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Abstract

Background Arabidopsis thaliana genome encodes ten DUF640 (short for domain of unknown function 640)/ALOG (short
for Arabidopsis LSHI and Oryza G1) proteins, also known as light-dependent short hypocotyl (LSH) proteins. While some
of the LSH genes regulate organ boundary determination and shade avoidance response, the function of most of these genes
remains largely unknown.

Objective In this study, we aimed to characterize the function of AtLSH and AtLSH?2 in Arabidopsis.

Methods We overexpressed AzLSH1 and AzLSH?2 (with or without the FLAG tag) in Arabidopsis Col-0 plants under the
control of the 355 promoter. We also generated knockout or knockdown lines of these genes by miRNA-induced gene silenc-
ing (MIGS). We conducted intensive phenotypic analysis of these transgenic lines, and finally performed RNA-seq analysis
of two AtLSH?2 overexpression (OX) lines.

Results Although AtLSH1 and AtLSH2 amino acid sequences showed high similarly, Az7LSH2-0X lines showed much
higher levels of their transcripts than those of At1LSH-OX lines. Additionally, overexpression of A1LSHI and AtLSH?2 greatly
inhibited hypocotyl elongation in a light-independent manner, and reduced both vegetative and reproductive growth. How-
ever, knockout or knockdown of both these A7LSH genes did not affect plant phenotype. Gene Ontology (GO) analysis of
differentially expressed genes (DEGs) identified by RNA-seq revealed enrichment of the GO term ‘response to stimulus’,
included phytohormone-responsive genes; however, genes responsible for the abnormal phenotypes of AtLSH2-OX lines
could not be identified.

Conclusion Although our data revealed no close association between light and phytohormone signaling components, over-
expression of AtLSH1 and AtLSH?2 greatly reduced vegetative and reproductive growth of Arabidopsis plants. This property
could be used to generate new plants by regulating expression of At{LSHI and AtLSH?2.
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Introduction

The light-dependent (sensitive) short hypocotyl 1 (LSHI)
gene was first identified in Arabidopsis thaliana as a reg-
ulator of hypocotyl elongation; overexpression of LSH]
Electronic supplementary material The online version of this resulted in a hypersensitive response (short hypocotyls) in a
article (https://doi.org/10.1007/s13258-020-00985-x) contains light-dependent manner (Zhao et al. 2004). The LSHI gene
supplementary material, which is available to authorized users. encodes a protein with a single, small domain of unknown
function (DUF640) (Yoshida et al. 2009) and a nuclear local-
ization signal (NLS) comprising lysine and arginine residues
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(Dong et al. 2014). The plant-specific gene family encoding
DUF640 proteins has been renamed as the ALOG (short for
Arabidopsis LSHI1 and Oryza G1) family, which is specific
to land plants (Yoshida et al. 2009); however, both names
(DUF640 and ALOG) are currently used interchangeably.

Based on structural analysis, the ALOG domain-contain-
ing proteins are predicted to function as transcription factors,
recruiters of repressive chromatin, and/or DNA sensors in
resistant proteins (Iyer and Aravind 2012). Experimental
evidence suggests that ALOG proteins function as regulators
of hypocotyl elongation (Zhao et al. 2004; Kwok et al. 2010;
Press and Queitsch 2017; Liu et al. 2018), organ boundary
determination at the shoot apical meristem (SAM), inflo-
rescence architecture (Cho and Zambryski 2011; Takeda
et al. 2011; MacAlister et al. 2012; Yoshida et al. 2013; Teo
et al. 2014), and RNA-binding for phloem-mobile mRNA
(Cho et al. 2012). Several studies suggest that ALOG fam-
ily proteins represent an important group of regulators that
affect inflorescence architecture by mediating transition from
undifferentiated to differentiated cells in the SAM.

In Arabidopsis thaliana, AtLSHI (Zhao et al. 2004),
AtLSH6 (Kwok et al. 2010), and AzLSH9 (Press and Queitsch
2017) exhibit negative effects on hypocotyl elongation; over-
expression of these genes in Arabidopsis decreases hypoco-
tyl length. Kwok et al. (2010) showed that overexpression
of genes encoding DUF640 proteins reduces hypocotyl
elongation under very low light intensity (<20 pmol/m?/s),
thereby obstructing the shade avoidance response in plants.
In rice, genes encoding DUF640 proteins long sterile lemma
(G1) and triangular hulll/beak-shaped grain 1 (THI/BSGI)
regulate lemma identity, grain shape, and size (Yoshida et al.
2009; Li et al. 2012; Yan et al. 2013). Together, these find-
ings suggest that DUF640 domain-containing proteins per-
form diverse functions in plants.

Although LSH overexpression reduces hypocotyl elonga-
tion, the function of Az.LSHI and ArLSH?2 has not yet been
characterized. In this study, we examined the function both
these genes by conducting gene overexpression, knockdown,
and knockout analyses, phenotyping, and RNA-seq analysis.

Materials and methods
Plant materials and growth conditions

Plants of Arabidopsis thaliana ecotype Columbia (Col-0)
were used to generate transgenic lines. Seeds were sterilized
using 80% ethanol for 1 min, followed by one wash with 2%
bleach solution and several washes with sterilized deion-
ized water. The sterilized seeds were cold-stratified at 4 °C
for 3 days and then sown in pots (60 x 60 mm) filled with
soil. To maintain sufficient humidity for seed germination,
the pots were covered by a transparent polyethylene film for
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the first 5-6 days. After germination, plants were grown at
22 +0.5 °C under long-day photoperiod (16-h light/8-h dark)
and 110 pmol m~2 s~ light intensity. To conduct in vitro
experiments, seeds were sterilized with 0.1% Triton X-100
(Sigma, St. Louis, USA) and 30% bleach. After cold-strati-
fication at 4 °C for 3 days, seeds were sown on half-strength
Murashige and Skoog (1/2 MS) solid medium (Duchefa Bio-
chemie, Haarlem, The Netherlands) supplemented with 1%
sucrose and 0.8% phyto agar.

Generation of AtLSH1 and AtLSH2 overexpression
(OX) lines

Full-length AtLSHI and AtLSH2 cDNAs were cloned using
gene-specific primers (Table S1), which contained Xbal and
BamHI restriction sites. The resulting fragments were cloned
downstream of the cauliflower mosaic virus (CaMV) 35S
promoter in the pCAMBIA3300 binary vector. Recombinant
plasmids were introduced into Agrobacterium tumefaciens
strain GV3101, and the transformed Agrobacterium cells
were used to transform Col-0 plants by the floral dip method
(Clough and Bent 1998). The transformants were selected
on MS solid medium containing 25 mg ml~! glufosinate
(Sigma, St. Louis, USA) and confirmed by PCR-based
genotyping using two primer sets (Table S1), one targeting
the AtLSH gene and the other targeting the bar selectable
marker gene. Homozygous T; seeds were used for subse-
quent experiments.

Gene expression analysis

Total RNA was isolated from rosette leaves using the
TRIZOL® Reagent (Invitrogen, Carlsbad, USA). One
microgram of total RNA of each sample was reverse tran-
scribed and first-strand cDNA was synthesized using the
ReverTra Ace-a kit (Toyobo, Osaka, Japan) and sequence-
specific primers (Table S1). The concentration of cDNA was
determined and the cDNA was diluted to 12.5 ng pl~! for
PCR. Semi-quantitative reverse transcription PCR (semi-
RT-PCR) was performed under the following conditions:
initial denaturation at 94 °C for 5 min, followed by 25 or 30
cycles of denaturation at 94 °C for 30 s, annealing at 54 °C
for 30 s, and extension at 72 °C for 60 s, and a final exten-
sion at 72 °C for 7 min. The products of semi-RT-PCR were
separated by electrophoresis on 1.5% agarose gels and then
stained with ethidium bromide. Then, quantitative real-time
PCR (qRT-PCR) was performed on the MiniOpticon sys-
tem (Bio-Rad, Hercules, USA) using SYBR Green Realtime
Master Mix (TOYOBO, Osaka, Japan) and the same primers
that were used for semi-RT-PCR. The conditions used for
gqRT-PCR were as follows: initial denaturation at 95 °C for
30 s, followed by 40 cycles of denaturation at 95 °C for 5 s,
annealing at 60 °C for 20 s, and extension at 72 °C for 15 s.
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Fluorescence values were measured at the last step of each
cycle. All analyses were performed with three biological
replicates. Transcript levels of target genes were normalized
relative to that of the AtActin gene (AtACT; internal refer-
ence) and analyzed using the 2722T method (Livak and
Schmittgen 2001). Data were presented as log-transformed
values of mean + standard deviation (SD). All qRT-PCR
analyses were carried out in three biological replicates, each
containing three technical replicates.

Measurement of hypocotyl length

Sterilized and cold-stratified seeds were sown in 12x 12 cm
square Petri dishes (with grids) containing 1/2 MS medium.
After seed germination, the plates were exposed to white
light for 7 h before being transferred to different light con-
ditions. Monochromatic light sources were obtained from
a light emission diode (LED) facility (Plant LED Illumina-
tion System GF-520, Koyang city, South Korea). Cool white
fluorescent lamps were used as the source of white light.
The intensity of red light (cR) and far-red light (cFR) was
10 pmol m~2 s™!. Images of 10 seedlings of each line were
captured and scanned into a computer, and hypocotyl lengths
were measured using the Image Tool Program (www.ansci
.wisc.edu/equine/parrish/index.html).

Measurement of vegetative growth
and reproductive capacity

Arabidopsis plants transformed with the empty vector (con-
trol) and those overexpressing AtLSHI and AtLSH2 were
grown in 2.5X 2.5 inch pots under the abovementioned
conditions. At 30 days after germination (DAG), vegetative
growth parameters of 15 individual plants of each genotype
were measured and expressed as mean =+ SD. Additionally,
two siliques were collected from each of the 15 plants, and
seed number and silique length were quantified.

Analysis of AtLSH1 and AtLSH2 protein levels in OX
lines

To generate Arabidopsis plants overexpressing FLAG-
tagged AtLSH1 and AtLSH2 proteins, coding sequences of
AtLSHI and AtLSH2 were amplified from Col-0 cDNA by
PCR using gene-specific primers (At.LSHI_forward: 5'-ATC
TAAACTAGTATGGATTTGATCTCA-3', AtLSH1_reverse:
5'-ATATAAGAGCTCTACTGTTGCACCC-3'; AtLSH2_for-
ward: 5'-ATCTAAACTAGTATGGATTTGATCTCA-3’,
AtLSH2_reverse: 5'- AGTTATGAGCTCTTGAGTTGC
ACCGT- 3’; the underlined sequences in the forward and
reverse primers represent Spel and Sacl restriction sites,
respectively). The PCR products were cloned into the pCR_
CCD vector derived from the pCRS8/GW/TOPO entry vector

(Invitrogen, Carlsbad, USA). The resulting AtLSHI and
AtLSH? inserts were cloned into the pBIB-BAR*'-35S-FLAG
destination vector (Guo et al. 2010) using LR recombinase
(Invitrogen, Carlsbad, USA). The resulting constructs were
introduced into Col-0 plants by Agrobacterium-mediated
transformation using the floral dip method (Clough and Bent
1998). The transformants were initially selected by spraying
with 0.1% BASTA herbicide and then confirmed by PCR-
based genotyping. Several individual lines harboring a single
T-DNA locus were selected, based on the segregation ratio
(basta resistant: sensitive=3:1).

To perform western blotting, total proteins on 10% poly-
acrylamide gels were separated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. To visualize the transfer efficiency, membranes
were stained with Coomassie Brilliant Blue. Blots were
incubated with anti-FLAG antibodies (1:1,000 dilution) in
TBST (20 mM Tris-HCI [pH 7.6], 127 mM NaCl, and 0.1%
Tween20) at 4 °C for 1 h. Subsequently, blots were washed
five times with TBST and then incubated with HRP-conju-
gated secondary antibody (1:10,000 dilution) in TBST at
4 °C for 1 h. HRP signals were detected using PicoEPD™
Western Reagent (ELPISbio, Daejeon, Korea) and Chemi-
luminescence CCD Imaging System (Atto, Tokyo, Japan).

Gene knockout by miRNA-induced gene silencing
(MIGS)

The MIGS technology (de Felippes et al. 2012) was used
to specifically knockout A¢LSHI and AtLSH?2 expres-
sion. The forward primer specific to either At{LSHI or
AtLSH?2 contained a 24-nt sequence of miR173 and the
3’ region of the corresponding ArLSH gene. The AtLSHI
and ArLSH?2 sequences used for the constructs were 324 nt
(3'-225+3'-UTR 99 nt) and 420 nt (3'-271+3'-UTR 131
nt), respectively. The resulting fragments were cloned into
the pCAMBIA3300 vector and then transformed into Col-0
plants (as described above). The phenotype of transgenic
plants and expression level of AtLSHI and AtLSH2 genes
were subsequently analyzed.

Phylogenetic analysis

Sequences of all 10 Arabidopsis LSH proteins
(AtLSH1-AtLSH10) were obtained from the National
Center for Biotechnology Information (NCBI; https://ncbi.
nlm.nih.gov/nucelotide). Amino acid sequence alignment
and phylogenetic tree construction were performed using
the “build” function of ETE3 v3.1.1 (Huerta-Cepas et al.
2016), as implemented in GenomeNet (https://www.genom
e.jp/tools/ete/). The phylogenetic tree was constructed using
FastTree v2.1.8, with default parameters (Price et al. 2009).
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RNA-seq analysis of AtLSH2-0X lines

Shoots of wild-type (WT; Col-0) plants and AtLSH2-OX
lines (AtLSH2-OX1 for severe abnormal phenotype and
AtLSH2-0X4 for no or mild abnormal phenotype) were
harvested at 7 DAG (seedling stage) and 18 DAG (bolting
initiation stage). Total RNA was isolated from each sample
using the TRIZOL® Reagent (Invitrogen, Carlsbad, USA)
and treated with RNase-free DNase (Promega, Madison,
USA) to remove genomic DNA contamination. The quan-
tity and integrity of total RNA samples were checked using
NanoDrop spectrophotometer (NanoDrop Technologies,
Waltham, USA) and an Agilent 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, USA). Total RNA samples with
an RNA integrity number (RIN) > 7 were used to prepare
RNA-seq libraries. A total of six RNA-seq libraries were
constructed using TruSeq RNA Library Prep Kit (Illumina
Inc. San Diego, USA) by SEEDERS (Daejeon, South Korea)
and sequenced on the Illumina HiSeq 2000 platform (Illu-
mina Inc.). Short transcriptome reads were preprocessed
using DynamicTrim and LenghSort of SolexQA pack-
age (Cox et al. 2010). Then, RNA-seq data were analyzed
according to the method described by Trapnell et al. (2012).
Gene ontology (GO) enrichment analysis was carried out
using agriGO (Tian et al. 2017) and the results were visu-
alized using the R package in the clusterProfiler software
version 3.8 (Yu et al. 2012).

Results
Sequence analysis of AtLSH proteins

To predict the function of AtLSH1 and AtLSH2, we
aligned the amino acid sequences of all 10 AtLSHs using
CLUSTALW (https://www.genome.jp/tools-bin/clustalw)
and conducted phylogenetic analysis. The results of phy-
logenetic analysis revealed that AtLSHs grouped into two
clades, one comprising six AtLSHs (AtLSH1-AtLSH6) and
the other comprising four AtLSHs (AtLSH7-AtLSH10)
(Fig. 1a). Grouping of AtLSH1 and AtLSH?2 into the same
clade implies that these proteins perform similar physiologi-
cal functions. Multiple sequence alignment showed that all
10 AtLSHs contain four helices, a zinc-ribbon domain (com-
monly found in DNA-binding proteins and transcription fac-
tors), and an NLS (KKRK/KRKR) (Fig. 1b). These features
suggest that AtLSHs function as transcription factors in the
nucleus.

Characterization of AtLSH17 and AtLSH2 OX lines

To elucidate function of As/LSHI and AtLSH?2, both genes
were overexpressed in Arabidopsis under the control of the
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CaMV 35S promoter. Five independent homozygous T; lines
overexpressing AtLSHI or AtLSH?2 were selected, and the
5th leaf of each line was used to analyze leaf morphology
and AtLSH1 or AtLSH?2 transcript level (Fig. 2). Transgenic
lines showed abnormal leaf phenotypes (such as short blade
length and undulated margins) compared with the WT. The
severity of these abnormal leaf phenotypes was proportional
to the transcript level of A7LSHI or AtLSH?2. Interestingly,
relative transcript levels of overexpressed A7zLSH genes were
higher in At{LSH2-OX lines than in At/LSHI-OX lines.

To determine whether relative transcript levels correlate
with protein levels, we generated AtLSH-FLAG OX lines,
and characterized their leaf morphology, transcript levels,
and protein levels (Fig. 3). Plants showing strong and mild
abnormalities in leaf morphology exhibited relatively high
levels of ArLSHI and AtLSH2 transcripts and correspond-
ing proteins, supporting a direct correlation between rela-
tive transcript and protein levels. In addition, plants pro-
ducing higher levels of AtLSHI or AtLSH?2 transcripts and
its corresponding proteins showed more severe abnormal
leaf phenotypes. Additionally, the level of AtLSH2 expres-
sion in AtLSH2-OX plants was generally higher than that of
AtLSH]I expression of AtLSHI-OX plants. Plants showing
normal leaf phenotypes showed very low levels of At{LSHI
and AtLSH?2 transcripts and undetectable levels of the cor-
responding proteins.

AtLSH1 and AtLSH2 overexpression reduced
hypocotyl elongation

A previous study showed that AzLSHI overexpression
reduces hypocotyl elongation in a light-dependent man-
ner (Zhao et al. 2004). To extend this finding, we examined
hypocotyl elongation in transgenic and WT plants treated
with white light (cW), red light (cR), far-red light (cFR),
and darkness for 5 days (Fig. 4). Except AtLSHI-0X5, all
transgenic lines showed a reduction in hypocotyl elonga-
tion under various light treatments (AtLSHI-OX lines: 33%
reduction in ¢W, 25% in cFR, 30% in cR, and 25% in dark;
AtLSH?2-0OX lines: 45% reduction in ¢W, 38% in cFR, 55%
in cR, and 62% in dark). The reduction in hypocotyl length
was more dramatic in At.LSH2-OX lines than in AzLSHI-
OX lines, which was consistent with transgene expression
levels (Fig. 2). Notably, hypocotyl length was decreased not
only under light but also in the dark in all transgenic lines,
suggesting that this reduction in hypocotyl elongation was
independent of light.

AtLSH1 and AtLSH2 overexpression decreased plant
growth and development

AtLSHI-OX and AtLSH2-0OX lines were grown in 2.5-inch
pots under long-day (16-h light/8-h dark) condition with
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99.7
LSH4 (0BO4) AT3G23290
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— LSH7 (0BO7) AT1678815
Helix-1 Helix-2  Zinc-ribbon insert
LSH1 MDL ISHQPNKN-----—--PNSSTQLTPPSSSRYENQKRRDWNTF CQYLRNHRPPLSLPSCSGAHVLEF LRYLDQF GK TKVHHQNCAFFGLPNPPAPC
LSH2 MDL ISQNHNNRNPNTSLS TQTPSSFSSPPSSSRYENQKRRDWNTF CQYLRNHHP PLSLASCSGAHVLDFLRYLDQF GK TKVHHQNCAFFGLPNPPAPC
LSH3 MDMIPQLMEGSSAYGGVTNLNT ISNNSSSVTGATGGEATQPLSSSS-SPSANSSR YENQRRRDWNTFGQY.RNHRPPLSLSRCSGAHVLEFLRYLDQFGK TKVATN ICHFYGHPNPPAPC
LSH4 ————-—-MDHTTGFMGTTNMSHNTNLMI AAAATT TTTSSSSSSSSGGSGTNQLSR YENQKRRDWNTF GQYL.RNHRPPLSLSRCSGAHVLEF LRYLDQFGK TKVATHLCPFFGHPNPPAPC
LSHS MEGETAAKAAASSSSSPSRYESQKRRDWNTFLQYLRNHKPPLNLSRCSGAHVLEF LKYLDQFGK TKVHATACPFFGQPNPPSQC
LSH6 MESADSGRSDPVKGDDPGPSFVSSPPATPSR YESQRRRDWNTFLQYLKNHKPPLALSRCSGAHV TEF LKYLDQFGK TKVEVAACPYFGHQQPPSPC
LSH7 ——————————————MASHSNKGKGTAEGSSQPQSQPQPQPHQPQSPPNPPALSR YESQKRRDWNTF CQYLRNQQPPVH ISQCGSNHI LDFLQYLDQFGK TKVHIHGCVFFGQVEPAGQC
LSH8 - —~MTS TNTRNKGKC IVEGP--———--=------—---—--PPTLSRYESQKSRDWNTF CQYLMTKMP PVHVYWECESNHILDF LQSRDQF GK TKVHIQGCVFFGQKEPPGEC
LSH9 - ———-——--MSSDRHTPTKDPPDHPSSSSNHHKQPLPPQPQQPLSRYESQKRRDWNTF VQYLKSQNP PLMMSQFDY THVLSF LRYLDQFGK TKVHHQACVFFGQPDPPGPC
LSHI0  —----—-——-————-MSSPRERGKSLMESSGS~~~-—-—----——--EPPVIPSR YESQKRRDWNTF GQYLKNQRPPVPMSHCSCNHVLDF LRYLDQFGK TKVEVP GCMFYGQPEPPAPC
MR ER RRRERRR RXE D R%D ®I, oExRD RS R x_%
ix- Helix-4
Helix-3 NLS

LSH1 PCPLRQAWGSLDALIGRLR AAYEENGG-PPEANPFGSRAVRLFLREVRDFQAKARGVS YEGLRVNRQKPQTQPPLQLQQQQQQPQQ —GQSMMANYSGATV- 190

LSH2 PCPLRQAWGSLDALIGRLR AAYEENGG-APE TSPFGSRSVRIFLREVRDFQAKSRGVS YE GGTRVNNKQ 1TQSQPQSQPPLPQQPQQEQGQSMMANYHHGATQ 201

LSH3 PCPLRQAWGSLDALIGRLR AAFEENGG-KPE TNPFGARAVRLYLREVRDMASKARGVS YEK [QGURPLPSSSTSSSSAVASHQQFQMLPGTSSTTQLKFEK—~- 219

LSH4 ACPLRQAWGSLDAL IGRLR AAFEENGG-SPE TNPFGARAVRLYLREVRDSQAKARGIS YEK GGURPPPPLPPAQPATSSSPN 195

LSH5 TCPLKQAWGSLDALICRLR AAFEETGGGLPESNPFAAKAVRTYLKEVRQTQAKARGIPYDK GGL&PHTDTATPTAGDGDDAEGSGGAALVVTAATTV-—-—~ 182

LSH6 SCPLKQAWGSLDALIGRLR AAYEENGG-RPDSHPFAARAVRTYLREVRESQAKARGIPYEK [GGLKPPTVTTVRVDVASSRQSDGDPCNVGAPSVAEAVPP——- 196

LSH7 NCPLKQAWGSLDALIGRLR AAFEENGG-LPERNPFAGGGIRVFLREVRDSQAKAR GVPY CGLKRKKRNPMKS HDGEDG TTGTSSSSNLAS ——-——--——-—-- 195

LSH8 NCPLKQAWGSLDALTGRLR AAYEENGG-LTEKNPFARGGTRTFLREVRGSQAKARGVL Y :UURLVVYG: TGTSTTWT 164

LSH9 TCPLKQAWGSLDALIGRLR AAYEEHGGGSPDTNPFANGSIRVHLREVRESQAKARGIPYR {QUGRKTKNE VVVVKKDVANSS TPNQSF T-=-==—==--=---= 191

LSH10 MYEENGG—PPETNPFASGAIRVYLREVRECQAKARGIPYKK GKP TPEMGGGREDSSSSSSSFSFS——mmmmmmmmmmmmmm 177

Fig. 1 Phylogenetic analysis and amino acid sequence alignment of
10 Arabidopsis thaliana LSH proteins. a Phylogenetic analysis. OBO,
ORGAN BOUNDARY (Cho and Zambryski 2011). b Amino acid
sequence alignment. Amino acid residues shown in red are conserved

a photon flux density of 110 pmol m~2 s~!. We monitored
the growth of these plants during both vegetative and
reproductive phases (Tables 1 and 2). Transgenic AtLSH1-
OX and AfLSH2-0OX lines showed a substantial reduction
in vegetative growth and reproductive capacity compared
with plants transformed with the pCAMBIA3300 empty
vector (control). The reduction in vegetative and repro-
ductive growth was more pronounced in AtLSH2-OX lines
than in AtLSHI-OX lines.

among XerC/D-like proteins, protelomerases, topoisomerase-IA, Flp-
tyrosine recombinases, and DUF640/ALOG proteins (Iyer and Ara-
vind 2012). NLS nuclear localization signal (color figure online)

Phenotypic analysis of AtLSH1 and AtLSH2
knockdown lines

To knockout or knockdown the expression of AtLSHI and
AtLSH?2 specifically, we applied the MIGS technology (de
Felippes et al. 2012) using miR173 (Fig. 5). The sequence
identity between AtLSHI (324 nt) and AtLSH2 (402 nt)
attached to miR173ts (target site) was only 51% (Fig. 5a),
thereby ensuring no cross-reactivity in gene silencing. MIGS
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Fig.2 Phenotypic and molecular characterization of ArLSHI and
AtLSH?2 overexpression (OX) lines. a—d Leaf morphology (a, ¢) and
expression analysis (b, d) of AtLSHI-OX and AtLSH2-OX lines. The
5th leaf of each plant was selected for phenotypic and gene expres-
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Fig.3 Phenotypic and molecular characterization of T, plants
expressing FLAG-tagged AtLSHI and AtLSH2. a, b Phenotypic vari-
ability among AtLSHI-FLAG (a) and AtLSH2-FLAG (b) transgenic
plants. Vector represents the pBIB-35S-FLAG empty vector control;
mild and normal indicate the leaf phenotype. ¢, d Expression analysis
of AtLSHI (c) and AtLSH?2 (d) by quantitative real-time PCR (qRT-

plants in the T, generation showed no phenotypic differ-
ences compared with plants transformed with the pCAM-
BIA3300-35S empty vector (control), which was consistent
with AtLSHI and AtLSH? transcript levels. The atlshl and
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00‘.

Strong Mild Normal

Relative transcript level

Normal

Vector
Strong
Mild

CBS M w9 S w8 S S

358::AtLSH2-FLAG

PCR). Transcript levels of At/LSH genes were normalized relative to
those of AfACT. e, f Western blotting analysis of plants shown in (b,
¢). Proteins were detected using an anti-FLAG antibody (a-FLAG)
(top), and Coomassie blue staining (CBS) of RuBisCo was used as a
loading control (bottom). All analyses were conducted using the 5th
leaf of 28-day-old plants

atlsh2 knockout mutant lines showed no phenotypic differ-
ences compared with the control (data not shown), which
is consistent with the results of T-DNA insertion mutants
(Zhao et al. 2004).
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Fig.4 Hypocotyl elongation of AfLSHI-OX and AtLSH2-OX lines
under different light conditions. Seedlings were exposed to light or
darkness for 8 days. Under each light condition, images of 10 seed-
lings of each OX line and the pCAMBIA3300 empty vector control

were scanned into a computer and hypocotyl length was measured
using the Image Tool program (www.ansci.wisc.edu/equine/parrish/
index.html). *Fluence rate, 10 pmol m=2 s™. ¢W white light, cR red
light, cFR far-red light, DAG days after germination

Table 1 Summary of vegetative gy Control’  AfLSHI-OX lines’

and reproductive growth

characteristics of soil-grown 0X1 0X2 0X3 0X4 0X5

AtLSH]I overexpression (OX)

lines and the empty vector Plant height (cm) 56+0.7 49+04 47+£05 47+04 44+05 53+05

control Primary shoot length (cm) 206+14 162+1.7 165+19 17.8+1.6 174+13 185+18
No. of lateral shoots 47+08 32+0.8 33+05 34+05 32+04 4.0+0.8
No. of leaves per plant 93+0.7 7.6+05 74+06 72+08 72+0.6 87+0.6
Length of mature silique (cm) 1.3+0.07 1.0+0.11 1.0+0.14 1.1+£0.06 1.1+0.14 1.1+0.08

No. of seeds per silique®

No. of siliques per primary shoot

539+63 327+35 393+62 409+48 41.9+55 469+55
68.0+4.8 489+4.0 439+43 47.0+4.0 483+2.1 519+32

"Data represent the mean + standard deviation (SD; n=15)

SThis value was determined based on the number of seeds in two siliques harvested from each of the 15

plants

RNA-seq analysis of AtLSH2-0X lines

To identify genes responsible for the abnormal leaf phe-
notypes of AtLSH-OX lines, we performed RNA-seq
analyses of WT (Col-0) plants and two AtLSH2-OX lines

(AtLSH2-0OX1 and AtLSH2-0OX4) using shoot samples col-
lected at 7 and 18 DAG. Paired-end sequencing generated
a total of 217,672,390 reads, with approximately 19 bil-
lion nucleotides (Table S2). A total of 27,416 representa-
tive Arabidopsis transcripts were obtained by comparison
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Table2 Summary of vegetative
and reproductive growth
characteristics of soil-grown

AtLSH2-OX lines and the empty
vector control

Trait Control®  ArLSH2-OX lines

0X1 0X2 0X3 0X4 0X5
Plant height (cm) 5.1+£04 1.9+0.1 2.1+02 38+04 34+03 43+04
Primary shoot length (cm) 219+13 81+15 129+14 199+13 20.0+1.1 17.0+1.7
No. of lateral shoots 49+0.6 22+04 22+04 22+04 25+05 39+07
No. of leaves per plant 9.0+0.8 6.5+1.0 6.1+0.6 62+04 6.1+04 84+0.7

Length of mature silique (cm)
No. of seeds per silique®
No. of siliques per primary shoot

1.2+0.06 0.4+0.09
525+6.5 7.7+3.8
70.5+6.5 5.6+1.7

0.4+0.05 0.8+0.05 0.8+0.03 1.1+0.09
72435 219+44 255+38 40.7+£5.0
62+25 485+54 462+58 550+29

"Data represent the mean+SD (n=15)

$This value was determined based on the number of seeds in two siliques harvested from each of the 15

plants

A miR173_ts  AtLSH1:225+99 3-UTR miR173_ts AtLSH2: 271 + 131 3-UTR
B Vector 35S:173ts_AtLSH1
#1 #2 #3 # #2 #3
Vector 35S8:173ts_AtLSH2
#1 #2 #3 #2 i ‘#3 #4 #5
A
C o
Vector % "\1% Vector 35S5:173ts_AtLSH2
#1 #2 #3 #1 #2 #3 #M #2 #3 #1 #2 #3 #4 #5

Fig.5 Inhibition of AsLSHI and AfLSH2 expression by miRNA-
induced gene silencing (MIGS). a Schematic representation of MIGS
constructs. b Images showing the phenotype of 35S:173ts_AtLSHI

with TAIR10 reference genes (https://phytozome.jgi.doe.
gov) (Table S3). Transcript levels of AtfLSH3-AtLSHI0
showed no significant differences between transgenic and
WT plants (Table 3). Transcript levels of At{LSHI were
increased in transgenic lines compared with WT plants,
but not as much as those of A7/LSH2 transcripts. These data
imply that abnormal leaf phenotypes and reduced hypoco-
tyl elongation of transgenic plants were caused by AtLSH1
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and 35S:173ts_AtLSH2 plants. ¢ Expression analysis of A7LSHI and
AtLSH?2 by semi-quantitative reverse transcription PCR (RT-PCR)

or AtLSH?2 overexpression, resulting in altered expression
levels of other genes.

Next, we performed GO enrichment analysis of differ-
entially expressed genes (DEGs) (Fig. 6). GO terms such
as ‘response to stimulus’, ‘response to stress’, and ‘iron
ion binding’ were enriched among genes upregulated in
AtLSH2-0X lines. ‘Response to stimulus’ included 19 genes
highly responsive to phytohormones, biotic and abiotic


https://phytozome.jgi.doe.gov
https://phytozome.jgi.doe.gov

Genes & Genomics (2020) 42:1151-1162 1159
Table3 Expression of AsLSH Gene  LocusID 7 DAG (TPM)! 18 DAG (TPM)'
genes in AtLSH2-OX lines
and Col-0 plants analyzed by Col-0 AtLSH2-OX4 AtLSH2-OX1 Col-0 AtLSH2-OX4 AtLSH2-OX1
RNA-seq at 7 and 18 days after
germination (DAG) LSHI AT5G28490 16 621 1,639 64 305 497
LSH2  AT3G04510 4 59,733 151,321 12 27,014 55,085
LSH3  AT2G31160 24 33 19 56 36 22
LSH4  AT3G23290 60 95 103 198 162 153
LHS5  AT5G58500 7 10 4 10 4 3
LSH6  AT1G07090 94 108 148 63 40 37
LSH7  AT1G78815 3 1 3 2 1
LSH8  AT1G16910 3 1 3 2
LSH9  AT4G18610 10 6 9 4 3
LHSI0O AT2G42610 65 42 68 316 205 160

Data are expressed as Transcripts Per Kilobase Million (TPM) values

Response to stimulus -

Catalytic activity -

Cellular ketone metabolic process -
Oxoacid metabolic process -
QOrganic acid metabolic process
Carboxylic acid metabolic process -
Response to abiotic stimulus -
Lipid metabolic process -
Oxidoreductase activity -

Lipid biosynthetic process -
Lyase activity -

Cellular lipid metabolic process -
Secondary metabolic process -
Defense response -

Response to chemical stimulus -
Response to oxidative stress -
Response to biotic stimulus -
Response to other organism -
Response to stress
Multi-organism process -

Iron ion binding -

GO description

Count

@ 10
@ 5

p-value

0.004
0.003
0.002
0.001

AtLSH20X_up

Fig.6 Gene ontology (GO) enrichment analysis of genes upregulated
or downregulated (WT_up) in AtLSH2-OX lines relative to the wild
type (WT). GO enrichment analysis was performed using agriGO

stresses, and disease resistance (Table S4), implying that the
extremely high levels of AtLSH2 would be similar to harsh
condition for plant growth. Secondary metabolic process and

WT _up
Sample

(Tian et al. 2017) and the results were visualized using the R package
in the clusterProfiler software version 3.8 (Yu et al. 2012)

lipid metabolic process were enriched among genes down-
regulated in AtLSH2-OX lines. The downregulated genes
included ACP2 (which encodes ACC oxidase 2) (Ramadoss

@ Springer



1160

Genes & Genomics (2020) 42:1151-1162

et al. 2018) and MYBL2 (which encodes MYB-like 2)
(Nguyen et al. 2015), possibly resulting in the reduction of
abiotic stress resistance. Unfortunately, we could not identify
genes leading to abnormal leaf phenotypes and reduction in
hypocotyl elongation by RNA-seq analysis.

Discussion

AtLSH1 and AtLSH2 clustered in the same subclade
(Fig. 1), and overexpression of At2LSH1 and AtLSH?2 genes in
Arabidopsis caused abnormal leaf morphology. The sever-
ity of the abnormal leaf phenotype was associated with the
levels of AtLSHI and AfLSH? transcripts and those of the
corresponding proteins (Figs. 2 and 3). The AtLSHI-OX and
AtLSH2-0OX lines also showed a great reduction in vegetative
growth and reproductive capacity compared with the control
(Tables 1 and 2). Hypocotyl elongation was greatly inhib-
ited by overexpression of At{LSHI and AzLSH?2, although
the reduction in hypocotyl elongation was not dependent on
light (Fig. 4). We performed RNA-seq analysis to identify
key genes responsible for the abnormal leaf morphology and
reduced hypocotyl elongation in AtLSH2-OX lines; however
these genes could not be identified since the DEGs did not
include genes involved in leaf development or differentia-
tion (Tsukaya 2013). Additionally, we could not explain why
transcript levels in At/LSH2-OX lines were much higher than
those in A7LSH1-OX lines, and why knockout of At/LSHI and
AtLSH? caused no phenotypic changes. Together, these data
suggest that AtLSH1 and AtLSH2 perform dramatic func-
tions that remain unknown. Two transgenic lines, AtLSH1-
OX5 and AtLSH2-0X5, which showed low transgene expres-
sion, could be used to generate low-light tolerant plants,
similar to that suggested by Kwok et al. (2010).

Among various plant growth processes, hypocotyl elon-
gation has attracted much attention because the hypocotyl
is a simple organ and light and phytohormones affect its
elongation (Vandenbussche et al. 2005). Generally, auxin
and gibberellin (GA) stimulate hypocotyl elongation,
whereas abscisic acid (ABA) and light repress hypocotyl
elongation. In the absence of light, phytochrome-inter-
acting factor (PIF) proteins (PIF1, PIF3, PIF4, and PIF5)
accumulate in the nucleus and inhibit photomorphogenesis
(Shin et al. 2009). PIF4 interacts with AUXIN RESPONSE
FACTORS (ARFs) ARF6, ARF7, and ARFS to stimulate
hypocotyl elongation (Oh et al. 2014; Reed et al. 2018).
Auxin induces the degradation of ARF inhibitor proteins,
AUX/TAA (Chapman and Estelle 2009; Vernoux et al.
2011), thereby promoting hypocotyl elongation in the
dark. GA promotes hypocotyl elongation by stimulating
the degradation of DELLA repressor proteins (Alabadi
et al. 2004). By contrast, ABA suppresses hypocotyl elon-
gation by inhibiting an auxin-induced plasma membrane
H*-ATPase (Hayashi et al. 2014). ABA-responsive genes
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also repress shade avoidance response-driven hypocotyl
elongation (Kohnen et al. 2016). Recently, Lorrai et al.
(2018) showed that ABA suppresses hypocotyl elonga-
tion by acting on GA metabolic genes; this increases the
level of DELLA proteins (GAI and RGA), which affects
GA signaling and ultimately represses auxin biosynthetic
genes. In this study, AtLSHI-OX and AtLSH2-OX lines
showed a reduction in hypocotyl elongation not only under
light but also in the dark (Fig. 4). Putative regulator genes
associated with signaling of the abovementioned phytohor-
mones were not differentially expressed between AzLSH2-
OX lines and WT plants (Table S3). This suggests that
suppression of hypocotyl elongation in AtLSHI-OX and
AtLSH2-0OX lines was caused by an unknown mechanism.

Although the precise functions of DUF640/ALOG pro-
teins have not yet been identified, these proteins play four
possible roles, based on published information: regulation
of inflorescence architecture, determination of organ iden-
tity and differentiation, transport of mRNA, and regulation
of hypocotyl elongation. ALOG genes control inflores-
cence architecture in rice and tomato (Yoshida et al. 2009,
2013; Li et al. 2012; MacAlister et al. 2012; Yan et al.
2013; Teo et al. 2014). In Arabidopsis, ALOG genes are
expressed at the boundary region of the SAM and lateral
organs, indicating their function in organ identity (Cho and
Zambryski 2011; Takeda et al. 2011). Moreover, sequence
analysis of ALOG proteins suggests that these proteins
help establish organ identity and differentiation by bind-
ing to specific DNA sequences and acting as transcription
factors or repressive chromatin recruiters (Iyer and Ara-
vind 2012). The current study supports the notion that all
LSH genes are involved in leaf formation and determina-
tion of the boundary between the leaf and stem, as shown
in Fig. 2a and c as well as in Fig. 3a and b. In potato,
StLSHI10 encodes an RNA-binding protein (BSRBP3),
which binds to the 3’ untranslated region (3'UTR) of
StBELS, a mobile mRNA that controls tuber formation
(Cho et al. 2012; Lin et al. 2013). StBEL5 mRNA is
highly abundant in petioles, where it moves long distances
through the phloem (Cho et al. 2012). RNA-binding pro-
teins are commonly detected in companion cells and sieve
elements of leaf veins, where they serve as chaperones of
mobile mRNAs. Transcript levels of StLSH10 are remark-
ably low in leaves but extremely high in petioles, stolons,
and young tubers, suggesting that the BSRBP3 protein is
involved in mRNA transport and tuber development (Cho
et al. 2012). The LSH genes of Brassica species showed
an expression pattern similar to that of StLSHI10 (Dong
et al. 2014; Lee et al. 2020). However, our transcriptome
analysis did not reveal mRNAs involved in long-distance
transport. To elucidate the function of AtLSH proteins,
yeast two-hybrid and three-hybrid experiments should be
performed in future studies.
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