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Abstract

Areolar activation is the most popular in vitro propagation method for cacti. Even though it is relatively simple, few estab-
lished protocols exist. Acquisition of a competent state has been linked to the expression of SOMATIC EMBRYOGENESIS
RECEPTOR KINASE (SERK) during plant organogenesis. Here, cell competence acquisition and areolar activation were
investigated during Melocactus glaucescens shoot organogenesis. Degenerate PCR primers and transcriptome data enabled
the characterization of MgSERK, the first known Cactaceae SERK sequence. Phylogenetic analysis based on SERKs from
23 angiosperm species revealed elevated similarity to other SERK Dicot S1/2 sequences and identified the corresponding
SERK] orthologs. Treated explants had the areolar region punctured three times, and shoot organogenesis was induced by
exposure to 17.76 uM 6-benzyladenine and 1.34 uM 1-naphthaleneacetic acid. Shoot organogenesis was analyzed by com-
paring treated and non-treated explants. Anatomical examination and in situ hybridization showed that shoot organogenesis
occurred via areolar activation from procambial cells in the stem cortex. Wounding of the areola region activated the axillary
bud and increased the number of shoots produced per explant. In situ expression revealed the association of MgSERK with
M. glaucescens shoot organogenesis in the areola, its adjacent regions, and the roots.

Key message
This is the first characterization of a SERKI gene in cacti. Its expression during areolar activation is associated with shoot
and root organogenesis in Melocactus glaucescens.

Keywords Cacti - Endangered species - In situ hybridization - Organogenesis - SERK - Wounding

Introduction

Interest in ornamental cacti has witnessed a steady growth
(Goettsch et al. 2015). Over the last century, cacti species
have become more accessible because of more efficient
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propagation methods, which has facilitated the cultivation
of these plants (Lema-Rumiriska and Kulus 2014).

Cacti are propagated both sexually via seeds, and veg-
etatively via lateral branches and adventitious roots (Lema-
Rumiriska and Kulus 2014). However, for commercial pur-
poses, conventional propagation may be impractical because:
(i) seeds can be difficult to obtain (Godinez—Alvarez et al.
2003); (ii) their germination rate may be low (Jenkins 1993);
(iii) some cacti do not form lateral branches or adventitious
roots (Goettsch et al. 2015); and (iv) propagation by cuttings
is difficult (Rubluo 1997). Over the past 50 years, plant tis-
sue culture using in vitro propagation has helped overcome
some of these limitations (Kim et al. 2019).

The most popular in vitro propagation method among
cacti is axillary bud activation or areolar activation (Lema-
Rumirska and Kulus 2014; Pérez-Molphe-Balch et al. 2015).
In Cactaceae, the areola is a highly specialized axillary bud
that contains meristematic tissues, from which spines, tri-
chomes, and flowers can develop (Pérez-Molphe-Balch et al.
2015). This region can help regenerate entire plants through
activation of meristematic cells following cutting or induc-
tion with plant growth regulators (PGR) (Lema-Rumiriska
and Kulus 2014; Pérez-Molphe-Balch et al. 2015).

Even if areolar activation is a relatively simple tech-
nique, well established in vitro propagation protocols exist
solely for a few species of cacti and only a few studies have
explored the anatomical and molecular aspects of in vitro
regeneration (Pérez-Molphe-Balch et al. 2015). Areolar acti-
vation in cacti goes beyond the mere acquisition of com-
petence by meristematic cells in that region. For example,
Séanchez et al. (2015) observed that floral and shoot mor-
phogenesis in Echinocereus occurred in internal regions of
the buds as a result of the curling and looping of the areola
meristem, caused by the periderm layer that seals and dis-
rupts its growth.

An in vitro shoot production protocol has recently been
developed for Melocactus glaucescens Buining & Brederoo,
an ornamental, endemic, and endangered cactus from east-
ern Brazil (Torres-Silva et al. 2018). Shoots were seen to
develop after areola intumescence in the fourth week of cul-
tivation and a single shoot developed at each areola. How-
ever, in vitro propagation of M. glaucescens seemed limited
by low numbers of shoots per explant, a high proportion of
shoots with morphological alterations, and occurrence of
somaclonal variation. Similar issues have also been reported
with other species of cacti (Torres-Silva et al. 2018). Under-
standing the fundamental molecular events that trigger
acquisition of competence during cacti areolar activation
could improve Cactaceae propagation protocols.

To improve our understanding of in vitro regeneration,
it is necessary to identify genetic markers of competence
acquisition. SOMATIC EMBRYOGENESIS RECEPTOR
KINASE (SERK) was first isolated from Daucus carota cell
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cultures, in which it triggered a single somatic cell to become
competent and form an embryo (Schmidt et al. 1997). Five
SERK proteins were later characterized in Arabidopsis thali-
ana (Hecht et al. 2001). Currently, the SERK protein fam-
ily includes five homologs that share only partial functional
redundancy (Podio et al. 2014; Aan den Toorn et al. 2015).

Despite ample evidence supporting a clear link between
SERK gene expression and induction of somatic embryo-
genesis (Cueva-Agila et al. 2020), a broader role for SERK
in plant morphogenesis has been suggested. First, Baudino
et al. (2001) reported the expression of ZmSERK1 and
ZmSERK? in embryogenic and non-embryogenic calli of Zea
mays. Further studies suggested the participation of SERK in
the induction of shoot organogenesis (SO) in Medicago trun-
catula (Nolan et al. 2003), Helianthus annuus (Thomas et al.
2004), and Triticum aestivum (Singla et al. 2008). Sharma
et al. (2008) were the first to propose SERK as a marker of
pluripotency rather than embryogenesis. A robust relation-
ship between SERK expression and in vitro organogenesis
has been proposed. In situ hybridization revealed expression
of CpSERK1 andCpSERK?2 during somatic embryogenesis
and organogenesis of Cyclamen persicum (Savona et al.
2012), whereas PeSERK1 expression was observed during
the organogenesis of Passiflora edulis (Rocha et al. 2016).

Based on the suggested evidence linking competence
acquisition and SERK expression during organogenic devel-
opmental programs in plants, this study investigated the
role of SERK expression in M. glaucescens SO. The study
aimed to improve existing knowledge of cell competence
acquisition and areolar activation. This is the first descrip-
tion of a SERK gene from the Cactaceae family, as well as
the first gene expression study on areolar activation.

Materials and methods
Plant material

Plant material was obtained by in vitro germination of
M. glaucescens seeds collected from natural populations
located in Morro do Chapéu city, Bahia State, eastern Brazil
(11°29'38.4"S; 41°2022.5"W) (Fig. 1A). Plant material was
identified by Prof. Sheila Vitéria Resende (UFBA, Bahia,
Brazil). The voucher specimen was deposited at the Herbar-
ium of Universidade Estadual de Feira de Santana (HUEFS),
Bahia State (Lambert et al. 2006). Access to the genetic
material (permission number A93B8DB) was granted by the
Brazilian National System for the Management of Genetic
Heritage and Associated Traditional Knowledge (SISGEN)
in accordance with existing Brazilian biodiversity legisla-
tion. This species is endemic to Bahia State and is listed
as endangered by the Convention on International Trade in
Endangered Species of Wild Fauna and Flora and is on the
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Fig.1 Melocactus glaucescens shoot production in vitro. A M.
glaucescens obtained from a natural population. An explant of
3—4 mm in height was placed horizontally in culture medium: B
control explant after 10 days (d) of culture; C treated explant after
10 d of culture, with the arrow pointing to de novo shoot produc-
tion in the areola region; D control explant after 30 d of culture, with
the arrow pointing to de novo shoot production in the areola region;
E treated explant after 30 d of culture, with the arrow pointing to a

IUCN Red List of Threatened Species (Braun et al. 2013;
CITES 2021).

To establish in vitro cultures, the seeds were surface-steri-
lized by immersion in 96% ethanol for 1 min followed by 2%
commercial bleach (Super Globo®) for 10 min. The seeds
were subsequently washed three times in sterile water under
aseptic conditions and germinated in 350-mL flasks (AZ200;
Embalagens Rio, Rio de Janeiro, RJ, Brazil) containing
50 mL MS culture medium (Murashige and Skoog 1962)
at quarter-strength salt concentration, 15 g L™! sucrose, and
solidified with 7 g L™! agar (A296 Plant TC; Phyto Technol-
ogy Lab, Shawnee Mission, KS, USA). The pH was adjusted
to 5.7 before autoclaving at 121 °C and 1.5 atm for 20 min.
The flasks were covered with transparent polypropylene lids
of 67.5 mm in diameter (TC-003-2012; Ralm, Sao Bernardo
do Campo, SP, Brazil).

Cultures were maintained at 25+2 °C under two fluo-
rescent lamps (110 W, T12 HO; Sylvania, Wilmington,
MA, USA) with photosynthetically active radiation (PAR)
of 60 umol m~2 s~! (assessed by a portable LI-250A Light
Meter device coupled with a LI-190R Quantum Sensor; LI-
COR®, Lincoln, NE, USA) and a 16/8-h light/dark pho-
toperiod. After germination, the plants were periodically
subcultured in flasks containing 50 mL MS medium at half-
strength salt concentration until in vitro experiments were
conducted.

Shoot organogenesis induction and tissue sampling

In vitro SO induction was performed as described by Torres-
Silva et al. (2018). After 417 days of in vitro germination,

shoot emerging from the areola region; F control explant after 50
d of culture, with the arrow pointing to a shoot emerging from the
areola region; G treated explant after 50 d of culture, with the arrow
pointing to a shoot emerging from the areola region; H control
explant after 120 d of culture showing shoots with normal morphol-
ogy; I treated explant after 120 d of culture showing morphologically
altered shoots. Bars=1 cm

the apical stem segments of the plants were removed and
sectioned transversely. The resulting 3—4-mm-high explants
were placed horizontally in glass tubes with 15 mL full-
strength MS medium (Fig. 1).

Treated explants had the areolar regions punctured three
times with 0.18 X 8 mm needles (DBC132; Dong Bang Acu-
puncture Inc., Chungnam, South Korea) and were placed
on full-strength MS medium supplemented with 17.76 uM
6-benzyladenine (BA) and 1.34 uM a-naphthalene-1-acetic
acid (NAA). Control explants did not have the areolar
regions punctured and were subjected to SO induction in
PGR-free medium.

Cultures were maintained at 25 +3 °C under two fluores-
cent lamps with PAR of 60 umol m~2 s~! and a 16/8-h light/
dark photoperiod for 120 days. After this time, the percent-
age of responsive explants and number of shoots per explant
were assessed.

Genetic material for RNA isolation, gene cloning, and
probe construction was obtained from treated explants col-
lected after 50 days of culture. Samples for anatomical anal-
ysis and in situ hybridization were collected after 0, 10, 20,
30, 40, and 50 days from both control and treated cultures.

Anatomical characterization

For anatomical characterization of SO induction, five
explants of M. glaucescens from each treatment were
fixed in 0.1 M Karnovsky solution (Karnovsky 1965) for
1 h and then dehydrated in an ethanol series, all under
vacuum (-250 mm Hg). The samples were embedded
in methacrylate resin (Historesin; Leica Instruments,
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Wetzlar, Germany), and transversal and longitudinal sec-
tions (average thickness of 5 um) were prepared using a
rotary microtome (RM 2155; Leica Microsystems Inc.,
Buffalo Grove, IL, USA). The sections were placed on
slides and stained with 0.05% (v/v) toluidine blue (pH
4.4) for 10 min (O’Brien and McCully 1981).

Slides were observed under a light microscope
(AX70TRF; Olympus Optical, Tokyo, Japan). Images
were taken with a digital camera (SPOT Insightcolour
3.2.0; Diagnostic Instruments Inc., Sterling Heights, MI,
USA) using SPOT Basic image software. Scales were pro-
jected under the same optical conditions.

RNA isolation and cDNA synthesis

Explant tissue was ground with liquid nitrogen and total
RNA was extracted with Tris®-Reagent (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s
instructions. Next, 500 uL of Tris®-Reagent and 50
pL of chloroform:isoamyl alcohol (24:1) were added
to 500 mg of frozen tissue. The mixture was vortexed,
stored on ice for 5 min, and centrifuged at 12,000 X g
for 15 min at 4 °C. The aqueous phase was transferred
to a new microtube and an equal volume of isopropanol
was added to precipitate the RNA. After incubating for
2 h at — 20 °C, the material was centrifuged again at
12,000 X g for 30 min at 4 °C. The pellet was washed
in 1 mL 70% ethanol, dried, and resuspended in diethyl
pyrocarbonate (DEPC)-treated water (Sigma-Aldrich).
The RNA was then treated with DNase I (Thermo Sci-
entific Technologies, Wilmington, DE, USA) to remove
genomic DNA contamination. RNA integrity and qual-
ity were analyzed on a 1.5% (w/v) denaturing agarose
gel, stained with gel red (Biotium Inc.), and quantifed in
NanoDrop™ 2000/2000c spectrophotometer. For cDNA
synthesis, 1 pg of total RNA, dNTPs, and M-MLV reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) were used
according to the manufacturer’s specifications.

Single-stranded cDNA was synthesized from 3.0 pg of
total RNA using the SuperScript™ II First-Strand Synthe-
sis System (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s recommendations.

Isolation and cloning of the MgSERK1 gene

Different combinations of degenerate primers, designed by
Baudino et al. (2001) for Z. mays and based on D. carota
and A. thaliana full-length transcripts, were used to amplify
the coding sequence of MgSERK (Table 1). The cDNA of
treated M. glaucescens explants subjected to SO induction
and cultured for 50 days was used as template.

The PCR was conducted in a final volume of 50 pL con-
taining 2.0 pL cDNA, 5 pL buffer 10x, dNTPs (0.2 mM
each), 2.0 mM MgSO,, primers (200 nM each), and 0.2 pL
Platinum High Fidelity® Taq DNA polymerase (Invitrogen).
The reaction was carried out in a C1000™ Touch thermal
cycler (Bio-Rad Laboratories, Hercules, CA, USA) with the
following settings: denaturation at 94 °C for 5 min; 40 cycles
at 94 °C for 1 min, 50-60 °C for 1 min for each primer pair,
68 °C for 1 min; and a final extension step at 68 °C for 5 min.
The amplified fragments were cut out of the gel and purified
with the Wizard® SV Gel and PCR Clean Up Kit (Promega,
Madison, WI, USA) according to the manufacturer’s recom-
mendations. The fragments were linked at a proportion of
3:1 (insert:vector) into the pGEM®-T Easy Vector System
(Promega) using T4 DNA ligase (Promega) according to the
manufacturer’s recommendations.

The generated recombinant plasmids were introduced
into Escherichia coli DH5-alpha by thermal shock using 5
uL of insert and 100 pL of competent cells (1 x 10%). After
incubation at 37 °C for 1 h, the cells were plated on selec-
tive solid LB medium (Sambrook and Russel 2001) con-
taining 100 pg mL~" ampicillin, 20 ug mL™" 5-bromo-4-
chloro-3-indolyl-B-d-galactopiranoside (X-Gal), and 0.1 mM
isopropyl-beta-D-thiogalactopiranoside (IPTG), followed by
overnight incubation at 37 °C.

To confirm the presence of the insert, plasmid DNA of
colonies that exhibited a white color was cleaved with the
EcoRlI restriction enzyme and the fragments were separated
by 1% agarose gel electrophoresis. Ten positive clones were
sequenced using the universal M 13 primers. The sequences
were processed using PHRED (Ewing et al. 1998) and CAP3
software (Huang and Madan 1999). Consensus sequences
were compared to public databases at NCBI (https://www.
ncbi.nlm.nih.gov), Phytozome v12.0 (https://phytozome.
jgi.doe.gov/pz/portal.html), and TAIR (https://www.arabi

Table 1 Degenerate primers

. . Primers Sequence (5'-3") Structural Domain
used to amplify the coding
sequence of the SERK gene Reverse 5' TGTHACRTGGGTRTCCTTGTARTCCAT 3’ Kinase VII
from cDNA of Melocactus Reverse 5' CGRTGMACWGCCATRCTIATCAT 3' Kinase IIT
glaucescens after de novo shoot
organogenesis induction Foward 5' GTGAAYCCTTGCACATGGTTYCATGT 3’ LRR
Foward 5' CCMTGYCCIGGATCTCCCCCITTT 3’ SPP
Foward 5" ATGTCACTSACYAATATYACWACYCTTCAAG 3’ ZIP

W=AorT;R=AorG;M=AorC;Y=CorT; H=A,CorT;S=CorG; D=A,Gor T

@ Springer


https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.arabidopsis.org

Plant Cell, Tissue and Organ Culture (PCTOC) (2021) 147:437-451

441

dopsis.org) using the BLAST algorithm. The Beta vulgaris
SERK?2 gene (BvSERK2, XM_010694302.2) was used as a
query against M. glaucescens transcriptome data (data not
published) using the BLASTn algorithm. The identified
sequence was aligned to cDNA fragments to assemble a
consensus sequence.

MgSERK1 sequence analysis, domain and motif
prediction, and phylogenetic inference

Open reading frame (ORF) and protein predictions were
made using ORF Finder (http://www.ncbi.nlm.nih.gov/
projects/gort/). Signal peptides were predicted using SignalP
5.0 (Almagro Armenteros et al. 2019). The leucine zipper
domain (PF08263) located at the N-terminus and the protein
kinase domain located at the C-terminus (PF00069) were
predicted using Pfam v32.0 (El-Gebali et al. 2019; https://
pfam.xfam.org). The presence of conserved leucine-rich
repeats (LRRs) was analyzed using the CDD Conserved
Domain database (Lu et al. 2020; https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi). Transmembrane helices were
predicted using TMHMM Server v2.0 (Krogh et al. 2001;
https://services.healthtech.dtu.dk/service.php? TMHMM-
2.0). Multiple sequence alignment was used to find domains
and motifs (Schmidt et al. 1997; Baudino et al. 2001). Mul-
tiple sequence comparison by log-expectation (MUSCLE;
https://www.ebi.ac.uk/Tools/msa/muscle/) with default set-
tings (Edgar 2004) was used to generate a sequence iden-
tity matrix of amino acids, which was then visualized with
BioEdit® software.

The B. vulgaris BvSERK?2 (XP_010692604.1) protein
sequence was used as a query to conduct a BLASTp search
against 23 angiosperms (Table S1) available at Phytozome
v12.0, Beta vulgaris Resource (http://bvseq.boku.ac.at), and
SpinachBase (http://www.spinachbase.org). The 20 most
frequently annotated protein sequences recovered from
BLASTp were downloaded for phylogenetic analysis and
annotation. The protein sequences were classified as SERK
Dicot S1/2, SERK Dicot S3/4, SERK Monocot or LRRII
non-SERKS, as pioneered by Aan den Toorn et al. (2015).
All protein sequences classified as SERK Dicot S1/2, SERK
Dicot S3/4, and SERK Monocot were kept for further bioin-
formatics and phylogenetic analyses, whereas LRRII non-
SERKSs were excluded from this work, except for Arabidop-
sis as an external outgroup.

All SERK and LRRII non-SERK protein sequences were
aligned in MUSCLE using default settings. The alignments
were fed into PhyML 3.0 (Guindon et al. 2010; http://www.
atgc-montpellier.fr/phyml/) for maximum-likelihood phylo-
genetic analysis using automatic smart model selection to
choose the right model (Lefort et al. 2017) and approximate
likelihood-ratio test (aLRT) for branch support. The best
selected model was JTT 4+ G +1. The phylogenetic tree was
visualized using Interactive Tree of Life iTOL) v4 (Letunic
and Bork 2019).

Protein structure analysis

To assess the conservation of the protein structure, conserva-
tion scores were determined by ConSurf (Ashkenazy et al.
2010) and plotted on the reported structure of the SERK1
protein extracellular domain (PDB: 4LSC; Santiago et al.
2013). The same multiple sequence alignment applied above
for constructing distance trees (except the A. thaliana NIK1,
NIK?2, LRRII-RLK1, and LRRII-RLK?2 sequences) was used
as input together with MgSERK1 as query. Molecular graph-
ics and analysis were performed using PyYMOL Viewer ver-
sion 0.99rc6.

Amplification of MgSERK1 using specific primers

To investigate the accuracy of the alignment, specific prim-
ers were designed using the NCBI primer-BLAST (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). They bound
at different positions of the consensus sequence and were
employed to amplify cDNA and genomic DNA (Table 2).
Genomic DNA extraction was performed according to
Doyle and Doyle (1987). The DNA samples were digested
with RNAse (Thermo Scientifc) to degrade the RNA
remaining from DNA extraction according to the manu-
facturer’s specifications. DNA integrity and quality were
analyzed on a 1.2% (w/v) denaturing agarose gel, stained
with gel red (Biotium Inc.), and quantifed in NanoDrop™
2000/2000c spectrophotometer. The templates for PCR
reactions included 40 ng of genomic DNA plus 100 ng
of a cDNA mixture composed of control explants and test
explants subjected to SO induction for 10 or 30 days. The
primer sequences and combinations used are reported in
Table 2. Amplification was performed using 200 nM of
each primer, dNTPs (0.2 mM each), and 0.04 U/uL of

Table 2 Specific primers

- Primers Sequence (5'-3") Position Structural Region
used to amplify the consensus
sequence corresponding to the Fowardl (F1) GGATCTGAGGTGAGTGGTTCTG 403 5'UTR
MgSERKT gene Foward? (F2) GGAAATGCTGCTTTGTCAGGT 660 LRRI
Reversel (RI) CAGAGCTATTGTGGGGAGCC 2230 C-terminal

Size of PCR product: F1+R1=1827 bp/F2+R1=1570 bp
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Platinum™ II Hot-Start DNA polymerase (Invitrogen)
according to the manufacturer’s specifications. Thermal
cycling was carried out as follows: 2 min at 94 °C for
enzyme activation, 15 s at 94 °C, 15 s at 64 °C, 15 s at
68 °C for 40 cycles, and a final step at 4 °C. The PCR
product was analyzed using agarose gel (0.8%) and a 1-kb
DNA ladder (Promega).

Sense and antisense probe construction

RNA sense and antisense probes were constructed from
a cDNA clone following amplification with degenerate
primers (Table 1), and were flanked by the T7 and SP6
promoters. The probe fragment was amplified from plas-
mid DNA using T7 and SP6 primers. Probes conjugated
to digoxigenin (DIG-UTP) were synthesized by in vitro
transcription using the DIG RNA Labeling Kit (SP6/T7)
(Roche Applied Science, Basel, Switzerland) according to
the manufacturer’s recommendations.

In situ hybridization

Plant samples were fixed in 4% paraformaldehyde pH 7
at 4 °C for 16 h, and then dehydrated in a graded series
of RNAase-free ethanol. After that, the samples were
embedded in paraffin (Histosec®; MERCK, Darmstadt,
Germany) in a series of tert-butyl alcohol:paraffin at
50 °C. Transverse sections (average thickness of 8 um)
were made using a hand microtome (820; Reichert Jung,
Seefeld, Germany) and transferred to silanated histological
slides (Fisherbrand®; Thermo Fisher Scientific, Waltham,
MA, USA). The slices were deparaffinized by subsequent
washes in xylol, xylol:ethanol, ethanol, ethanol:DEPC
water, and DEPC water.

Sense (control) and antisense DIG-labeled MgSERK ]
RNA probes were used. Hybridization was performed by
mixing 60 ng of probe, 60 ng of yeast tRNA, and 100 uL
of hybridization buffer (Tris—HCI 10 mM pH 7.5, NaCl
300 mM, formamide 50%, EDTA 1 mM pH 8.0 in 1 X Den-
hardt solution), and incubating at 42 °C in a dark, moist
chamber for 16 h. To visualize the hybridization signal,
anti-DIG antibodies (1:2000; Roche) conjugated to alka-
line phosphatase were applied for 1 h at 37 °C and the
hybridization signal was detected by reaction with NBT/
BCIP (Pierce, Thermo Fisher Scientific).

The hybridized slides were observed under a light
microscope (AX70TRF) and images were taken with a
digital camera (SPOT Insightcolour 3.2.0) using SPOT
Basic image software. Scales were projected under the
same optical conditions.
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Statistical analyses

To detect differences between the percentage of responsive
explants and the number of shoots of control and treated
explants after 120 days of culture, data were subjected to
a t-test at using R statistical software. For normalization,
data on percentage was transformed by the arcsin \/ x/100
function and homogeneity of variances was checked through
Shapiro—Wilk test. A confidence level of 95% was applied.
The samples were randomized in a completely randomized
design, with eight replicates composed of eight tubes each
(lexplant per tube), and the experiment was performed
twice.

Results

Hormone treatment and areolar punctures promote
shoot organogenesis

To test the effect of a combined hormone and wounding
treatment on in vitro SO induction in M. glaucescens, we
grew stem explants on MS medium (Fig. 1B). Treated
explants were supplemented with auxin (1.34 uM NAA)
and cytokinin (17.76 uM BA), and explant areole were
punctured with a needle (Fig. 1C). Control explants were
grown continuously on standard MS medium without areo-
lar puncture. In treated explants, shoot formation started in
the second week of culture (Fig. 1C); whereas in control
explants, it was first detected after four weeks and the shoots
appeared of a red color (Fig. 1D). After 50 days, the number
of shoots stabilized (Fig. 1F, G), and was followed only by
an increase in shoot size. Accordingly, histological analy-
ses were performed only until 50 days. Shoots derived from
treated explants exhibited abnormal stem shape and unu-
sual patterns of spine production relative to control explants
(Fig. 1H, I). In both control and treated plants, a single shoot
emerged from or close to the areola region (Fig. 1B-I).

The percentage of explants that produced shoots was
higher (P <0.01) in treated (100%) than in control explants
(78.1%) (Fig. 2). The number of shoots per explant was also
higher (P <0.01) in treated explants (8.9) than in controls
(2.3) (Fig. 2).

To determine the effect of hormone treatment and areolar
puncture on SO induction at the cellular level, histological
analyses were carried out on explants collected after 10, 30,
and 50 days of culture. In control explants, there was no indi-
cation of SO after 10 days (Fig. 3A). However, after 30 days,
meristemoids in the areolar region became visible (Fig. 3B)
and, by 50 days, they had become organized into an axil-
lary meristem with associated vascular tissue (Fig. 3C). New
meristemoids continued to form at 50 days (Fig. 3D).
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Fig.2 Quantification of Melocactus glaucescens shoot production
in vitro. Number of shoots per explant and percentage of control or
treated explants with shoots following 120 days of shoot organogen-
esis

Treated explants displayed meristemoid formation near
the epidermis within 10 days of culture (Fig. 3E), and at
a higher density than control plants at 30 days (Fig. 3F).
After 50 days, apical meristems of treated explants were
more fully developed than in control plants, with the asso-
ciated vascular bundles, juvenile areola, spinal primor-
dia, and phloem differentiation clearly visible (Fig. 3G).
In addition to the accelerated induction of SO in areolar
regions, hormone treatment and areolar puncture pro-
moted SO within central explant tissues (Fig. 3H). Taken
together, these data show that a combination of hormone
treatment and areolar puncture affects the rate and pat-
terning of de novo shoot production in M. glaucescens.

SERK gene structure is conserved in Melocactus
glaucescens

SERK genes have previously been shown to regulate SO
in a number of angiosperms (Sharma et al. 2008; Savona
et al. 2012; Rocha et al. 2016). To test whether this role
was conserved in Melocactus, we harvested RNA from
explants undergoing SO. Due to the paucity of genomic
information for Melocactus, we used degenerate primers
designed using Z. mays (Baudino et al. 2001) to clone
M. glaucescens cDNA from 50-day-old explants. We
successfully cloned a 1223 bp fragment by PCR (Fig.
S1). In addition, using BvSERK?2 as a query, we obtained
two putative sequences corresponding to MgSERK genes
from a transcriptome dataset of treated explants 30 days
after SO induction (data not published) (Fig. S1). Align-
ment of all the obtained sequences generated a consensus
sequence of 2251 bp (Fig. 4).

Control

10d

30d

50d

Fig.3 Anatomical analysis of Melocactus glaucescens sections
stained with toluidine blue. A-D Control explants cultivated in
PGR-free medium for 10, 30, and 50 days (d). E-H Treated explants
with a punctured areola region and cultivated in medium containing
17.76 uM BA and 1.34 uM NAA for 10, 30, and 50 days. A Trans-
verse view, arrows indicate the vessel bundle (VB) and vascular cyl-
inder (VC). B Transverse view, the arrow points to axillary bud acti-
vation ahead of shoot formation. C Longitudinal view, arrows point
to shoot vascular bundles appearing next to the newly formed apical
meristem (AM). D Transverse view, the arrow points to the meris-
temoid. E Longitudinal view, the arrow points to the meristemoid.
F Transverse view, arrows point to the meristemoids. G Transverse
view, arrows point to shoot vascular bundles appearing next to the
newly formed apical meristem (AM). H Transverse view, the arrow
points to shoot formation in the central part of the explant. Bars: A,
D, and H=400 pm; B, C, E, F, and G=200 pm

MgSERK1 evolutionary relationship and amino acid
sequence analysis

To understand the evolutionary relationship of the con-
sensus MgSERKI gene, BvSERKI (accession number
XP_010692604.1) was used to find homologs in 23 angio-
sperm species (Table S1), including four species (Amaran-
thus hypochondriacus, B. vulgaris, Chenopodium quinoa,
and Spinacia oleracea) from the same order (Caryophylla-
les) as M. glaucescens. From a set of 46 SERK amino acid
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Fig.4 Alignment of the Melocactus glaucescens MgSERKI
sequence. Comparison of B. vulgaris SERK2 nucleotide sequence
(SERK2_B._vulgaris) with a putative M. glaucescens SERK obtained
from transcriptome  analysis (MG_putative_SERK1_3493.0;
4472.224, and 4472.225), a M. glaucescens clone obtained following

sequences available from NCBI or UniProt, we were able
to identify an additional 56 SERK-like proteins (Table S1),
which confirmed the robustness of phylogenetic analysis
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amplification with degenerate primers (MG_clone_SERK1), the M.
glaucescens probe used for in situ hybridization experiments (MG_
probe_SERKI1), and the contig of the putative MgSERKI sequence
(Putative contig MgSERK1)

and annotation. The maximum-likelihood phylogenetic tree
was constructed from the predicted amino acid sequences
of the consensus MgSERK1 and 102 SERK-like proteins
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(Fig. 5 and Fig. S2), using four A. thaliana LRRII non-
SERK proteins as the outgroup. This phylogenetic analysis
identified MgSERKI1 as belonging to the cluster of SERK
Dicot S1/2 proteins. It formed a clade containing individual
SERKI1 proteins from species of the same order, such as
ARSERKI1 (A. hypochondriacus), BPSERK1, and SOSERK 1
(S. oleracea), as well as closely duplicated C¢SERK]1 and
CqSERK?2 (C. quinoa). All other 56 SERK-like proteins
were clustered into SERK Dicot S1/2, SERK Dicot S3/4
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Fig.5 Maximum-likelihood phylogeny of the MgSERKI sequence
and SERK proteins from 23 other plant species. This unrooted phylo-
genetic tree includes 103 putative SERK proteins that reveal a cluster
of 40 SERK Dicot S1/2 sequences (expanded), 51 SERK Dicot S3/4
sequences (collapsed), 12 SERK Monocot sequences (collapsed),
and four A. thaliana LRRII non-SERK proteins as an outgroup. The
green star, green branches, and green SERK species names indicate
MgSERKI, plant species from the same taxonomic order (Caryophyl-
lales), and new sequences identified for the first time, respectively.
The aLRT value with statistical confidence above 0.40 is indicated.
Scale bars indicate the number of substitutions per site. For the sake
of simplicity, the gene name, instead of the code name, was used (see
Table S1)

or SERK Monocot (Fig. S2 and Table S1), revealing the
need for renaming the genes to ensure correct interpretation.
For example, BvSERK2 (XP_010692604.1) and SoSERK?2
(XP_021847294.1), which presented only one candidate in
the cluster SERK Dicot S1/2, were renamed as BvSERK1
and SoSERK1, respectively. Closely duplicated sequences
were named based on the classification proposed by Man-
telin et al. (2011); hence, CgSERK?2 (XP_021714851.1) was
renamed C¢gSERKI1A and its closely duplicated sequence
CgSERK1B.

The MgSERK1-deduced protein sequence encompassed
644 amino acids and included a putative signal peptide of 28
amino acids, five LRR domains, a serine-proline-rich domain
(SPP), a transmembrane domain (TM), a varied number
(I to XI) of protein kinase domains, and a C-terminal tail
(Fig. 6 and Table S2). Similarity analysis among 35 protein
sequences from the SERK Dicot S1/2 class revealed a high
degree of identity (> 80%) between MgSERK]1 and most
sequences, with the highest identity corresponding to BvS-
ERK1 (92%), which belongs to the same taxonomic order
(Table S3). Interestingly, the degree of sequence conserva-
tion was not uniform along the deduced MgSERKI1 protein
sequence, with the signal peptide being the most divergent
(Fig. 6), and was entirely absent in CgSERK?2. In spite of
the absence of sequence data from Melocactus, alignment
of the last 12 amino acids from 35 clustered SERK Dicot
S1/2 sequences showed a highly conserved region at the
C-terminus (Fig. S3), suggesting that MgSERK1 shared the
same last residues as its orthologs.

The ConSurf algorithm (Ashkenazy et al. 2010) was used
to plot the conservation score of the extracellular domain for
17 SERK1 and SERK?2 sequences, including MgSERKI,
on the crystal structure of AtfSERK1 (PDB: 4LSC) (Fig. 7).
Some motifs were consistently conserved, including resi-
dues in the extracellular domain considered essential for
the interaction with BRI1 orthologs. These motifs are well
conserved among SERK family members (Aan den Toorn
et al. 2015). According to the conservation scores, the con-
cave side (Fig. 7A), which interacts with the extracellular
domain of BRI1, appeared more conserved than the convex
side (Fig. 7B).

Amplification of the MgSERK1 transcript using
specific primers

To validate the consensus sequence, PCR reactions were
conducted using two combinations of specific primers
(Table 2). Two bands of the expected size were obtained by
amplifying cDNA: one of 1849 bp (F1+R1) and another of
1591 bp (F2+R1). Amplification of genomic DNA using
the combination F2 4+ R1 yielded a product of approximately
6 kb (Fig. 8).
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Fig.6 Alignment of predicted
amino acid sequences of Melo-
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In situ hybridization

To characterize MgSERK expression during SO induction,
we carried out in situ hybridization of control and hormone/
areolar puncture-treated Melocactus explants at different
stages of growth. To this end, we amplified a 394-bp probe
based on the MgSERK sequence we cloned, which com-
prised the final portion of the SPP domain and the beginning
of the kinase domain (Fig. S1). In control explants, no signal
was detected after 10 days of growth (Fig. 9A, B). After

@ Springer

30 days, a weak hybridization signal was detected in paren-
chyma cells associated with vascular bundles (Fig. 9C, D)
and, after 50 days, MgSERK expression was visible through-
out newly initiated shoots (Fig. 9E, F).

In treated explants, MgSERK expression was visible in
epidermal structures at 10 days of growth (Fig. 9G, H).
By 30 days, the hybridization signal was strong through-
out the areolar and vascular bundle regions (Fig. 91, J).
Finally, after 50 days, the signal was observed at the api-
cal meristem of the stem and throughout the areolar and



Plant Cell, Tissue and Organ Culture (PCTOC) (2021) 147:437-451

447

B2 3 ¢« 5 ¢ 7 5EA
Variable Average Conserved

Fig.7 Melocactus glaucescens MgSERKI1 protein structure show-
ing amino acid conservation as determined by ConSurf. Data were
plotted on the reported structure of the SERK1 protein extracellular
domain (PDB: 4LSC), using as input 16 multiple sequences of other
SERK1 and SERK?2 members, plus MgSERKI1 as query sequence.
Highly conserved residues are plotted in magenta; whereas lower
scores are depicted by other hues, with cyan corresponding to more
variable residues. A Concave or solvent-exposed side turned on its
right-hand side. B Convex side of the SERK extracellular domain
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Fig.8 Amplification of the consensus sequence corresponding to
MgSERK]I from cDNA and genomic DNA using specific primers

vascular bundle regions (Fig. 9K, L), as well as in the
roots of newly formed shoots. Taken together, these find-
ings indicate that SERK expression is associated with SO
in Melocactus.

Discussion

The areola enables the formation of three vital parts in
cacti: spine clusters, flowers, and branches (Anderson
2001; Mauseth 2017). Generally, during initial formation
of the areola, dividing cells form the shoot apical meristem
(SAM) (Boke 1944). Once the areola SAM has produced
the required number of spines’ primordia, it becomes dor-
mant. In the Melocactus genus, all areole except the one
that gives rise to the cephalium (reproductive structure)
remain dormant under natural conditions (Machado 2009;
Mauseth 2017).

Importantly, the SAM in each dormant areola can
become active again even after decades (Mauseth 2017).
For example, if the SAM is damaged, some areole below
the point of injury become active and produce a branch
(Machado 2009). This is possible because in the Melocac-
tus genus the areola is a reservoir of healthy cells capable
of growth (Mauseth 2017).

The dormant areole of Melocactus are activated in tis-
sue culture by removing apical dominancy, by cutting
the stem to form explants or by adding PGR to culture
medium (Retes-Pruneda et al. 2007; Torres-Silva et al.
2018) (Fig. 1B, C). Explants of M. glaucescens can pro-
duce shoots even without PGR addition (Fig. 1D, F, G),
but at a rate (1.3-3 shoots/explant) too low to be viable for
commercial purposes (Torres-Silva et al. 2018).

In the present study, the number of shoots per explant
was much higher in samples (Fig. 1E, G, I) exposed to the
same PGR concentration reported previously by Torres-
Silva et al. (2018) than in control samples. Specifically,
an average of 2.5 shoots per explant was observed after
120 days of culture, which increased by nearly fourfold
(8.3) when the areola region was punctured with a needle
to stimulate the SAM. The loss of cell-to-cell communica-
tion and disruption of long-distance signaling produced
by wounding can elicit changes in plasma transmembrane
potential, intracellular Ca?* concentration, and H,0,
generation (Ikeuchi et al. 2016; Xu 2018). Accordingly,
wounding is believed to stimulate the production of phy-
tohormones and is related to both shoot and root organo-
genesis (Ikeuchi et al. 2016, 2019, 2020; Xu 2018).

Anatomical analysis of the changes occurring during
areolar activation and SO induction in M. glaucescens
(Fig. 3) revealed that the shoots were produced directly
from the axillary bud of the areola region, as reported by
Téllez-Romén et al. (2017) in Mammillaria plumosa. SO
in M. glaucescens occurred both near and far from the
SAM region of the areola in control and treated explants,
confirming the pattern observed previously in the Echi-
nocereus genus by Sanchez et al. (2015).
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Fig.9 In situ hybridization
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region, supplemented with
17.76 uM BA and 1.34 uM
NAA, and stained with the
MgSERK] hybridization probe
(C, G, K) or negative control
(D, H, L). Bars=500 pm
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In addition to the number of shoots, the time it took to
respond to SO stimuli was also different between control and
treated explants. SAM activation and meristemoid forma-
tion took longer in explants placed on PGR-free medium
(Fig. 3) than in treated explants, for which it happened
within 10 days of starting in vitro cultures. Occurrence of
meristemoids was observed in the cortex of both control and
treated explants (Fig. 3D-F). The cortex is the region of the
M. glaucescens stem characterized by cells with the highest
level of ploidy (~32C) (Torres-Silva et al. 2020).

Controlled endocycles, with discrete periods of S-phase
and G-phase but without cytokinesis (endocycle), give rise
to cells with a single polyploid nucleus (Lee et al., 2009;
Scholes and Paige, 2015). In M. glaucescens, cells with
more than 15-fold DNA content (compared to 2C) were
found surrounding the vascular bundles of the cortex region
(Torres-Silva et al. 2020) and coincided with the area where
meristemoids were observed. Propitious formation of meris-
temoids requires asymmetric division and consequent adop-
tion of stem cell identity. The G2-phase might be of particu-
lar importance in preparing for this unequal cell division
(Jakoby and Schnittger 2004). Therefore, in plant tissues,
in which the cell cycle is modified to accommodate specific
features (e.g., aquifer parenchyma), meristemoid formation
may occasionally fail.

Altered meristemoid formation may give rise to shoots
with unusual morphology, as observed here for M. glauces-
cens derived from treated explants (Fig. 1I). The transcrip-
tional program that determines cell type-specificity relies
on turning on and off temporally and spatially expressed
genes to fine-tune tissue differentiation (Nagymihaly et al.
2017). Failure to organize the meristemoid may change the
pattern of expression regulating the differentiation of new
shoot tissues.
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The formation of meristemoids, and consequently shoots,
in regions characterized by varied cell cycle and ploidy can
also be explained by the somaclonal variation observed by
Torres-Silva et al. (2018) during in vitro shoot propagation
of M. glaucescens. Changes in the chromatin landscape
(caused by the endoreduplication process) associated with
accelerated cell divisions (induced by the presence of PGR
in culture medium) may cause DNA polymerase sliding and
consequent pairing mistakes during DNA replication, lead-
ing to somaclonal variation (Aremu et al. 2013; Nagymihaly
et al. 2017).

Areolar activation in M. glaucescens was investigated
here by studying the expression of the MgSERK] gene in
control and treated explants. A putative nucleotide sequence
of 2251 bp was first identified based on the alignment of
a cDNA clone and two sequences originating from a tran-
scriptome database of treated explants cultured for 30 days.

Phylogenetic analysis using 107 amino acid sequences
from 24 plant species with elevated sequence similarity
(>80%) against SERK Dicot S1/2 members indicated that
MgSERK] was a functional SERK ortholog (Figs. 4 and 5;
Table S3). SERK genes comprise the largest subfamily of
receptor-like kinases (RLKs) in plants and are involved in
key plant development processes (Sharma et al. 2008). The
general structure of SERK proteins places them in the LRR-
RLK family (Walker 1994). Specifically, SERK genes belong
to the LRR-RLK II group due to the presence of a small
extracellular domain consisting of 4.5-5 LRRs followed by
an SPP domain, a single-pass TM domain, and an intracellu-
lar kinase domain (Man et al. 2020). All conserved domains
expected to be present in the established SERK orthologs
were observed in MgSERK.

The structure of the MgSERKI1 protein revealed con-
served residues on both concave and convex sides, in
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agreement with other SERK members (Aan den Toorn
et al. 2015; Rocha et al. 2016). The extracellular domain is
involved in many different signaling processes and is impor-
tant for SERK specificity (Aan den Toorn et al. 2015).

As observed in MgSERKI, the concave side is more
conserved among SERK members, and presents residues
that have been reported to interact with the BRI1 and FL.S2
extracellular domains, and trigger downstream biological
responses (Aan den Toorn et al. 2015). The convex side
has not been reported to engage in specific interactions
and, therefore, it may be more susceptible to evolutionary
changes.

Bioinformatics analyses comparing protein sequences and
structures (Figs. 6 and 7), together with the in situ hybridi-
zation results (Fig. 9), suggested that MgSERK]I played a
similar role in organogenesis as CpSERK2, PeSERKI, and
BnSERK? (Brassica napus). This gene family does not medi-
ate only embryo-specific signal transduction, but is involved
also in organogenic pathways (Savona et al. 2012; Ahmadi
et al. 2016; Rocha et al. 2016).

The amplification of cDNA fragments using specific
primers designed to bind at different positions of the con-
sensus sequence confirmed the presence of MgSERK]I tran-
scripts in explants of M. glaucescens and the accuracy of
the sequence generated by alignment. The specificity of
MgSERK]I primers was tested also using genomic DNA,
and resulted in a fragment of approximately 6 kb (Fig. 8).

According to the present in situ hybridization results,
MgSERK] transcripts were observed throughout in vitro
M. glaucescens organogenesis in both control and treated
explants. In particular, strong MgSERKI expression was
observed in the areola (Fig. 9), suggesting that the gene is
associated with breaking its dormancy. A faint MgSERK
hybridization signal was associated with vascular bundles of
control explants during the first 30 days of culture (Fig. 9C,
D). As with anatomical analysis, in situ hybridization con-
firmed the occurrence of SO in the inner regions of the
explant. There, procambial cells possess stem cell capacity
and, provided the correct signals, can become totipotent and
develop into meristemoids (Podio et al. 2014; Ahmadi et al.
2016). Rocha et al. (2016) also observed a faint PeSERK1
hybridization signal in the vascular tissues of initial hypoco-
tyl explants, which was associated with provascular tissue
development.

The faster development of shoots in treated explants
was observed by both anatomical and in situ hybridization
assays. The MgSERK]I hybridization signal was associ-
ated with structures arising from the epidermis of treated
explants within 10 days of culture (Fig. 9). The signal
became stronger during SO induction (50 days of culture),
and expanded from vascular tissues and the explant’s SAM
to the meristematic cell populations of vascular tissues,
SAM (Fig. 9), and root apical meristem of the new shoot.

Shoots formed in the inner region of treated explants
generated roots. MgSERK expression was observed in the
root apical meristem of shoots from treated explants after
50 days of culture. These results are consistent with the
findings of Ahmadi et al. (2016), who observed BnSERKI
and BnSERK? expression in both primary and developed
shoots, as well as in the roots of regenerated B. napus.

The results from this study are in agreement with recent
reports that advocate for a broader view of SERK func-
tion. Accordingly, SERKs may engage in the production of
pluripotent cells capable of developing into several diver-
gent cell types, a highly conserved phenomenon among
land plants (Li et al. 2015; Rocha et al. 2016).

Conclusions

Anatomical and in situ hybridization analyses showed that
shoot organogenesis in Melocactus glaucescens occurred
by areolar activation and from parenchyma cells in the
stem cortex. Shoot organogenesis was further improved by
puncture of the areolar region, which activated the axillary
bud and amplified the response of the explant, increas-
ing the number of shoots produced. The MgSERKI gene
isolated in this study encodes an ortholog of other SERK
Dicot S1/2 proteins. Its expression is associated with shoot
organogenesis in the areola and adjacent regions, as well
as with root organogenesis. These findings expand our
understanding of the genetic mechanisms involved in cac-
tus regeneration.
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