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Abstract

In this study, adventitious organogenesis from mature tissues of ‘Verna 51” and ‘Fino 49’ lemon cultivars has been studied,
as well as their relation with endogenous cytokinins and ethylene production. Thus, nodal explants in which buds were com-
pletely removed, obtained from in vitro shoot cultures of both lemon cultivars, were cultured in regeneration media, and the
regeneration rate and the explants that regenerated were recorded. Also, after regeneration, endogenous cytokinin content
was analyzed, as well as the ethylene emitted by the explants of both cultivars. After 8 wk in the culture medium, the explants
of ‘Fino 49’ were more regenerative than those of ‘“Verna 51°. Likewise, the endogenous content of cytokinins was globally
higher in “Verna 51°, even if the levels of isopentenyladenine and isopentenyladenosine were higher in ‘Fino 49°. Addition-
ally, “Verna 51” explants had higher concentrations of zeatin than ‘Fino 49°, and the same content of N®-benzyladenine and
N®-benzyladenosine. In like manner, the ethylene level emitted by the explants was higher in ‘Verna 51°. According to these
results, the amount of endogenous cytokinins as well as the ethylene production by the explant plays an important role in

the organogenesis of mature explants of C. limon.
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Introduction

As a genus, Citrus includes a large number of fruit tree spe-
cies with high economic and nutritional values. From an
economic point of view, lemon (Citrus limon [L.] Burm. f.)
is the third most important citrus species in the world, hav-
ing a special relevance in the Mediterranean basin. Thus,
lemon growers demand improved and more productive culti-
vars that comprise a source of innovation in a very conserva-
tive market. Notwithstanding this, difficulties associated to
the complex reproductive biology of citrus (namely, high
level of heterozygosity, long juvenile periods, and poliem-
bryony) (Deng and Duan 2006) have triggered the interest
in biotechnological alternatives, such as genetic transforma-
tion, where a protocol for de novo regeneration is mandatory.

The regeneration potential of citrus varies with the geno-
type and explant type, but better results have usually been
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obtained from regeneration protocols involving the use of
immature explants (Sajeva et al. 2008). Nevertheless, there
are very few authors that have reported regeneration in
lemon from this kind of tissues, mainly epicotyls (Carimi et
al. 1994; Sajeva et al. 2008; Kasprzyk-Pawelec et al. 2015;
Dutt ef al. 2020), which is of scientific utility, but not useful
from an agronomic point of view. Juvenile tissues could be
different from the cultivar they come from and exhibit juve-
nile traits, which is undesirable for propagation, production,
and genetic improvement: these tissues require several years
of maturation before they can be evaluated for their horti-
cultural traits (Navarro-Garcia et al. 2016b). Here lies the
importance of using mature tissues to ensure the presence
of the rest of the characteristics we would like to preserve.
In spite of this, recalcitrance linked with lemon is greater
in adult tissues. In fact, only Navarro-Garcia et al. (2016a;
2016b) have published a regeneration protocol in lemon
from adult tissues. Therefore, there is an urge to boost the
de novo regeneration potential of these tissues and unblind
the inner mechanisms that trigger somatic regeneration.

It is well known that cytokinins are responsible for many
processes related to the growth and development of the plant
and the adventitious shoot regeneration in in vitro plants.
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Actually, cytokinins are key in tissue culture, inasmuch
as their exogenous application triggers inner regeneration
(Hnatuszko-Konka et al. 2021). The addition of exogenous
cytokinins has an effect on the endogenous cytokinins of
plants, activating a crosstalk between them that can end up
inducing or inhibiting organogenesis (Zhang et al. 2010).
Thus, some authors have tried to study endogenous changes
in the concentration of cytokinins during de novo regenera-
tion (Pérez-Jiménez et al. 2014a). However, to our knowl-
edge, this has never been done before in citrus.

The interplay between hormonal signaling and stress
signaling is key for defining cell fate and differentiation
(Ikeuchi ef al. 2019). Here, ethylene, its increment produced
by stress, and its impossibility to be diluted in tissue culture
due to the use of closed vessels, has made this hormone a
target of study due to its effect on regeneration. Thus, some
authors concluded that ethylene accumulation during the
culture has a direct effect over organogenesis and must be
regulated to optimize adventitious regeneration protocols
(Arigita et al. 2003; Navarro-Garcia et al. 2016a).

There are many factors controlling and affecting plant
regeneration. However, cytokinins and the production of eth-
ylene seem to be a major source of concern. Hence, in this
study, the regeneration capacity of two lemon cultivars has
been studied, as well as their relation with the endogenous
cytokinin content along with the emission of ethylene dur-
ing the process.

Material and Methods

Plant Material Adult explants were derived from in vitro
shoot cultures of Citrus limon, cultivars ‘Fino 49’ (F49) and
‘Verna 51’ (V51), that were previously developed in our
laboratory (Pérez-Tornero et al. 2010). Explant preparation
was carried out from healthy, green (not lignified), thick,
elongated shoots using the standard procedures as described
before (Tallon er al. 2013). After removing the leaves and
pre-existing buds by running a sharp scalpel parallel to the
stem, nodal explants were cut transversally into thin seg-
ments (5—-10 mm). Nodal segments from the full explant,
except the basal lignified segments, were used. Explants
were placed horizontally in contact with the regeneration
medium selected from previous experiments (Navarro-
Garcia et al. 2016b), which consisted on macronutrients,
micronutrients, and vitamins of Murashige and Skoog
medium (Murashige and Skoog 1962), 30 g 17! of sucrose,
25 mg 17! of phloroglucinol, 0.1 mg 1! of indolebutyric acid
(IBA), 6 g 1! of agar (Pronadisa, Madrid, Spain), 2 mg 17!
of N®-benzyladenine (BA), and 1 mg 1~! of gibberellic acid
(GA) added by filtration after medium sterilization. After
adding plant growth regulators and adjusting the pH to 5.7,
medium was sterilized in an autoclave at 121 °C for 21 min,
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and then dispensed aseptically (25 ml per sterile dish) into
plastic Petri dishes measuring 9 cm in diameter and 1.5 cm
in depth. Explants were incubated at 25+ 1 °C in darkness
for 2 or 4 wk, for F49 or V51 respectively, before being
exposed to light with a 16-h photoperiod. Nodal explants
were transferred to fresh medium every 4 wk.

For each cultivar, 5 replicates (Petri dishes) were prepared
and each of them included at least 10 nodal segments. After
8 wk of incubation, the number of nodal explants form-
ing adventitious buds and the number of buds formed per
responsive explant were recorded. The assessment of nodal
explants was carried out with a stereomicroscope. Adventi-
tious buds that regenerated within the first 2 wk were consid-
ered developed from preexisting meristems and eliminated.
The experiment was repeated twice.

Cytokinins Determination The concentration of the main
cytokinins in the nodal segments of F49 and V51 was
analyzed using high-performance liquid chromatography
(HPLC)/mass spectrometry (MS) (HPLC/MS) as described
by Bacaicoa and Garcia-Mina 2009 after the experiment
(2009). The following cytokinins were studied: zeatin (Z),
BA, N6-benzy1adenosine (BAR), isopentenyladenine (iP),
and isopentenyladenosine (iPR). The extraction and purifica-
tion of the different plant regulators were carried out using
the method described by Dobrev and Kaminek (2002) with
some variations.

Frozen plant tissue (0.25 g; previously ground in a mor-
tar to get a powder with liquid nitrogen) was homogenized
with 5 ml of precooled (— 20 °C) methanol:water:formic acid
(15:4:1, v/v/v). Deuterium-labeled CKs internal standards
[*Hs]-zeatin (D-Z), [*H,] N%-benzyladenine (D-BA), [*H,]
NS-benzyladenosine (D-BAR), [°H4] N6-isopentenyladenine
(D-iP), and [2H6] N6-isopentenyladenosine (D-iPR) from
Olchemim were added to the extraction medium. After
overnight extraction at —20 °C, solids were separated by
centrifugation at 12,000 rpm for 10 min at 4 °C and were
re-extracted for 1 h with an additional 4 ml of extraction
mixture. Supernatants were passed through a Strata C18-E
cartridge (3 cm?, 200 mg, 8B-S001-FBJ; Phenomenex)
preconditioned with 4 ml of methanol followed by 2 ml of
extraction medium. After evaporation at 40 °C to aqueous
phase using an Eppendorf Vacufuge Plus Vacuum Concen-
trator, 2 ml of 1 M formic acid was added and applied to an
Oasis MCX column (3 cm’, 60 mg, 186,000,254; Waters)
preconditioned with 4 ml of methanol and 2 ml of 1 M for-
mic acid. The column was washed successively with 2 ml
of 1 M formic acid, 2 ml of methanol, and 2 ml of 0.35 M
NH,OH, and the bases, ribosides, and glucosides of the
CKs were eluted with 2 ml of 0.35 M NH,OH in 60% (v/v)
methanol. This eluted fraction was evaporated to dryness in
the evaporator and redissolved in 250 ml of methanol:0.05%
formic acid (40:60, v/v). The solution was centrifuged at
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8000 rpm for 5 min before being injected to the LC/MS/
MS system.

The separation and analysis of samples were performed
with an HPLC/MS system consisting of an Agilent 1290
Infinity IT Series HPLC (Agilent Technologies, Santa Clara,
CA) equipped with an Automated Multisampler module and
a High-Speed Binary Pump, and connected to an Agilent
6550 Q-TOF Mass Spectrometer (Agilent Technologies)
using an Agilent Jet Stream Dual electrospray (AJS-Dual
ESI) interface. Experimental parameters for HPLC and
Q-TOF were set in MassHunter Workstation Data Acquisi-
tion software (Agilent Technologies, Rev. B.08.00).

Standards or samples (20 pl) were thermostatted at 4 °C
and injected onto a Zorbax Eclipse Plus C18 (2.1 x 100 mm,
1.8 um) HPLC column, at a flow rate of 0.4 ml/min. Column
was equilibrated at 40 °C. Solvents A (MilliQ water with
0.08% acetic acid) and B (acetonitrile with 0.08% acetic
acid) were used for compound separation.

The mass spectrometer was operated in the positive mode.
The nebulizer gas pressure was set to 30 psi, whereas the dry-
ing gas flow was set to 16 1 min~! at a temperature of 150 °C,
and the sheath gas flow was set to 11 1 min~! at a tempera-
ture of 300 °C. The capillary spray, nozzle, fragmentor, and
octopole 1 RF Vpp voltages were 4000 V, 500 V, 360 V, and
750 V, respectively. Profile data in the 50-500 m z~! range
were acquired for MS scans in 2 GHz extended dynamic
range mode with 3 spectra s~!, 333.3 ms/spectrum, and
2722 transients/spectrum. Reference mass at 121.0509 was
used for mass correction during the analysis. Data analysis
was performed with MassHunter Qualitative Analysis Navi-
gator software (Agilent Technologies, Rev. B.08.00).

Ethylene Determination The ethylene level that was accu-
mulated during the culture, for each lemon cultivar, was
determined using the protocol previously described by
Navarro-Garcia et al. (2016a). Nodal segments prepara-
tion, medium sterilization, and culture conditions were as
described previously.

To discard the amount of ethylene synthesized during the
explant preparation, due to the stress produced by wound-
ing, explants were cultured in Petri dishes and maintained in
darkness for 1 wk in the regeneration medium before placing
them in the glass tubes.

To measure ethylene production during the in vitro cul-
ture, explants were transferred to glass tubes (150 X 25 mm)
containing 25 ml of the same medium used for regeneration
and closed with silicone caps to avoid ethylene loss. The
volume of gas inside the tube was similar to the volume of
gas inside the Petri dishes. Tubes were kept in darkness dur-
ing explant culture.

Ethylene accumulation inside of the tube was determined
by taking a 0.5 ml sample from the headspace atmosphere

of the glass tube, by means of a hypodermic syringe, 1 day
(Ethylene I) and 7 days (Ethylene II) after the culture into
the glass tube. The ethylene concentration accumulated in
the sample was quantified by gas chromatograph (Hewl-
ett—Packard 5890A model, Wilmington, DE), using a flame
ionization detector (FID) and a stainless-steel column (3 m
long and 3.5-mm internal diameter), filled with alumina
(80/100 mesh). The temperature of the column was 90 °C,
and the temperature of the injector and detector was 150 °C.
Ethylene was identified by its retention time, which corre-
sponds to 1.44 min, in the used conditions, compared with
the chromatograms obtained with 10 ppm of an ethylene
standard in nitrogen.

As in the regeneration experiment, five replicates (glass
tubes) were prepared for each treatment, each of them con-
taining at least 10 nodal segments. The full study was carried
out twice.

Statistical Analysis Data were first tested for homogeneity
of variance and normality of distribution. Significance was
determined by analysis of variance (ANOVA), and the sig-
nificance (P <0.05) of any differences between mean val-
ues was tested by Duncan’s new multiple range test, using
Statgraphics Centurion® X VI (StatPoint Technologies Inc.,
The Plains, VA).

Results

After the experiment, explants of both cultivars had
induced de novo buds that further developed into new
shoots (Fig. 1). The analysis of the results showed sig-
nificant differences by genotype (P <0.001) in both
regenerating explant percentage and bud formation
rate. F49 induced a higher regeneration than V51. Thus,
significant differences were found in the percentage of
regenerated explants, with 56% of the explants of F49
regenerating de novo buds against 30% of the explants
in V51; almost twice as many explants (Fig. 2). Also,
the bud formation rate was significantly higher in F49;
over 1 bud per responsive explant was obtained in F49,
decreasing to nearly 0.4 in V51. Therefore, rate was
almost twofold in F49 (Fig. 2).

Non-significant differences were detected on the
endogenous BA and BAR concentration by geno-
type (P> 0.05), with similar results in both cultivars
(Fig. 3). The endogenous amount of BA was around
0.15 ng ml~! in both cultivars, while the BAR level
was around 90 ng ml~!. However, genotype had a sig-
nificant effect on the endogenous total cytokinins, Z,
iP, and iPR levels (P <0.001). The amount of iP and
iPR detected in F49 was significantly higher than that
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Figure 1. Explants of lemon cv.
‘Fino 49’ (left) and ‘Verna 51’
(right) before (up) and after
(down) being cultured in the
regeneration medium for 8 wk.
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Figure 2. Regenerating explants percentage and de novo bud forma-
tion rate (number of buds formed per responsive explant) in nodal
explants of lemon cv. ‘Fino 49’ and ‘Verna 51’ after being cultured

of V51 (Fig. 3); the endogenous level of iP was almost
4 times the amount detected in V51 (over 2 ng ml™!),
and iPR concentration was 20% higher in F49 than in
V51. On the other hand, opposite results were obtained
in Z and the total amount of cytokinins, since in both
cases the endogenous amounts detected were higher in
V51 than in F49 (Fig. 3). Z ranged from 800 ng m1™!
in F49 to 1200 ng ml~! in V51, while the total level of
cytokinins was about 300 ng ml~! higher in V51 than
in F49.

When ethylene results were analyzed, no significant
effect (P> 0.05) of genotypes was observed on the ethyl-
ene level emitted the first d of culture. However, after 7 d
of culture, the cultivar had a significant effect on the eth-
ylene level (P <0.001). Ethylene concentration produced
by V51 was 32% higher than in F49 (Fig. 4).

P
(@ @ Springer

14 a
12

08 r
06 r
04 r
0.2 r

De novo bud-formation rate

F49 V51

in the regeneration medium. Data represent average + SD values. Bars
with different lowercase letters indicate a significant difference by
LSD test (P <0.05).

Discussion

Plant regeneration is a critical step in any protocol for
plant transformation or mutation breeding by tissue cul-
ture, and depends on many factors, such as genotype, cul-
ture medium, plant growth regulators, type of explant or
light conditions (Tallén et al. 2013; Ikeuchi et al. 2019).
This has been evidenced in previous studies in lemon,
where differences in the response to regeneration depended
on culture media and conditions (Navarro-Garcia et al.
2016a, b). In this experiment, F49 nodal segments showed
a higher response to adventitious regeneration induction
than V51 when both were cultured in the same conditions
and media; therefore, differences in the results would be
caused by the genotype, which would implement a differ-
ent activation of mechanisms and molecules that would
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Figure 4. Ethylene emission after 1 and 7 d of culture of explants of lemon cv. ‘Fino 49’ and ‘Verna 51° after being cultured in the regeneration
medium. Data represent average + SD values. Bars with different lowercase letters indicate a significant difference by LSD test (P <0.05).
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end up defining their responses. These differences could
revolve around cytokinins, as they are well known as
adventitious shoot regeneration inductors.

The addition of cytokinins to the culture media stimu-
lates shoot proliferation and regeneration, and BA is the
cytokinin that is most widely used in woody plants for this
aim. Moreover, apart from being a synthetic cytokinin, BA
is present in plants as an endogenous cytokinin. Plant tis-
sues generally absorb and metabolize BA from the culture
medium readily, modulating the endogenous concentration
of other cytokinins (Zhang et al. 2010). This could be due
to the common interaction between BA and the cytokinin
receptor CRE1, which involves an impressive phytohormone
crosstalk (Inoue et al. 2001).

Our results show that the endogenous contents of BA
and BAR were similar in both cultivars, which may imply
a homogenous uptake of the synthetic BA by the explants,
both in F49 and in V51. However, the interaction between
BA and the rest of the studied cytokinins varied accord-
ing to the genotype, and different levels of iP, iPR, Z, and
total amount of cytokinins were found in the two cultivars.
Then, F49, which obtained the highest regeneration rate,
showed higher levels of iP and iPR than V51, and lower lev-
els of Z and total amount of cytokinins. Zhang et al. (2010)
described a decrease in Z, and He ef al. (2020) observed an
increase in iPR, both due to the action of BA and related
with an upturn of the regeneration process, which is in line
with our results. However, although a part of this induc-
tion can be explained by the addition of BA to the culture
media, the final result seems to depend on the genotype,
which probably regulates the metabolic processes and their
action over other processes, such as other cytokinins.

It is also noteworthy that, although cytokinins boost
organogenesis by means of their action, this does not imply
that a higher concentration of them necessarily results in a
higher regeneration rate. In fact, in this experiment, V51
showed a higher content in total cytokinins than F49, along
with a lower regeneration percentage. Previously, other
authors found lower levels of cytokinins in genotypes that
had the most pronounced reaction to the adventitious shoot
regeneration induction than in those that regenerated less
(Zhang et al. 2010; Pérez-Jiménez et al. 2014b). Also an
inhibition of plant regeneration at high concentrations of
cytokinins was observed (He et al. 2020). Therefore, it has
been suggested that there must be a threshold of cytokinins
where organogenesis falls and it is not favored any longer.
It seems that this is not a matter of quantity, but accuracy.

Ethylene accumulation in glass vessels is believed to
affect adventitious shoot regeneration in tissue cultured
plants, relating high levels of ethylene with a lower regen-
eration (Arigita et al. 2003; Pérez-Jiménez et al. 2014b;
Navarro-Garcia et al. 2016a). In this study, the lower levels
of ethylene in F49 after 7 days of culture could be related to
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a higher capacity to produce adventitious shoot proliferation
in this experiment. Previous experiments in lemon with dif-
ferent ethylene modulators showed an increase in regenera-
tion capacity when ethylene action or production was dimin-
ished (Navarro-Garcia et al. 2016a), which agrees with other
studies (Pérez-Jiménez et al. 2014a). However, mechanisms
that underlie behind the interaction between ethylene and
regeneration are unknown, and some authors have found the
opposite relationship (Yasmin ef al. 2014). Ethylene produc-
tion is the result of stress in the plant, but not every process
that causes stress produces the same response in this sense.
Given the controversial results obtained by many authors
concerning ethylene levels and regeneration, the possibility
that the real modulator of the organogenetic process was the
origin of the stress behind the ethylene production instead of
the ethylene itself should be taken into consideration.

Conclusions

In this study, lemon regeneration in V51 and F49 has been
studied, as well as their relation with endogenous cytokinins
and ethylene production. The control of the changes pro-
duced in the endogenous cytokinins, along with the ethylene
level inside the plate, could be key to regulate the de novo
regeneration in lemon. However, the control of this aspect
seems to be related to the genotype. Therefore, the possibil-
ity of controlling it by modulating the exogenous param-
eters is not clear. The amount of endogenous cytokinins, as
well as the ethylene production by the explant, seems to be
related to the organogenetic capacity of the explants. How-
ever, the mechanisms underlying this process are unknown.
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