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Abstract

Gibberellic acid (GA) signaling regulates diverse aspects of plant growth and developmental processes. The DELLA
repressors of GA signaling are named for an N-terminal conserved DELLA domain. In this study, four genes encoding
DELLA proteins, PeRGAT, PeRGA2, PeGAI1 and PeGAI2, were isolated and characterized in poplar. A gene structural
analysis revealed that the DELLA genes were all intron-free. Multiple protein sequence alignments revealed that
these proteins contained seven highly conserved domains: the DELLA domain, the TVHYNP domain, leucine heptad
repeat | (LHR 1), the VHIID domain, leucine heptad repeat Il (LHR Il), the PFYRE domain, and the SAM domain. Temporal
expression patterns of these genes were profiled during the adventitious root development of poplar. The four DELLA
genes were expressed in root, stem and leaf in a dynamic manner. The subcellular localization demonstrated that
these DELLA genes were mainly localized to the nucleus. These results suggest that the four DELLA genes may play
diverse regulatory roles in the adventitious root, stem and leaf development of poplar, and contribute to improving
our understanding of conserved and divergent aspects of DELLA proteins that restrain GA signaling in various species.
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Background

Gibberellic acid (GA) signaling plays a pivotal role in
plant developmental processes and adaptive responses.
The repression by the DELLA repressors can be relieved
in response to GA by their rapid GA-induced degradation
via the ubiquitin—proteasome system. DELLA proteins,
representing a subset of the plant-specific GRAS family
of transcription factors, exhibit considerable sequence
homology to each other throughout their carboxyl ter-
mini, including two leucine heptad repeats(LHRI and
LHRII) and three conserved motifs, VHIID, PFYRE and
SAW (Daviére and Achard 2016). Additionally, DELLA
proteins contain an N-terminal conserved DELLA
domain, which is involved in recognizing GA signal-
ing and interacts with the GA receptor GIBBERELLIN
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and indicate if changes were made.

INSENSITIVE DWARF1 (GID1) (Sun and Gubler 2004;
Murase et al. 2008).

Studies have indicated that DELLA proteins negatively
regulate the GA signaling pathway and restrain plant
growth (Harberd 2003; Achard and Genschik 2009). GA
binding to GID1 stimulates the formation of the GA-
GID1-DELLA complex, which can induce the degra-
dation of the DELLAs (Daviére and Achard 2013). The
GA-GID1-DELLA complex can interact with an F-box
protein. F-box proteins are components of the SCF
(SKP1, CULLIN, F-BOX) E3 ubiquitin-ligase complexes,
which catalyze DELLA protein degradation through the
26S proteasome, and then relieve the inhibitory effect of
DELLA proteins on plant growth (Lechner et al. 2006).
The Arabidopsis thaliana genome codes for at least five
DELLA proteins that are assigned to three classes (GAIL
RGA and RGA-LIKE proteins). RGA and GAI play
important roles in cell division and cell expansion in
root, hypocotyl, shoot, and floral induction (Dill and Sun
2001; King et al. 2001; Feng et al. 2008; Lucas et al. 2008;
Daviére et al. 2014). RGL1 modulates floral development
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(Tyler et al. 2004). RGL2 is a major inhibitor of seed ger-
mination (Lee et al. 2002; Cao et al. 2005), and RGL3
contributes to plant fitness during environmental stress
(Achard et al. 2008; Wild et al. 2012).

Despite the detailed analysis of GA signaling in several
herbaceous model organisms, there are no reports on the
isolation and functional characterization of DELLA genes
in poplar. In this study, four genes encoding DELLA pro-
teins involved in adventitious rooting were isolated from
poplar, and their genomic structures, sequence simi-
larities, expression patterns and subcellular localizations
were revealed.

Methods

Plant materials

All of the sampled plantlets of the elite clone “Nanlin895”
poplar (Populus deltoids x Populus euramericana) were
cultivated on Murashige and Skoog (MS) medium under
16/8 h of light/dark at corresponding temperatures of
25/18 °C. Newly expanded young leaves from 6-week-
old plants were used for protoplast isolation and DNA
extraction. Various tissues were harvested at multiple
developmental stages (1-, 2-, 3-, and 4-week-old roots:
1WR, 2WR, 3WR, and 4WR, respectively, and 4-week-
old leaves and stems: 4WL and 4WS, respectively) during
adventitious rooting on 4-week-old stem cuttings Addi-
tional file 1: Figure S1, then quickly frozen in liquid nitro-
gen, and then stored at —80 °C until RNA extraction.

Cloning and sequencing of full-length DELLA genes

Total RNA was extracted from samples using the RNeasy
Plant Mini Kit (QIAGEN), and was treated with RNase-
free DNase I (TaKaRa). The concentration and integrity
of RNA was quantified using the ND-2000 spectropho-
tometer (Nanodrop) and electrophoresis on 1 % aga-
rose gel respectively. The DNase-treated RNA was used
for rapid amplification of cDNA ends (RACE) and then
reverse transcribed into ¢cDNA using the PrimeScript
RT reagent Kit (TaKaRa) for RT-PCR. Based on probe
sequences provided by the GeneChip Poplar Genome
Array, nested primers were designed to amplify the full-
length sequences with the 3’-Full RACE Core Set Kit
and 5’-Full RACE Kit (TaKaRa) according to the manu-
facturer’s instructions. The PCR products were purified
by the QIAquick Gel Extraction Kit (QIAGEN), ligated
into pMD19-T vectors (TaKaRa), and then transformed
into competent cells of Escherichia coli strain TOP10.
White colonies were checked by PCR, and the positive
colonies were sequenced. By comparing and aligning
the sequences of 3'-RACE and 5'-RACE and the middle
region products, the full-length cDNA sequences were
obtained. The predicted open reading frames (ORFs)
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were subsequently amplified by PCR, and were verified
by sequencing. Genomic DNA was extracted from the
newly expanded young leaves using a DNeasy Plant Mini
Kit (QIAGEN). Genomic DNA sequences of the above
genes were amplified with the RNase-treated DNA, and
were verified by sequencing. The sequences of the prim-
ers are listed in Table 1.

Bioinformatics analyses

The BioEdit software was used to analyze the DNA and
protein sequences. ORFs were predicted by FGENESH
program (http://www.mendel.cs.rhul.ac.uk/mendel.php?
topic=fgen). The theoretical isoelectric point (pI),
molecular weight (MW) and amino acid composition
of the proteins were predicted and calculated using
Expasy Protparam (http://www.web.expasy.org/prot-
param/). Protein transmembrane structures, protein
domain and signal peptide cleavage site analyses were
preformed using the TMHMM, PROSITE and SignalP
online tools, respectively. Secondary structures of amino
acid sequences were predicted by the SOPMA program
(https://www.npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=npsa_sopma.html). The phylogenetic tree was
constructed using MEGAG6 software with the Neighbor-
Joining (NJ) method and 1000 bootstraps (Tamura et al.
2013).

RT-PCR

Total RNA extraction from various tissues and organs,
and cDNA reverse transcription were performed as
described above. For semi-quantitative RT-PCR, specific
primers were designed by Oligo 7 software (Table 1),
and they generated a PCR product of 200-400 bp, with
the following reaction program: 94 °C for 5 min, fol-
lowed by 25-28 cycles of 30 s at 94 °C, 30 s at 60 °C and
30 s at 72 °C. For real-time RT-PCR, specific primers
were designed to generate an 80-150 bp PCR product
(Table 1). Real-time RT-PCR was performed on an ABI
ViiA™ 7 Real-time PCR system (Applied Biosystems)
using FastStart Universal SYBR Green Master (Rox) for
RT-PCR Kit (Roche), according to the manufacturer’s
protocol. All reactions were performed in triplicate. The
reactions final volume was 20 pL, containing 10 pL of
FastStart Universal SYBR Green Master (Rox), 1 pL of
each primer, 2 pL of ¢cDNA, and 6 puL dH,O. The real-
time PCR program was as follows: initial denaturation at
95 °C for 1 min, followed by 40 cycles of 15 s at 95 and
60 °C annealing extension for 1 min. All of the reactions
were performed in triplicate. The calculations of rela-
tive expression levels between the target and the internal
control EFla (elongation factor 1-alpha) were performed
using the delta-Ct method (Xu et al. 2011).
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Table 1 Primer sequences of the four poplar DELLA genes
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Primer_ID

Forward PCR primer (5/-3')

Reverse PCR primer (5/-3')

PeRGAT_30UTER
PeRGAT_3INNER
PeRGA1_50UTER
PeRGAT_5INNER
PeRGA1_ORF
PeRGAT1_sRT-PCR
PeRGA1_gRT-PCR
PeRGA2_30UTER
PeRGA2_3INNER
PeRGA2_50UTER
PeRGA2_5INNER
PeRGA2_ORF
PeRGA2_sRT-PCR
PeRGA2_gRT-PCR
PeGAIT_30UTER
PeGAIT_3INNER
PeGAIT_50UTER
PeGAIT_SINNER
PeGAI1_ORF
PeGAIN_sRT-PCR
PeGAIT_gRT-PCR
PeGAI2_30UTER
PeGAI2_3INNER
PeGAI2_50UTER
PeGAI2_5INNER
PeGAI2_ORF
PeGAI2_sRT-PCR
PeGAI2_gRT-PCR
EF1a_gRT-PCR
185_sRT-PCR

CATCAAGAAACCATTGGTGGTGCT
CAAAGCTGAATCTTCTTCTTCGTCAAT
CATGGCTACATGCTGACAGCCTA
CGCGGATCCACAGCCTACTGATGATCAGTCGATG
ATGAAGAGAGATCATCAAGA
AAGCTTGTTTGACTCACTC
GTTGGGTTCAAAGCATG
CACTATAACCCTTCAGATCTCT
TCAACAATCTACCTTCTACTGATCTTGA
CATGGCTACATGCTGACAGCCTA
CGCGGATCCACAGCCTACTGATGATCAGTCGATG
ATGAAGAGAGATCATCAAGAA
ACTGATCTTGATTCATCTA
CTTAGATTTCCCCAGTAA
CTTACTAGCACCGGTACTATGAC
TGGATGAACTTTTAGCTGTTTTGGGTTA
CATGGCTACATGCTGACAGCCTA
CGCGGATCCACAGCCTACTGATGATCAGTCGATG
ATGAAAAGAGAACACTCAA
GAGATTGTTACTGTCGTTG
GTCAAACAAATCGGCTT
TAAGATCGTCAGACATGGCTGA
CACGCGCAAGAAGATGGTCTTTCCCAC
CATGGCTACATGCTGACAGCCTA
CGCGGATCCACAGCCTACTGATGATCAGTCGATG
ATGAAAAGAGAACACCCA
GCATCTGATTCTGTCCATT
GACCCCTCTGCTGATTCTT
GGCAAGGAGAAGGTACACAT
TCAACTTTCGATGGTAGGATAGTG

TACCGTCGTTCCACTAGTGATTT
CGCGGATCCTCCACTAGTGATTTCACTATAGG
CCCAACTAGGGTGAGCTTCATTCG
ATCGAATTCTTGTTGAGGATAGGCAGC
TCATTGACTCGGTAGCTCGA
ACGTTTCATGTCGCT
GGGAATTGCTCTGAGAT
TACCGTCGTTCCACTAGTGATTT
CGCGGATCCTCCACTAGTGATTTCACTATAGG
ATTGCATTCCCTGTTTTAAACC
CTCGACTTGCATTCGCGAAAGCTTCAAG
TCATTGTTGTGAATCACCAG
TGCCGGCGCAATATTAGACC
CTAGAAAAACCGGACCGT
TACCGTCGTTCCACTAGTGATTT
CGCGGATCCTCCACTAGTGATTTCACTATAGG
ACTCACTGATCCCTCCAACGAG
CTCCGGTTTCATTTGTTTCACAACTGAT
TTAAGCAGCACCGCCTACTGG
CACTGAGTCAGGGTC
AATATCTGAGAGAGAGT
TACCGTCGTTCCACTAGTGATTT
CGCGGATCCTCCACTAGTGATTTCACTATAGG
CTTCCCCAAGTACACCTCTGAC
ATTATGGTTCGCTTCTTGCTCAACAACA
CTAAGCAGCACCAACTACCG
TGGTCGGAGAAATCGATAG
TATAGGTCTGTTTTTAA
CAATCACACGCTTGTCAATA
CCGTGTCAGGATTGGGTAATTT

GFP fusion construct and protoplast transfection

In this study, plasmids were constructed using Gateway
technology (Invitrogen), according to the manufacturer’s
protocol. The PeRGA (or PeGAI) coding region (without
a stop codon) was cloned into the entry vector, pCR8/
GW/TOPO (Invitrogen), by a simple TOPO cloning
reaction. For the subcellular localization of tagged pro-
teins, the inset from the entry vector was transferred to
its destination vector, p2GWF7, with a C-terminal GFP
fusion, using an LR clonase enzyme mix (Invitrogen).
The generated GFP fusion vectors (35S:PeRGAI-GEFP,
35S::PeRGA2-GFP, 35S::PeGAII-GFP and 35S::PeGAI2-
GFP) were high-copy vectors, driven by the promoter of
double 35S cauliflower mosaic virus (CaMV), with ampi-
cillin as the bacterial selection marker. Protoplast isola-
tion and polyethylene glycol-mediated transfection were
performed using the method of Tan et al. (2013).

Results
Isolation and characterization of DELLA genes
Poplar DELLA genes were successfully isolated and iden-
tified by 3-RACE and 5-RACE procedures, and termed
PeRGAI, PeRGA2, PeGAII and PeGAI2. Comparisons
of genomic and cDNA sequences showed that these
four DELLA genes were all intron-free. The full-length
sequences of PeRGA1 cDNA was 2321 bp, containing
an ORF of 1770 bp, flanked by 324 bp of 5'-untranslated
region (UTR) and a 227 bp 3/-UTR; PeRGA2 was 2504 bp
with an ORF of 1824 bp, flanked by 226 and 454 bp 5’- and
3/-UTRs, respectively; PeGAII was 2106 bp with an ORF
of 1809 bp, flanked by 144 and 153 bp 5'- and 3’-UTRs;
and PeGAI2 was 2187 bp with an ORF of 1803 bp, flanked
by 61 and 323 bp 5’- and 3’-UTRs (Table 2).

These cDNAs encode polypeptides of 589, 607, 602 and
600 amino acid residues, respectively. The corresponding
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Table 2 Characteristics of DELLA genes of poplar
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Gene_ID Full-length 5’UTR 3/UTR ORF Predicted peptide Secondary structure prediction

cDNA (bp) (bp) (bp) (bp) MW (kDa) pl GRAVY Hh (%) Ee (%) Tt (%) Cc (%)
PeRGAT 2321 324 227 1770 64.15 4.94 —0.240 43.80 16.13 9.00 31.07
PeRGA2 2504 226 454 1824 65.88 4.94 —0.193 4217 13.67 9.72 3443
PeGAIl 2106 144 153 1809 66.31 5.68 —0.279 47.18 15.78 8.64 2841
PeGAI2 2187 61 323 1803 65.96 543 —0.242 46.83 15.67 8.17 29.33

UTR untranslated region, MW molecular weight (kDa), p! isoelectric point, GRAVY grand average of hydropathicity, Hh alpha helix, Ee extended strand, Tt beta turn, Cc

random coil

MWs, pls and grand averages of hydropathicity (GRAVY)
for these polypeptides were 64.15 kDa, 4.94 and —0.240,
respectively; 65.88 kDa, 4.94 and —0.193, respectively;
66.31 kDa, 5.68 and —0.279, respectively; and 65.96 kDa
and 5.43, —0.242, respectively (Table 2). The SOPMA
program was used to predict the secondary structures
of these four proteins. The PeRGA1, PeRGA2, PeGAIl
and PeGAI2 proteins contained 43.80, 42.17, 47.18 and
46.83 % of alpha helices, respectively; and correspond-
ingly 16.13, 13.67, 15.78 and 15.67 % of extended strands,
respectively; 9.00, 9.72, 8.64 and 8.17 % of beta turns,
respectively; and 31.07, 34.43, 28.41 and 29.33 % of ran-
dom coils, respectively (Table 2).

The multiple alignment of PeRGA1l, PeRGA2, PeGAIl
and PeGAI2 with other plant DELLA proteins (PtoGAIL
Paulownia tomentosa, AFP58844.1; AtGAl, Arabidop-
sis thaliana, Y15193; AtRGL1, A. thaliana, AY048749;
AtRGL2, A. thaliana, NP_186995), AtRGL3, A. thaliana,
AL391150; PtRGA, Populus trichocarpa, XP_002302975.1;
WiIGAIL, Vitis vinifera, XP_002266267.1; CusGAI, Cucumis
sativus, XP_004155733.1; RicGAI, Ricinus communis,
XP_002534030.1; GlyGAIl, Glycine max, NP_001240948.1;
BrRGAZ2, Brassica rapavar. Perviridis, AAX33298.1; OsGAI,
Oryza sativa Japonica, NP_001051032.1), revealed that
the four poplar DELLAs contained two DELLA-specific
domains in the N-terminal, DELLA and TVHYND, and also
included five GRAS-specific motifs, LHRI, VHIID, LHRII,
PFYRE and SAW;, in the C-termini (Fig. 1).

To understand the evolutionary relationship of DELLA
proteins from different species, the amino acid sequences
of 18 DELLA proteins were aligned, and an un-rooted NJ
phylogenetic tree was constructed using MEGA 6 soft-
ware with 1000 bootstrap replications. The un-rooted NJ
tree based on multiple sequence alignments showed that
the 18 proteins were clustered into three distinct groups
(Fig. 2). PeGAI2 and PeGAI2, most closely related to
PtoGAI, were positioned in the first clade; PeRGA1 and
PeRGA2 most closely related to PtRGA, were positioned
in the second clade; and the three RGL proteins of A.
thaliana were positioned in the third clade.

Expression patterns of DELLA genes

To analyze the expression patterns of the PeRGAI,
PeRGA2, PeGAIl and PeGAI2 genes in poplar, we
measured their transcript levels by semi-quantitative
and real-time RT-PCR at various developmental time
points and in different tissues, including 1WR, 2WR,
3WR, 4WR, 4WS and 4WL Additional file 1: Figure
S1. These four DELLA genes could be expressed at all
developmental time points and in various tissues at dif-
ferent expression levels (Fig. 3). In addition to PeRGAI,
the mRNA expression patterns of PeRGA2, PeGAII and
PeGAI2 were similar at different developmental stages
of poplar roots, with an obvious increase—decrease
trend during the 1-4 weeks. The minimum of all of
them occurred in 1WR, and the maximum in 2WR
(PeRGA2) and 3WR (PeGAIl and PeGAI2). However,
the expression pattern of PeRGAI in contrast with the
three genes above, which obviously had the decrease-
increase pattern in their 1- to 4-week-old roots, was
lower in 2WR and 3WR than in 1WR and 4WR, with a
minimum in the 2WR and a maximum in the 4WR. In
the root and stem, PeGAI2 had the highest expression
abundance. PeGAII had the lowest expression level in
the 4-week-old leaves (Fig. 3).

Subcellular localization of DELLA proteins

To probe the subcellular localizations of the PeRGA1,
PeRGA2, PeGAIl and PeGAI2 proteins, the GEFP-
fusion vectors (35S::PeRGAI1-GFP, 35S::PeRGA2-GFP,
35S::PeGAII-GFP and 35S:: PeGAI2-GFP) were trans-
formed into Populus protoplasts under control of the
double 35S CaMV promoter. Confocal microscopy was
used to observe the cellular localization of the fusion
proteins. The PeRGA1-GFP and PeGAI1-GFP fusion
proteins were located in the nucleus and cytoplasm,
while the PeRGA2-GFP and PeGAI2-GFP fusion pro-
teins were located only in the nucleus (Fig. 4). As
a positive control, the 35::GFP fusion protein was
detected in the nucleus and cytoplasm of Populus
protoplasts.
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PeGAI1 MKREHSNLHPQQLTNPSSLAAGGYSLTSTGTMTSNNGKAKTWE———— EEKGR—QADGG!
PeGAlI2 MKREHPNLHPQQ | SDPSTLAAAGYS-TSTSAMAPHNGKAK | WE-—————EGEGH-—QADGG

LGYKVRSSDMAEVAQKLEQLEEVMGH

PeRGA1 MKRDHQET | GGAGNS | GNKAESSSS——————SMATGKGKLWV— LGYK IKSSEMADVAQKLEQLEMVLG—
PeRGA2 MKRDHQET 1 GGG——— I GNRAESSSS—————— SMETGKGKSWV' LGYKIKSSDMADVAQKLEQLEMVLG—
AtRGL1 MKREHNHR——————— ESSAGEGGS SSMTTVIK LGYKVRSSDMADVAHKLEQLEMVLG—
AtRGL2 MKRGYGETWDPPPKPLPASRSGEGP- SMADKKKADD LGYKVRSSEMAEVAQKLEQLEMVLSN
AtRGL3 MKRSHQET———————— SVEEEAP———————
PtRGA
VviGAI1
CusGAI
RicGAl MKREHQE
GlyGAIl MKRER————QOLGSNAGTSSCGYS—————————SGKSNLWE————E
BrRGA2 K MMMVKE:
0sGAI MKREYQEAG———————GSSGGESS LGYKVRSSDMADVAQKLEQLEMAMGMGGVSAPGAADDGF VSHLAT
AtGAI MKRDHHHHHHQDKK TMMMNE EDDG NG LGYKVRSSEMADVAQKLEQLEVMMSN————————VQEDDLSQLAT
DELLA
PeGAI1 DLSTWLESMLSELNPNHHFDLSADSLLAPAESS—————— TVTSIDF TDRKHHQQPKLFEESSSSEYDLKV I PGKAVFS——PTQ IDSRES KRLKTDLYQ
PeGAI2 DLSTWLESM I SELNPNLNFDPSADSLLAPAESS ——T 1 TS |DFSDHKHHQQOKLFEESSSSDYDLKV I PGKAVFS——QTQIDSRES KRLKTDLYQ
PeRGA1 DLSGWVQSMLSELNNLPSSDLDSSTLLSNNGDS———NPSTMTSLDFP———— NNSQSKAFVDDSEYDLRA | PGVAAYPQQ—-EFDKSND—————————————] RKRMKLTLVG—————
PeRGA2 DLSGWVQSMLSEFNNLPSTDLDSS ILLSNNRDSLL-GQPST I TPLDFP———— SNSQSKVFADDSEYDLRA I PGVAAYPQQ-ELDKSND————————————— RKRMKLTP16—————
AtRGL1 DLSGWVESMLSDLDPTR 1QEKP- DSEYDLRAIPGSAVYPRDEHVTRRS KRTRIESELS
AtRGL2 DLSNWVESMLSELNNP ASSDLDT TRSCVDRSEYDLRA | PGLSAFPKEEEVFDEEASS——————————— KRIRLGSWCE—————
AtRGL3 DLSGWAQGSMLSDLN YYPDLDP NRIC DLRP I T————DDDECCSSNSNSN KR IRLGPWCD
PtRGA DLSGWVQOSMLSELNNLPSSDLDSSTLLSNNGDS———NPSTMTSLDFP————NNSQSKAFVDDSEYDLRA I PGVAAYPQQ-EFDKSND—————————————RKRMKLTLVG——————
VviGAIl DLSGWVQSMLTELNPPSSAFASSSQQTP IDDPLLAPSESST I TTLDFSGSRQQSEHQSR | YNDNSDYDLSA I PGVAVYRRPDQQGDGEK————————————SSKRMKTASSS——————
CusGAl DLSSWVONMLSEFNNS————— TNHFNPPPQSS——— PYSNSPHP 1Q———— STKSCFYDDDSEYDLSA I PGVAVLPPKDETQTNS ——————————————] RKRLKIETQSSSVN——
RicGAl DLSGHVOSILSELNNP————LDI———IONOQDS SSVISFG———————NSQSGIFNDDSEYDLRA | PGVAAYPPQPESSDSNNNSS—————————SRKRMKTSTL——————
GlyGAI1 DISNWLQTMLSNFDP LPSEEP- E KDSASSDYDLKA I PGKA | YG——GGSDALPNP- KRVRTD
BrRGA2 ELYSILDNILTEFNP ——————————— PEINN $ FLAGAGGSDYDLKAIPGNA | YARSDQFA IDSSSSSNQAG—DNSQSTKRLKSCSSPDSLV——
0sGAIl DLSSWVESMLSELNAPLPP | PPAPPAARHASTS ———————— STVTGGGGSGFFELPAAADSSSSTYALRP I SLPVVATADPSAADSARDT ————————————| KRMRTGGGSTSSSSSS
AtGAI ELYTWLDSMLTDLNPP SSNAEYDLKA I PGDAILN——QFAIDSASSSNQGGGGDTYTTNKRLK-CSN————
PeGAll ~ ——r TSSSPS-SSSTTLGSLVASTESTRPVVLVD—SQENGVR LVHLLMACAEAVQENNLNLAEALVKQ | GFLAVSQAGAMRKVATYFAEALARR
PeGAI2 = —TSSSSSLSSATTLGSFGISTESTRPVVLVD—SQENGIR LVHLLMACAEAVQESNF TLAEALVKQ | GFLAVSQAGVMRKVATYFAEALARR
PeRGA1 = ——SNTAPTLAVNS———LQSSNSSCTPSS—-PQAIMAVS EAIQQENLKLADALVKH | GVLAASQAGAMRKVATYFAEALARR
PeRGA2 @~ — SNIAPAPSVNS———LQSPTASSTSSS— SPQAIAVSGILSEPTRPVVLVDSOETGVRLVHTLLAGAEAIDQENLKLADALVKHIGLLAASOTGAIRKVATYFAEALARR
AtRGL1 STRSVVVLD—SQETGV LVHALLACAEAVQQNNLKLADALVKHVGLLASSQAGAMRKVATYFAEGLARR
AtRGL2 oSD‘ESTRSVVLVDS-*OETGVR——'—--—-*-—‘-‘—--LVHALVAGAEAIHOENLNLADALVKRVGTLAGSOAGAIGKVATYFAOALARR
AtRGL3 SVTSESTRSVVLIE——ETGVR LVOALVACAEAVQLENLSLADALVKRVGLLAASQAGAMGKVATYFAEALARR
PERGA = e SNTAPTLAVNS———LQSSNSSCTPSSSPQA IMAVSGTLSEPTRPVVL IDSQETGVRLVHTLLACAEA | QQENLKLADALVKH | GVLAASQAGAMRKVATYFAEALARR
VviGAI1 SSSSTQAVQENGLASVAESTRPVVVVD—SQETGVR————————————————————LVHTLMACADAVQQDNMKLADALVKH | GLLAASQAGAMRKVATYFAEALARR
CusGAl —LLPSPSSSSPPFASTPRIASESSRPVIVVEEDSQETGIQ LVHALMACAEAVQQENMKLADALVKH | GFLATSQAGAMRKVATYFAQALARR
RicGAl e ANSDST IPTN————LSEPNRPMVL ID—SQETGVR LVHTLLACAEA 1 QODNFKLAEALLKH | GLLAASQASSMRKVATYFAEALARR
GlyGAI1 ESTRAVVVVD—LQENGIR LVHSLMACAEAVENNNLAVAEALVKQ | GFLALSQVGAMRKVATYFAEALARR
BrRGA2 ————————TGTTVITTTTESTRSVGLAAESTRSMVLVD-—SQENGVR LVHALMACAEA | ONNDLS | AEALVKQ | GFLAVSQAGAMRKVATYFAEALARR
0sGAl SSSLGGGASRGSVVEAAPPATQGAAAANAPAVPVVVVD——TQEAGIR LVHALLACAEAVQQENFAAAEALVKQ I PTLAASQGGAMRKVAAYFGEALARR
AtGAlI GVVETTTAT————————AESTRHVVLVD——SQENGVR LVHALLACAEAVOKENLTVAEALVKQ 1 GFLAVSQ | GAMRKVATYFAEALARR
et I . [ e ———
PeGAI1 I YKLYPQNS————TDHSLSD ILQIHFYETCPYLKFAHF TANQA | LEAFEGKKR SINOGIOIPALIOALALRPGGPPAFRLIGIGPPAHDNID-OLOEVGJKLAOLAETIHVEF
PeGAl2 I YKLCGPGNS————TDHSLSD I LQIHFYETCPYLKFAHF TANGA | LEAFEGKKR SMNQGMQWPALMQALAVRPGGPPAFRLTG | GPPAHDNTD-HLQEVGWKLAQLAET IHVEF
PeRGA1 1YKIFPQDH-———CLDSSYSDTLEMHFYETCPYLKFAHF TANQA | LEAFANASR GLKQGMOWPALMQALALRPGGPPAFRLTG | GPPQPDNTD-ALQQVGWKLAQLAQT I GVEF
PeRGA2 1YKIFPQDY————CLDSSCSDTLEMHFYETCPYLKFAHF TANQA | LEAFANASR GLKQGMOWPALMQALALRPGGPPAFRLTG | GPPQPDNTD-ALQQVGWKLAQLAQT I GVEF
AtRGL1 GLNHGLQWPAL | QALALRPNGPPDFRLTG I GYSLTD———— | QEVGWKLGQLAST | GVNF
AtRGL2 GLNQGMOWPALMQALALRPGGPPSFRLTG | GPPQTENSD-SLOOLGWKLAQFAGNMGVEF
AtRGL3 GLNQGMQWPALMQALALRPGGPPSFRLTGVGNP——SNRE-G | QELGWKLAQLAQA | GVEF
PtRGA 1YKIFPQDH———CLDSSYSDTLEMHF YETCPYLKFAHF TANGA | LEAFANASR GLKQGMOWPALMQALALRPGGPPAFRLTG | GPPGPDNTD-ALQQVGWKLAQLAQT I GVEF
VviGAI1 IYRIYPQD————SLESSYSD | LOMHF YEACPYLKFAHF TANQA | LEAFAGANR GLKQGMOWPALMQALALRPGGPPSFRLTG | GPPQPDNTD-ALQQVGWKLAQLAET I GVEF
CusGAl R SLNQOGMOWPALMQALALRPGGPPAFRLTG | GPPQPENAAGSLOQVGWKLAQMAEA | GVDF
RicGAl R GLKQGMOWPALMQALALRPGGPPAFRLTG | GPPAQSNNTD-ALQQVGWKLAQLADT I GVEF
GlyGAI1 I YRVFPQQ———————HSLSDSLQ IHFYETGPYLKFAHF TANQA | LEAFQGKNR G INOGMOWPALMQALALRNDGPPVFRLTG | GPPAADNSD-HLOEVGWKLAQLAER | HVGF
BrRGA2 I YRLSPPQT———Q I DHSLSDTLOMHFYETGPYLKFAHF TANQA | LEAFEGKKR SMNQGLOWPALMQALALREGGPPVFRLTG | GPPAADNSD-HLHEVGCKLAQLAEA IHVEF
0sGAI VYRFRPADS——TLLDAAFADLLHAHFYESCPYLKFAHF TANQA | LEAFAGCHR GIKQGMOWPALLOALALRPGGPPSFRLTGVGPPQPDETD-ALQQVGWKLAQFAHT IRVDF
AtGAl I'YRLSPSQS———P IDHSLSDTLOMHF YETCPYLKFAHF TANQA | LEAFQGKKR SMSQGLQWPALMQALALRPGGPPVFRLTG | GPPAPDNFD-YLHEVGCKLAHLAEA IHVEF
- VHIID
PeGAI1 EYRGFVANSLADLDASMLEL———| RPTEFESVAVNS | FEFHKLLA | PGAMKKVLSVVKQMKPE | VTVVEQEANHNGPVFLDRF TESLHYYSTLFDSLEGS————— VST QD
PeGAl2 EYRGFVANSLADLDASMLEL————RPT——ESVAVNSVFELHKLLSRPGA | EKVLSVVKQMKPE | VTVVEQEANHNGP IFLDRF TESLHYYSTLFDSLEGS—————VST— —QD
PeRGA1 EFRGFVASSLADLEAEMLDL————RPPEVEAVAVNSVFELHRLLDRPGG I DKVLGS | KAMRPK I VT | VEQEANHNGPVFLDRF TEALHYYSSLFDSLEGS—GVTPTS— —QD
PeRGA2 EFRGFVANSLADLDAEMLGL—————LPPEVEAVAVNSVFELHRLLGRPGG I DKVLES I KAMRPK I VT | VEQEANHNGPVFLDRF TEALHYYSSLFDSLEGS—GLTPPS —-QD
AtRGL1 EFKS IALNNLSDLKPEMLD | ————RPG-LESVAVNSVFELHRLLAHPGS IDKFLST IKS IRPD IMTVVEQEANHNGTWFLDRF TESLHYYSSLFDSLEGP- P -QD
AtRGL2 EFKGLAAESLSDLEPEMFET————RPES—ETLVVNSVFELHRLLARSGS | EKLLNTVKA I KP$ | VTVVEQEANHNG | FLDRFNEALHYYSSLFDSLEDS -QD
AtRGL3 KFNGLTTERLSDLEPDMFET————RTES—ETLVVNSVFELHPVLSQPGS | EKLLATVKAVKPGLVTVVEQEANHNGDVFLDRFNEALHYYSSLFDSLEDG———VVIPS— -QD
PtRGA EFRGFVASSLADLEAEMLDL————RPPEVEAVAVNSVFELHRLLDRPGG I DKVLGS | KAMRPK I VT | VEQEANHNGPWFLDRF TEALHYYSSLFDSLEGS—GVTPTS—
VviGAI1 EFRGFVANSLADLEPSMLQ| ——RPPEVEAVAVNSVLELHRLLARPGA | EKVLSS | KAMKPK | VTVVEQEASHNGP! DRFTEALHYY
CusGAl EFNHIVCGSNLADLDPAALE | —————RPSAVEAVAVNSVFDLHRLLARPGA | EKVLGS IKTTKPK VT | VEQEANHNGP IIFLDRF TEALHYY:
RicGAl EFRGFVANSLADLQPEMLDL————RPPDVETVAVNSVFELHRLLARPGGMEKVLSS | KAMKPK | VTVVEQEASHNGPVFLDRF TEALHYY:
GlyGAIl1 EYRGFVANSLADLDASMLDL————RED—ESVAVNSVFEFHKLLARPGAVEKVLSVVRQ | RPE | LTVVEQEANHNGLSFVDRF TESLHYY
BrRGA2 EYRGFVANSLADLDASMLEL————RPSE | EAVAVNSVFELHKLLGRTGG | EKVLGVVKQ I KPY IFTVVEQESSHNGPVFLDRF TESLHYYSTLFDSLEGV—————PSS— —QD
0sGAl QYRGLVAATLADLEPFMLQPEGEADANEEPEV | AVNSVFELHRLLAQGPGALEKVLGTVHAVRPR I VTVVEQEANHNSGSFLDRF TESLHYYSTMFDSLEGGSSGQAELSPPAAGGGGGTD
AtGAI EYRGFVANILAffDASILEL—————RPSElESVAVNSVFELHKLLGRPGAIDKVLGVVNOI PE | FTVVEQESNHNSP IFLDRFTESLHYYSTLFDSLEGV—————PS6———— ——QD
L = PFY

PeGAI1 KVMSEVYLAKD | CNVVACJEGSSRVERHETLTOWRTRLSSAGFAPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPLIA RVNNHHPVGGAA ——
PeGAl2 KIMSEVYLGKQ | CNVVACQEGPDRVERHETLTOWRTRLGSAGFAPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPL 1A P
PeRGA1 LVMSELYLGRO | CNVVAQESADRVERHETLAQWRTRFDSAGFDPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPL 1A
PeRGA2 LVMSELYLGRH | CNVVA DRVERHETLAQWRTRFDSAGFDPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPLIA
AtRGL1 RVMSELFLGRO | LNLVAQEGEDRVERHETLNOWRNRFGLGGFKPVS | GSNAYKQASMLLALYAGADGYNVEENEGCLLLGWQTRPLIA
AtRGL2 RVMSEVYLGRO ILNVV SDRVERHETAAQWR | RMKSAGFDP | HLGSSAFKQASMLLSLYATGDGYRVEENDGCLM I GWNQTRPLIT
AtRGL3 RVMSEVYLGRO | LNLVATIEGSDR | ERHETLAQWRKRMGSAGFDPVYNLGSDAFKQASLLLALSGGGDGYRVEENDGSLMLAWQTKPL | ELRR
PtRGA LVMSELYLGRO | CNVVAJESADRVERHETLAQWRTRFDSAGFDPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPLIA DLAAGDSRLRVNSAEFELPSQ
VviGAI1 LMMSE | YLGRO | CNVVAQESAERVERHETLSQWRSRMGSAGFDPVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPL 1A DLNSNFNPTSTSASTSAHSQ—
CusGAl VLLSEVYLGKQ | CNVVAGES TNRVERHESLSQWRSRMESSGFDPVHLGSNAFKQASMLLALFAGGEGYRVEENNGCLMLGWHTRPL 1A
RicGAl LVMSELYLGRO I CNVVA RVERHESLPHWRTRFESAGFDRVHLGSNAFKQASMLLALFAGGDGYRVEENNGCLMLGWHTRPLIA
GlyGAI1 KAMSEVYLGKQ | CNVVAJESMDRVERHE TLNOWRNRF GSTGF SPVHLGSNAYKQASMLLSLFGGGDGYRVEENNGCLMLGWHTRPLIA
BrRGA2 KVMSEVYLGKQ | CNLVAQEGPDRVERHETLSQWANRFGSSGFAPAHLGSNAFKQASMLLALFNGGEGYRVEENNGCLMLGWHTRPLIT
0sGAI QVMSEVYLGRO | CNVVA ERTERHETLGOWRNRLGRAGFEPVHLGSNAYKQASTLLALFAGGDGYRVEEKEGCLTLGWHTRPLIA

PDRVERHETLSQWRNRFGSAGFAAAH | GSNAFKQASMLLALFNGGEGYRVEESDGCLMLGWHTRPLIA

AtGAl KVMSEVYLGKQ I CNVVA

Fig. 1 Alignment of the amino acid sequences of various plants DELLA proteins
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Fig. 2 Phylogenetic analysis of the DELLA proteins
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Fig. 3 Temporal and spatial expression patterns of poplar DELLA
genes by semi-quantitative and real-time RT-PCR. TWR, 2WR, 3WR
and 4WR are 1-, 2-, 3- and 4-week-old roots, respectively; and 4WL
and 4WS are 4-week-old leaves and stems, respectively. For semi-
quantitative RT-PCR, 18S was used an internal control. For real-time
RT-PCR, EF1a was used as an internal control, and the relative tran-
script levels were calculated using the comparative Ct method. Error
bars represent standard deviations for three biological replicates

Discussion

DELLA proteins are a subgroup of the plant-specific
GRAS family (Bolle 2004). They are highly conserved
repressors of GA signaling in angiosperms and their
rapid GA-induced degradation can activate the GA sign-
aling pathway (Vandenbussche 2007; Locascio et al. 2013;
Zhang et al. 2011). The GA-GID1-DELLA complex plays

GFP Auto

Mergedl Bright Merged2

35S::GFP

35S::PeRGA1-GFP

35S::PeRGA2-GFP

35S::PeGAI1-GFP

35S::PeGAI2-GFP ®

Fig. 4 Subcelluar localization of the Populus DELLA proteins. Green
fluorescence protein (GFP), chlorophyll autofluorescence (Auto),
merged 1, bright and merged 2 images are shown. Scale bar 5 um.
The 35:GFP fusion was used as a positive protein control, and was

detected in the nucleus and cytoplasm in protoplasts

a pivotal role in controlling plant growth and root elon-
gation (Aleman 2008; Dai 2010; Harberd et al. 2009). The
DELLA proteins participation in the growth regulation of
roots has also been elucidated, such as, GAI and RGA are
the major DELLAs controlling cell expansion in hypoco-
tyl, shoot and root (Fu and Harberd 2003; Ubeda-Tomas
et al. 2008). Several lines suggest that active GAs may
inhibit lateral root formation (Berova and Zlatev, 2000;
Chaney 2003; Watson 2004; Grossi et al. 2005; Gou et al.
2010). By heterologous expression of DELLA-less ver-
sions of GAI in Populus, the GA signaling was blocked,
and the root biomass was increased via lateral root prolif-
eration (Busov et al. 2006). By contrast, GA-overproduc-
ing mutations and exogenous GA application in aspen
led to suppression of lateral and adventitious root forma-
tion (Eriksson et al. 2000).

Our previous study, a whole-genome transcriptional
analysis of adventitious rooting in poplar hardwood cut-
tings was conducted using the GeneChip Poplar Genome
Array, revealed the involvement of some putative DELLA
genes in the adventitious rooting process. Here, four pop-
lar DELLA genes involved in adventitious root develop-
ment were isolated and characterized. A gene structure
analysis revealed that these four DELLA genes were all
intron-free. Previous studies revealed that SCR and SHR
genes (also belonging to the GRAS family) of Arabidop-
sis, maize, rice and soybean were all intron- free (Xuan
et al. 2014), but the homologous genes in Pinus contain
introns (Laajanen et al. 2007).

Multiple sequence alignments suggest that PeRGAL,
PeRGA2, PeGAIl1 and PeGAI2 all have DELLA motifs
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that contain the specific DELLA protein’s domain, and
it is necessary for DELLA proteins to interact with GID1
(Sun et al. 2010). The phylogenetic analysis of plant
DELLA proteins indicates that these four DELLA pro-
teins of poplar are highly homologous with Arabidopsis
DELLA proteins. They may have similar functions, being
involved in the GA signaling pathway and then regulating
poplar root growth (Heo et al. 2011).

Expression patterns of DELLA genes in poplar showed
that PeGAII and PeGAI2 sustained increases in expres-
sion levels during adventitious early root formation until
root maturity, The PeRGA2 expression level was highest
during middle root development, then began to decline.
The expression level of PeRGA1 was highest in early root
development and maturation, but lowest during middle
root development. Only PeRGAI and PeRGA2 had high
levels of expression in leaves. The three DELLA genes
(PeRGA2, PeGAIl, and PeGAI2) have a peak expres-
sion in 2 to 3 week-old adventitious root (Additional
file 1: Figure S1). This result indicated that the PeRGA2,
PeGAIl and PeGAI2 might be involved in cell expan-
sion in poplar adventitious root (Fu and Harberd 2003;
Ubeda-Tomas et al. 2008). During the growth and devel-
opment of A. thaliana, RGA and RGL2 are the main
negative regulators of flower formation and reproductive
growth, and RGA and GAI are the main negative regu-
lators of stem elongation. However, in A. thaliana, four
DELLA genes are involved in the regulation of seed ger-
mination (Peng et al. 1999; Dill et al. 2001; Dill and Sun
2001).

Conclusions

In this study, four DELLA genes involved in adventitious
root development were isolated from poplar, and detailed
information about the gene structures, sequence similari-
ties, transcript profile and subcellular localization of the
four poplar DELLA genes were revealed. Studies showed
that the greater the DELLA protein content in plants,
the greater ability to adverse environments (Achard et al.
2006). Therefore, the study of poplar DELLA genes not
only increases our understanding of the specific func-
tions of DELLA genes and the DELLA protein pathway in
poplar, but also increases our understanding of environ-
mental stress responses in poplar.

Additional file

Additional file 1. Distinct developmental stages of adventitious rooting
on poplar stem cuttings.
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