .01.
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flowering of the mutant plants began about 7-8 days later (Figure 9). 4 | DISCUSSION
The finding suggests that defects in At2g25970 function extend
the period of vegetative growth and thereby cause a delay in floral We aimed at identifying genes for bundle sheath anatomy by pursuing

induction. a forward genetic approach using A. thaliana as a genetic model system
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Reporter line ebbsi

At2g25970-1

At2g25970-2  At2925970-3

Genotype Rosette leaves at  Time to bolting Time to Flowering
bolting (n) (d) (d)

Reporter line 13512 279+12 309+18

ebss1 13.6+1.1 289+15 325+20°

At2925970-1 164+ 1.1 353+27 382+217

At2925970-2 15.0+24 322+33 358+32"

At2925970-3 15412 340%26 37927

FIGURE 9 Analysis of flowering time control in ebss1 and Cas9-induced mutant lines (At2g25970-1/2/3) in comparison with the reporter
line. (a) The flowering phenotypes of 36-day-old mutant lines (ebss1, At2g25970-1/2/3). (b) Quantification of flowering time parameters. For each
line, 20 individual plants were analyzed. Data are shown as a mean + standard deviation (SD) for each genotype; t-test: *P < .05; ** P < .01.

and ethyl methanesulfonate as a mutagen. To easily recognize putative
bundle sheath defective mutants, our genetic screen was based on a
reporter line containing a chloroplast-targeted GFP gene that was
driven by a bundle sheath preferential promoter. Using deviations in
GFP fluorescence as a proxy for alteration in bundle sheath size or
photosynthetic activity, we were able to identify numbers of stable
mutants with an elevated or a faint GFP fluorescence phenotype, with
many of them showing defects in bundle sheath anatomy (Déring
et al, 2019). Pursuing a SHOREmap approach with nine selected
mutants, we could map candidate genes in single genomic regions
(Doring et al., 2019). For the study presented in this report, we have
chosen the mutant lines ebss1 to demonstrate that the mutant candi-
date genes identified by SNP calling in the mapping intervals can be
successfully scrutinized by using CRISPR/Cas9 technology.

CRISPR/Cas9-mediated knock-outs of the candidate genes
At2g24610, At2g25220, and At2g25970 revealed that At2g25970
was responsible for the enhanced GFP fluorescence phenotype
shown by ebssl. At2g25970 encodes one of the 26 KH domain-
containing proteins present in the A. thaliana genome (Lorkovic &
Barta, 2002). The protein is 80%-90% conserved in Brassicacean spe-
cies, and the sequence conservation to homologs from monocot spe-
cies is mainly restricted to the KH domain (Figure S3). At2g25970
transcripts accumulate ubiquitously in both time and space (Klepikova
et al., 2016; CATd.b http://urgv.evry.inra.fr/cgi-bin/projects/CATdb/
catdb_projects_Ath.pl) suggesting a more general function of this gene
and explaining the pleiotropic effects of its mutants.

Five of the KH domain proteins of A. thaliana, that is, HEN4
(Cheng et al., 2003), BTR1 (Fujisaki & Ishikawa, 2008), PEPPER (Ripoll
et al., 2006), FLK (Lim et al., 2004), and RCF3 (Karlsson et al., 2015),
have been functionally characterized, and all turned out to be multi-

functional. Each of these proteins had multiple KH domains, which

may explain their multifunctionality. RCF3 (At5g53060), for example,
has two PCBP-like KH domains, two KH-1 superfamily KH domains,
and one KH type-1 KH domain and is involved in jasmonate signaling
(Thatcher et al., 2015), miRNA biogenesis (Karlsson et al., 2015), pre-
mRNA splicing (Cheng et al., 2003), and abiotic signaling processes
(Jeong et al., 2013) (Figure S2).

The presence of multiple domains for RNA binding and protein-
protein interactions (Gronland & Ramos, 2017; Mackereth &
Sattler, 2012; Ottoz & Berchowitz, 2020) and the versatility of these
recognizing both RNA and DNA (Debaize &
Troadec, 2019; Hudson & Ortlund, 2014) make KH domain proteins
ideal candidates for integrators of and in regulatory networks (Alvarez
et al,, 2021; Csizmok et al., 2016; Pawson & Nash, 2003). Similar to
these five KH domain proteins, At2g25970 turned out to be multi-
functional. In At2g25970 mutants, the GLDPA promoter-driven GFP

reporter gene is more strongly expressed, the sizes of leaves and the

proteins in

density of trichomes increase, and the flowering date is delayed.
The rise in leaf area and concomitantly in GFP fluorescence appears
to be caused by an increased cell number in the bundle sheath and
the vasculature suggesting that At2g25970 is involved in the regula-
tion of cell division and/or the cell cycle.

In humans, the KH domain protein FUBP1 (Debaize &
Troadec, 2019) has been shown to be involved in cell proliferation by
activating c-Myc gene expression (Duncan et al., 1994). In plants,
Myc-like, that is, basic helix-loop-helix (bHLH) proteins do not seem
to play a major role in regulating cell division and/or cell cycle. In con-
trast, Myb proteins, their frequent interaction partners (Millard
et al, 2019), are involved in cell cycle regulation (Vercruysse
et al, 2020; Xie et al., 2010). Interestingly a Myc/Myb regulatory
module has been shown to be involved in bundle sheath-specific gene

expression in Arabidopsis (Dickinson et al., 2020).
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Co-expression analyses of transcriptome data (https://www.
michalopoulos.net/act/; https://atted.jp) support a possible role of
At2g25970 in cell cycle regulation. Fluctuation in the expression
of At2g25970 transcript has been observed during the G1 phase of
the cell cycle (Menges et al., 2002). In addition, At2g25970 transcripts
co-accumulate with CDKC;2 RNA levels. CDKC;2 is a cyclin-
dependent protein kinase that phosphorylates the carboxyterminal
domain of a large subunit of RNA polymerase Il and is part of the so-
called transcript elongation factor P-TEFb (Antosz et al., 2017). Zhao
et al. (2017) found that the loss of CDKC;2 function leads to an
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increase in lateral organ size because of a rise in cell division activity,
indicating that CDKC;2 acts as a negative regulator of cell division. A
similar phenotype, that is, broader leaves and an increased number of
bundle sheath and vascular cells, is also true for At2g250970 mutant
lines, suggesting that the At2g25970 protein is functionally associated
with CDKC;2 activity. Along these lines, CDKC;2 transcript abundance
was found to be substantially reduced in the At2325970 mutants as
compared with the reporter line (Figure 10b).

CDKGC;2 as the target of At2g25970 action may also explain the

floral retardation observed for the mutant lines. Floral induction is a
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Impact of At2g25970 mutation on CDKC;2 transcript level and CDKC;2 regulated flowering time genes. (a) Schematic pathway

of genes controlling flowering time in A. thaliana (modified from Henderson & Dean, 2004, and Wang et al., 2014). (b) Relative abundances of
CDKG;2, FLK, and FLC transcripts in 25-day-old rosette leaves of the reporter line, ebss1, and the At2g25970-1/2/3 mutant lines.
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major developmental transition in plants and is regulated by various
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external and internal cues (Amasino, 2010). The floral repressor
FLOWERING LOCUS C (FLC) plays a central role in floral induction and
is the hub on which the autonomous and the vernalization pathways
converge (Whittaker & Dean, 2017). The autonomous pathway is
comprised of a variety of factors involved in RNA processing, among
them the KH domain protein FLK and chromatin modification that
together repress FLC activity. A long antisense RNA transcribed from
the 3’ end into the FLC locus is processed, with the help of RNA pro-
cessing components of the autonomous pathway, to various alterna-
tively spliced and polyadenylated FLC antisense RNA, which are
collectively called COOLAIR and that are involved in repressing FLC
transcription by chromatin silencing (Wu et al., 2020). COOLIAR tran-
scription is promoted by CDKC;2 activity (Wang et al., 2014), and the
loss of CDKC;2 functions, therefore, leads to a delay in flowering (Cui
et al., 2007; Zhao et al., 2017) (Figure 10a). Quantification of tran-
script amounts from both CDKC;2 and FLK revealed that both tran-
script levels were significantly reduced in At2g25970 mutants
(Figure 10b). In contrast, but as expected, FLC transcript abundance
was higher in the mutants as compared with the reporter line
(Figure 10b).

Taken together, the available evidence suggests that the mutant
phenotypes in flowering time are brought about via CDKC;2, which in
turn is functionally connected to At2g25970 activity. It is completely
unclear at present, how this functional connection could be achieved
mechanistically. Quite recently, another KH domain protein encoded
by FLOWERING LOCUS Y (At1g33680) has been reported to delay
flowering when mutated (Dai et al., 2020) suggesting redundancy and
overlapping functions in this family of RNA-binding proteins.

We have pursued a forward genetic screen with a reporter line of
Arabidopsis to identify mutants affected in bundle sheath anatomy.
We have achieved to locate candidate genes by a mapping by
sequencing strategy (Déring et al., 2019). By using CRISPR/Cas9 tech-
nology, we have been able to identify the causative gene among the
various candidate genes located in the mapping interval. Our experi-
mental strategy may thus be considered successful, since At2g25970,
when mutated, indeed leads to an inflated bundle sheath. However,
the gene acts pleiotropically and affects also other developmental or
physiological processes such as trichome density and flowering time.
The pleiotropic behavior of At2g25970 function may be explained by
its nature, since At2g25970 encodes a KH domain protein that could
interact with CDKC;2, a component of a transcription elongation fac-
tor complex of RNA polymerase Il (Antosz et al., 2017). It remains to
be seen, therefore, whether further exploitation of the remaining
mutant library will lead to the identification of novel and specific regu-
lators of bundle sheath anatomy, which would be highly desirable for

C, engineering.
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