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Abstract

Coffea spp. are remarkable sources of phytochemicals, but the lack of a well-defined culture medium aimed at the induc-
tion of non-embryogenic and friable callus hampers the establishment of plant cell suspension cultures for large-scale
production of valuable compounds. In this paper, we describe a one-medium protocol suitable to obtain both callus and
cell suspension cultures from leaves of two elite cultivars of C. arabica. The protocol was developed through an iterative
process involving the determination of the best concentration of auxin and cytokinin, their optimal ratio, as well as the
most effective molecule of either hormone class. Young leaves were found to be a good and easy-to-use explant source for
callus induction and proliferation, provided that a cytokinin was present in association with a chlorinated auxin in a full
strength, semi-solid MS medium. The best results were obtained by hormone concentration and combination of 1 mg/L of
both kinetin and 2,4,5-trichlorophenoxyacetic acid. The same ratio of these growth regulators was conveniently used for
the development and stabilization of cell suspension cultures in liquid MS medium. When grown in darkness, stabilized
suspension cultures showed a fine and homogeneous texture, with a 10-fold biomass increase within 25 days and a cell
viability >90%. In addition, the phytochemical profile revealed the presence of the most widely studied coffee compounds.
The protocol can be applied to obtain adequate amounts of cell biomass for use in physiological studies concerning the
production of secondary metabolites.

Key messages
A protocol for callus induction and undifferentiated cell suspensions establishment in Coffea arabica was developed. This

technique represents a useful tool for in vitro production of remarkable phytochemicals from coffee.
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DPHU 1,3-Diphenylurea

IAA Indole-3-acetic acid

IBA Indol-3-butyric acid

KT Kinetin

NAA a-Naphthaleneacetic acid
TDZ Thidiazuron

ZT Zeatin

Introduction

Coffee is one of the most economically important crops,
with Coffea arabica and C. canephora representing the two
main cultivated species (Wintgens 2012). Its significance
goes beyond the popular beverage, as it is a major source
of phytochemicals including not only caffeine and chloro-
genic acids, but also diterpenes, trigonelline, proanthocy-
anidins, ferulic-, caffeic- and p-coumaric acids (Moeenfard
et al. 2016; Munyendo et al. 2021). Among these second-
ary metabolites (SMs), some are typical of the coffee plant
and, according to the evidence collected so far, they could
be applied in human therapy against cancer, diabetes, car-
diovascular diseases, and obesity (Munyendo et al. 2021).

As it occurs for other medicinal plants, large-scale pro-
duction of SMs through extraction and purification from
field harvested material can represent a challenge due to a
number of concurring reasons, such as the low concentra-
tion in the collected organ(s), the presence of chemically
similar compounds, or seasonal variability caused by biotic
and/or abiotic stresses. To circumvent difficulties in the
effective use of wild stands or crops, chemical synthesis has
often been suggested, but in many instances such practice,
although technologically possible, appeared costlier as com-
pared to extraction and purification from natural sources.
Actually, many SMs are the outcome of complex enzymatic
pathways that are difficult to reproduce in vitro.

Cell suspension cultures (CSCs) provide a further techno-
logical option for large-scale production of high quality and
standard SMs of plant origin in World Health Organization
list (2023) and references therein. This system, potentially
coupled with strategies such as elicitation by exogenously
applied substances or metabolic engineering, has already
increased the productivity of some SMs exploitable for the
treatment of life-threatening diseases. CSCs of Gymnema
sylvestre were successfully used to increase the synthesis of
the anti-diabetic agent gymnemic acid through the modifi-
cation of macro-elements in the liquid medium (Praveen et
al. 2011). Similarly, hormones such as picloram, IBA and
BAP strongly enhanced the production of anti-HIV dipy-
ranocoumarins in Calophyllum inophyllum CSCs (Pawar
et al. 2011). Finally, the addition of methyl jasmonate to
media adjusted for CSCs of Taxus canadensis (Linden and
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Phisalaphong 2000) and T. cuspidata (Mirjalili and Linden
1996) significantly enhanced the industrial production of
taxol, one of the most successful anticancer drugs.

To establish a stabilized cell line of a plant, the initial step
typically involves callus induction from tissues. In Coffea
spp., the main explant sources used for such purpose are
orthotropic internodes (Frischknecht and Baumann 1980;
Baumann and Rohrig 1989), seeds (Furuya et al. 1990;
Kurata et al. 1991) and leaves (Herman and Haas 1975;
Ogita et al. 2004). Friable calluses were inoculated in lig-
uid media to perform short-term experiments or long-term
maintenance. In the former case, a pre-cultivation period
was performed to split callus masses into small aggregates,
which were eventually collected to obtain the main culture
targeted to provide material for SMs analysis (Kurata et al.
1991, 1998; Sartor and Mazzafera 2000; Gomes-Junior et
al. 2006, 2007). Conversely, fine cell suspensions are criti-
cal for the development and maintenance of productive cell
lines in molecular farming. Indeed, long-term CSCs were
established by Baumann and Roéhrig (1989), Frischknecht
and Baumann (1980) and Townsley (1974), but the avail-
able information in respect to critical factors (e.g., basal
medium, hormone type and concentration, aggregates
presence and size) is largely incomplete. In particular, no
systematic study was conducted to investigate the effect of
different concentrations and types of auxins and cytokinins
on friable callus induction. In addition, the transition from
solid to liquid culture was accompanied by a change in
PGRs (Plant Growth Regulators), without clear explanatory
reasons.

The results presented in this paper could be applied to
overcome the existing technological constraints in friable,
non-embryogenic callus induction and CSCs development,
thus simplifying functional studies on coffee SMs and their
molecular farming.

Materials and methods
Chemicals

2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2,4-dichlo-
rophenoxyacetic acid (2,4-D), indole-3-acetic acid (IAA),
indol-3-butyric acid (IBA), o-naphthaleneacetic acid
(NAA), B-naphthoxyacetic acid (BNOA), p-clorophenoxy-
acetic acid (4-CPA), dicamba (Di), 6-benzylaminopurine
(BAP), kinetin (KT), thidiazuron (TDZ) and myo-inositol
were purchased from Duchefa Biochemie (Harleem, Neth-
erlands); 1,3-diphenylurea (DPHU), 2-isopentenyladenine
(2-iP), N-benzyl-9-(tetrahydropyranyl)-adenine (BPA),
zeatin (ZT), dihydrozeatin (DHZ), adenine hemisulfate
(AHS) and sucrose were purchased from Sigma-Aldrich
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Chemie (Steinheim, Germany). Bacto agar was obtained
from Difco Laboratories (Michigan, United States). Tween
80 was purchased from Labelians (Nemours, France). Ace-
tonitrile, methanol, formic acid (HPLC analytical grade),
trigonelline, theobromine and theophylline were purchased
from Sigma Aldrich (Saint Louis, MO, USA), chlorogenic
acid (trans-5-caffeoylquinic acid) was purchased from Phy-
toLab (Vestenbergsgreuth, Germany). Water was obtained
from a milliQ system (Merck Millipore, Molsheim, France).

Plant material

Young, fully expanded leaves selected from the terminal
node of orthotropic branches of greenhouse-grown Red
Bourbon and Castillo plants were used as explant sources
for in vitro callogenesis. Immediately after harvest, leaves
were washed briefly in running tap water and cleaned with a
commercial detergent. Surface sterilization was carried out
under a laminar flow hood by soaking leaves for 30 s in
95% (v/v) EtOH and 5 min in a 0.2% (w/v) NaOCI solution
with Tween 80 (5 drops in 500 mL), finally the leaves were
rinsed three times with sterile distilled water. Treated leaves
were blotted between layers of 150-mm filter paper (What-
man Grade 1) and punched amidst the secondary veins with
a sterile cork borer (@ 5 mm) to detach explants of uniform
shape.

Culture media for callus induction

Leaf discs were placed on a full-strength MS medium
(Murashige and Skoog 1962) enriched with sucrose (30 g/L)
and myo-inositol (1 g/L), and solidified with Bacto agar
(8 g/L). The pH of the medium was adjusted to 5.8 before
autoclaving at 121 °C for 20 min. To prevent inactivation,
PGRs were added by sterile filtration after autoclaving,
when the temperature of the medium was around 50 °C. To
investigate both the optimal concentration and type of PGRs
for friable callus induction, trials were arranged in three
steps: (1) a factorial experiment was carried out in order
to determine the optimal concentration and ratio between
2,4-D and KT, selected as the most cited PGRs for callus
induction in C. arabica. Leaf explants were placed onto 15
culture media resulting from the combination of 3 concen-
trations of 2,4-D (1, 2, and 3 mg/L) with 5 concentrations of
KT (0, 0.5, 1, 2, and 4 mg/L); (2) in order to determine the
optimal cytokinin for callus induction, culture media were
supplemented with 1 mg/L 2,4-D and 1 mg/L of a cytokinin
chosen from the following: KT, AHS, BPA, ZT, DHZ, 2-iP,
TDZ, BAP, and DPHU; (3) based on the results of previous
trials, the optimal auxin for callus induction was evaluated
in culture media supplemented with 1 mg/L KT and 1 mg/L

of an auxin selected from the following: 2,4-D, NAA, IBA,
IAA, 4-CPA, BNOA, Di, and 2,4,5-T.

All experiments were conducted in three replicates, with
one replicate consisting of 15 leaf discs for both Red Bour-
bon and Castillo. Cultures were maintained in the dark at
28 °C for 42 days, and on the 21st day, explants were trans-
ferred onto a fresh medium with the same composition.

At the end of the experiments, callus induction was
evaluated by weighing the explant and the callus together
(fresh weight, FW) with a high precision balance (Giber-
tini elettronica, Milan, Italy) under aseptic conditions. Four
classes were established to define callus texture: watery, fri-
able, compact and mixed (friable and compact callus jointly
present).

Cell suspension cultures

Red Bourbon and Castillo cell suspension cultures were
grown in the presence of combinations of 2,4,5-T (1 mg/L)
or 2,4-D (1 mg/L) with 0.5 mg/L or 1 mg/L KT. CSCs were
started by transferring 2 g FW of 21-day old calluses into 250
mL Erlenmeyer baffled flasks (Corning, New York, USA)
with vent cap, each containing 50 mL MS medium supple-
mented with the aforementioned PGRs, 30 g/L sucrose and
1 mg/L myo-inositol. CSCs were agitated on a rotary shaker
(110 rpm, 26 + 1 °C, in the dark) (MaxQ600, Thermo Fisher
Scientific, Ohio, United States) and subcultured every
10-12 days by transferring 10 mL of suspension to 40 mL
of fresh medium. Three replicates, each represented by an
independent flask, were designed for all treatments. At the
end of the third subculture, the highest performing treatment
was evaluated as cell fresh weight (FW) and consequently
selected to assess the time course of CSCs. Both FW per mL
CSC and cell viability were evaluated in triplicate, at the
inoculation time and at subsequent intervals. 1 g FW of cells
was used as inoculum. Fluorescein diacetate (FDA) staining
(McCabe and Leaver 2000) was selected as viability probe.
A 0.5% stock solution of FDA was prepared in acetone and
stored at -20 °C until use. Before testing, the solution was
diluted 20-fold with phosphate-buffered saline. Two pL
of the final solution were added to 0.1 mL CSC, and the
samples were gently mixed by inversion for 5 min at room
temperature in the dark. Using a fluorescent microscope
(Zeiss Axio Observer Z1 with 25 HE filter, Oberkochen,
Germany), the percentage of viable cells was calculated by
dividing the FDA-stained cells by the total cell count, which
was assessed under visible light.

Phytochemical profiles

A major compounds characterization was carried out for
CSCs of both cvs., grown in darkness and under a 12/12
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photoperiod. Light was provided by fluorescent lamps
(Osram Fluora) with a photon flux density of 36 pmol m~>
s!. For each growth condition, 5 independent replicates
were analyzed. Extraction of phytochemicals was per-
formed as described in Monteiro et al. (2020), with slight
modifications: 100 mg of freeze-dried cells was sonicated
for 30 min at room temperature (35 kHz, Bandelin sonorex,
Berlin, Germany) in 1 mL of MeOH/H,0 (70:30, v/v). After
overnight extraction under agitation, the samples were cen-
trifuged for 10 min at 10,000 rpm (Allegra X-30 centrifuge,
Beckman Coulter, Indianapolis, IN, USA). The supernatant
was collected and kept at 4 °C before analysis. Trigonel-
line, theobromine, caffeine, and chlorogenic acids (3-CQA,
5-CQA, 4-CQA, 3,4-DiCQA, 3,5-DiCQA, 4,5-DiCQA)
were successfully separated and identified by UHPLC-
DAD: 1290 UHPLC system (Agilent Technologies, Santa
Clara, CA, USA) equipped with a degasser, quaternary
pump, column thermostat and diode array detector (DAD)
operating at 254, 273 and 324 nm. A Kinetex® 2.6 mm
XB-C18 100 A, LC column 100x2.1 mm (Phenomenex,
Torrance, CA, USA) was used at 30 °C temperature. The
elution system (0.5 mL/min) involved two filtered solvents,
namely acetonitrile (solvent A) and 0.1% formic acid in
water (solvent B) with the following gradient: 0 min, 97%
solvent B; 0-8 min, 85%; 811 min, 60%; and back to ini-
tial conditions. The injection volume was 2 mL. The iden-
tification of alkaloids and chlorogenic acids was achieved
by comparison of specific retention times of standard solu-
tions; the quantification was done by UV-Vis spectroscopy,
using the DAD detector, by monitoring the absorbance at
the maximum wavelength for each compound, i.e., 254 nm
for trigonelline, 273 nm for theobromine and caffeine, and
324 nm for the CGAs. Each sample was characterized by its
mean content of alkaloids and chlorogenic acids, expressed
as mg/g of freeze-dried material (dry weight). Calibration
curves were prepared in the appropriate range of concen-
tration and the data were fitted using least-square linear
regression. Good linearity (R?>0.9987), expressed as the
determination coefficient, was obtained for all compounds.
The limit of detection (LOD) and the limit of quantification
(LOQ) previously published were verified.

Statistical analysis

Statistical analysis was performed using RStudio package
2021.09.1 of R software version 4.1.2 (R Core Team 2021).
Levene’s and Shapiro-Wilk tests were performed to assess
the homogeneity of variance and the normal distribution,
respectively. Log transformation was applied to FW data
of step 2 and 3 experiments to achieve normal distribution.
Data regarding callogenesis were statistically evaluated
using three-way (Step 1) or two-way analysis of variance
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(ANOVA) (Step 2 and 3). The latter analysis was performed
also to test the effect of 2,4-D and 2,4,5-T on CSCs growth
in the presence of different concentrations of KT. The signif-
icance of each source of variation was evaluated using the
F-test. In case of significant differences, means were com-
pared with Duncan’s multiple range test at a significance
level of p-value <0.01.

For both cvs., CSC growth curves were fitted using the
drda R package (Malyutina et al. 2023); 95% confidence
intervals (CIs) of the curve parameters were calculated
applying the Confint function. Curve parameters values
were considered statistically different when their 95% Cls
did not overlap.

Results

Callus induction at different concentrations of 2,4-D
and KT

The results shown herein were achieved by collecting 2,430
leaf explants, out of which only 53 (2.2%) were lost due
to microbial contamination. In the factorial experiment, in
which 2,4-D and KT were applied at increasing concentra-
tions, leaf explants of Castillo and Red Bourbon became
swollen and began to develop undifferentiated cells along
the cutting edges within 1 week of culture, regardless of
medium composition. Nevertheless, after 6 weeks of cul-
ture, the amount of callus appeared significantly affected
by both coffee genotype and PGRs combination (Table S1);
these factors gave rise to significant first and second order
interactions. In particular, the presence of KT was crucial
for the induction and further development of the callus, as
shown in Fig. 1. In both cvs., the lowest FW values were
consistently recorded in KT-free media, with significant dif-
ferences observed in respect to all the remaining media, in
both statistical and absolute terms. In addition, the callus
masses developed in the absence of KT turned completely
brown by the end of the experiment, hindering any possible
use for cell line production.

In KT-supplemented media, callus production was gen-
erally higher in Red Bourbon, reaching the maximum FW
value at a concentration of 2 mg/L 2,4-D and 1 mg/L KT;
however, other PGRs concentrations, namely 1 mg/L 2,4-D
combined with 1 or 2 mg/L KT, yielded comparable out-
comes (Fig. 1). Similarly, in Castillo, callogenesis was high-
est with 1 mg/L 2,4-D and 1 mg/L KT, but the difference
with 1 mg/L 2,4-D and 0.5 mg/L KT was not significant
(Fig. 1). Considering the data obtained for both cvs., the
PGR combination of 1 mg/L 2,4-D and KT turned out to
give more consistent results, also in terms of callus texture,
which appeared highly friable. Interestingly, the highest
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Fig. 1 Mean fresh weight (FW, mg) of the explant+ callus reported for each medium. The experiment was conducted on C. arabica cvs. Red
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PGR concentrations (e.g., 3 mg/L 2,4-D, 4 mg/L KT) gener-
ally resulted in significantly lower FW (Fig. 1).

Cytokinin selection

Nine cytokinins were tested in the presence of 1 mg/L 2,4-
D. The type of cytokinin significantly affected both the FW
(»<0.001) (Table S2) and the callus texture. The effect of
cytokinin was similar in Red Bourbon and Castillo, as no
significant cv. x cytokinin interaction was observed (Table
S2). Statistical analysis on aggregated data revealed that

FW values in media supplemented with DHZ, BPA, KT and
BAP (176.7-160.2 mg) were significantly higher than those
achieved with DPHU and AHS (75.7-65.8 mg) (Fig. 2);
moreover, the latter PGRs caused the formation of a brown-
ish and watery callus. Amongst the four cytokinins eliciting
the highest response, only BAP and KT consistently induced
a friable texture in all explants. Consequently, considering
all results, none of the eight cytokinins tested against KT
exhibited better performance in terms of callus induction
level and callus texture.
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Auxin selection
The auxin comparison was carried out using a medium con-

taining KT at a fixed concentration of 1 mg/L. The effect of
different auxins on FW was highly significant (p <0.001)

@ Springer

457 T1= 1 mg/LKT +2,4-D
T2= 0.5 mg/L KT +2,4-D
T3= 0.5mg/L KT +2,4,5-T
. T4=1mg/LKT +2,4 5T
_ a
£ 304 . ab
()]
E ab ’i1
2 b
[$]
; 154 l
[T
0 T T T T
™ T2 T3 T4

PGRs treatment

Fig. 4 Mean fresh weight of cell suspension culture (FW_,,, mg/mL)
for each PGRs treatment. Auxin concentration (i.e., 2,4-D and 2,4,5-T)
was set at 1 mg/L. The experiment was conducted on C. arabica cvs.
Red Bourbon and Castillo (aggregated data). Different letters indicate
significant differences at a p-value <0.01, according to Duncan’s mul-
tiple range test

(Table S3). Little or no callus was recorded for most leaf
explants cultured on BNOA-, IAA-, IBA-, and NAA-
enriched media, to such an extent that FW essentially cor-
responded to the explant weight. It is noteworthy that this
result was achieved in both cvs. (Fig. 3). As shown in Fig. 3,
the significant interaction between cv. and auxin (p <0.05)
(Table S3) could be explained by the varying responsive-
ness observed in 4-CPA medium. The highest FW values
were attained in Red Bourbon onto 2,4,5-T and Di media
(237.4 and 231.4 mg, respectively); similarly, these same
media exhibited the best performances in Castillo (174.2
and 206.5 mg, respectively). However, although the effect
of the two PGRs on callogenesis was comparable (Fig. 3),
a mixed callus texture was observed in Di medium, as
opposed to a highly friable callus consistently induced by
2,4,5-T. It should be noted that 2,4-D was found to be less
efficient than 2,4,5-T, suggesting the use of the latter hor-
mone in the callus induction medium.

Transition to liquid medium

The higher efficacy of 2,4,5-T compared to 2,4-D was con-
firmed in the liquid medium (p-value<0.05) (Table S4);
actually, the cell FW reached the highest values in media
supplemented with 2,4,5-T (Fig. 4). An increased auxin to
cytokinin ratio (w/w) did not result in significantly different
effects on CSCs growth, as evidenced by results obtained
in the presence of 2,4-D as well (Fig. 4). Consequently, this
experiment suggested the application of same PGRs combi-
nation selected for callogenesis in cell suspension develop-
ment and maintenance (Fig. 5).
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Fig.5 Calli (after 21 days of a
incubation) and cell aggregates
in cell suspension cultures of
cvs. Red Bourbon (a, ¢, ) and
Castillo (b, d, f). Cell aggregates
observed under visible light (c,
d) and stained by FDA observed
under a fluorescence microscope
(e, f). The scale bar is reported in
the photos

100 um

Growth curve and cell viability

The growth pattern of CSCs for both cvs. was fitted using
a 4-parameter logistic curve (Fig. 6). The equation of the
curve, curve parameters values and associated 95% con-
fidence intervals (Cls) are reported in Table 1. Concern-
ing the “f” parameter, which represents the day value at
which the CSC growth reached its mid-point, the 95% Cls
did not overlap each other (Table 1). The mid-exponential
phase was reached at day 14 and 22 for cv. Red Bourbon
and Castillo, respectively. Furthermore, a significant differ-
ence was also detected in the upper asymptote (“d” param-
eter) (Table 1). At the stationary phase, Castillo reached a
maximum FWg- of 169.46 mg/mL, while Red Bourbon
showed a value of 127.31 mg/mL. Remarkably, cell viabil-
ity remained stable at high percentages (> 90%) throughout
the experiment (Fig. 6).

Detection of secondary metabolites

As shown in Table 2, UHPLC analyses revealed the pres-
ence in our coffee cell suspension cultures of the main
phytochemicals typically detected in coffee plant. Growth
conditions (dark/photoperiod) did not affect SMs produc-
tion, except for CGAs, which quantity strongly increased in
CSCs of both cvs.

Discussion

The establishment of a productive CSC relies on the induc-
tion and growth of a friable callus (Mahood et al. 2022).
Undifferentiated cell masses can be artificially produced by
wounding plant tissues and culturing them in vitro (Efferth
2019). Although any parts of a plant can be used as an
explant, immature organs with a higher content of juvenile
cells are generally preferred due to their greater ability to
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suspension cultures of cv. Castillo (black bar) and Red Bourbon (white
bar). Data are means of 3 replicates

Table 1 Comparison of the parameters obtained from the sigmoidal
curve f(x)=a+ (d/(1+exp (-e * (x - p)))) used for the interpolation of
the cell growth of suspension cultures of C. Arabica cvs. Red Bourbon
and Castillo, measured as fresh weight increase. Here, “a” and “d”
represent the ordinate values for the lower and upper asymptote of the
sigmoid, respectively, while “e” denotes the slope of the sigmoid at the
inflection point “f” of the curve. CI, confidence interval

Cell suspension culture a d e f

cv. Red Bourbon Mean value 13.40 12731 0.28 14.14
CI12.5% 0.36 7098 0.10 11.30
C197.5%  27.17 183.64 0.45 1697

cv. Castillo Mean value 21.53 169.46 0.29 21.98
CI2.5% 15.14 15424 0.22 21.15
CI97.5% 2792 184.68 0.36 22.81

Table 2 Secondary metabolites identified in freeze-dried cells from
CSCs of cvs. Red Bourbon and Castillo grown in darkness (D) and
under photoperiod (P). Data are given as range values (mg/g of dry
weight). Total CGAs are the sum of the CGAs detected, namely 3-,
4-, 5-CQA, and 3,4-, 3,5-, 4,5-diCQA. Limit of quantification (LOQ)
values for each metabolite are the following: trigonelline, 0.015 mg/;
caffeine, 0.001 mg/g; theobromine, 0.003 mg/g; CQA isomers,

0.012 mg/g

Secondary dark/photoperiod  cv. Red cv.
metabolite Bourbon Castillo
Trigonelline D 3.36-4.53 0.24-0.50
P 3.91-4.64 0.45-0.60
Caffeine D <0.001 <0.001
P <0.001 <0.001
Theobromine D 0.003-0.01 0.003-0.01
P 0.02 0.02-0.10
Total CGAs D 0.012-0.28 0.01-0.15
P 3.66-15.28 0.86-2.28
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express totipotency (Souza et al. 2014). In our trials, young
leaves were selected as explant sources for several reasons,
such as the prolonged availability on mother plants, ease of
manipulation, effective removal of the microbial load with
adequate concentration and timing of bactericidal and fun-
gicidal agents. Actually, the protocol herein described for
leaf surface sterilization resulted in a contamination occur-
rence as low as 2.2%, which was largely compatible with
trial prosecution and completion.

In addition to type and stage of the explant source, PGRs,
particularly auxins and cytokinins, represent key elements
in the context of callus formation as they control specific
cell division checkpoints (Ikeuchi et al. 2013). Our proto-
col involves the use of KT as this hormone appeared the
most effective for the development of a callus suitable for
establishing coffee cell suspensions. In fact, despite the
highest callus formation induced by DHZ (Fig. 2), only
KT and BAP favored the production of a white and friable
callus. Along with 2-iP, the latter two hormones have been
widely applied in callus induction media settled for subse-
quent somatic embryogenesis in Coffea spp. (Teixeira et al.
2004; Silva et al. 2011; Padua et al. 2014; Suliansyah et al.
2021; Oliveira et al. 2021). Furthermore, KT has been the
most commonly applied cytokinin in coffee cell suspensions
(Frischknecht and Baumann 1980, 1985; Sartor and Maz-
zafera 2000; Gomes-Junior et al. 2006, 2007).

In our trials AHS and DPHU strongly inhibited cal-
lus development, unlike DHZ, BPA, KT or BAP. AHS, a
known cytokinin precursor, has often been used as a helper
PGR in regeneration studies, mostly in association to BAP
or KT (van Staden et al. 2008; Khan et al. 2014; Rency et
al. 2018). Our results confirm the limited activity of this
growth stimulant applied alone and at a concentration (i.e.,
1 mg/L) relatively low as compared to those used in the
above-mentioned studies. Concerning DPHU, it should be
noted that FW was rather poor also with TDZ, another phe-
nyl urea-type cytokinin with recognized stronger activity
(Mok et al. 1982; Carra et al. 2006). It appeared, therefore,
that in coffee, phenyl-urea derivatives are largely ineffective
for callus formation and viability. In either case, the callus
was compact, showing brown portions indicative of oxida-
tive damage.

According to our protocol, a cytokinin is critical for
callus proliferation. Indeed, after the initial step of callus
induction, in all cytokinin-free media the cell mass ceased
to grow and turned brown. Several studies have shown that
exogenous cytokinins are strictly necessary for mitotic ini-
tiation (John et al. 1993; Laureys et al. 1998; Valente et al.
1998; Zhang et al. 2005) by promoting nuclear shuttling of
Myb-domain protein 3R4 (MYB3R4), a transcription factor
that activates mitotic gene expression (Yang et al. 2021).
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Synergic effects were often noted with auxins: Kaur and
Kothari (2004) recorded a significant increase in callus FW
originated from cultured immature inflorescences of Kodo
millet (Paspalum scrobiculatum) by adding KT to 2,4-D.
Similarly, callus induction from Oryza sativa mature seeds
occurred independently from KT presence, but its growth
was significantly enhanced by KT addition (Sidek et al.
2022). Results of our trials on coffee are in full accordance
with former evidence on the dual role of cytokinins in cell
dedifferentiation and mitotic division; they also indicate the
possible presence of non-additive effects caused by associa-
tions between cytokinins and auxins on callus induction and
growth. Finally, they point out that a correct ratio between
the two hormones must be defined to tune the process of fri-
able callus formation and viability.

As shown before, the best FW values were recorded in
both cvs. when the exogenous auxin: cytokinin was per-
fectly balanced (i.e., 1:1) or doubled in favour of the auxin.
However, consistent outcomes were observed only when the
induction medium contained 1 mg/L of both 2,4-D and KT,
making it the selected combination of PGRs in our protocol.
These results are in line with the fundamental principles of
chemical regulation in tissue culture. Indeed, a pluripotent
callus can be obtained by both an equal and a high auxin-
to-cytokinin ratio (Skoog and Miller 1957; Ikeuchi et al.
2013; Nakashima et al. 2023). Furthermore, a 1:1 ratio has
been selected for callus induction in plant species known as
valuable sources of phytochemicals: Kapoor et al. (2019)
produced callus from leaf explants of Rhodiola imbricata
by using a MS medium supplemented with 3 mg/L of both
NAA and BAP; Thacker et al. (2018) determined that a
combination of 2 mg/L of both 2,4-D and KT was optimal
for callogenesis in four different cvs. of Cannabis sativa;
other combinations of auxins and cytokinins giving a 1:1
ratio were also well performing.

A hormonal balance is equally important for callus qual-
ity; according to our factorial experiment, friable callus
usable as a starting material for the setting up of CSCs or
cell line backups was preferably obtained with the admin-
istration of 1 mg/L of both 2,4-D and KT; the same hor-
monal composition was formerly applied by Dominguez et
al. (2009) to induce and maintain friable callus from leaves
of Magnolia dealbata.

Interestingly, most of the studies aimed at the production
of coffee CSC achieved callogenesis through an induction
medium conceived by Sondahl and Sharp (1977) for indi-
rect somatic embryogenesis in C. arabica cv. Red Bourbon
(Sartor and Mazzafera 2000; Gomes-Junior et al. 2006,
2007; Bottcher et al. 2012). According to our results, this
PGRs combination (i.e., 1 mg/L 2,4-D+4 mg/L KT) was
inadequate to sustain friable callus formation and growth
(Fig. 1); especially in cv. Castillo, poor FW values and a

mixed callus texture were recorded with this medium. Sev-
eral studies have demonstrated that high cytokinin con-
centrations can affect cell viability by accelerating cell
senescence processes, thereby promoting programmed cell
death both in plants and in cultured plant cells (Carimi et al.
2003, 2004; Zottini et al. 2006; Vescovi et al. 2012).

Coupled with KT, 2,4-D is the most extensively used
auxin for callus induction in Coffea spp. (Sondahl and Sharp
1977; Sartor and Mazzafera 2000; Gomes-Junior et al.
2006, 2007; Oliveira et al. 2021; Aisala et al. 2023); occa-
sionally, this hormone was replaced by IBA (Teixeira et al.
2004; Etienne 2005; Padua et al. 2014) or NAA (Staritsky
1970). In support of the limited application of alternative
auxins in coffee tissue culture, our data clearly indicated
that B-NOA, TAA, IBA and NAA cannot replace 2,4-D for
sufficient callus development. Poor results were somewhat
expected for IAA and IBA, two naturally occurring PGRs
that are known to progressively lose their efficacy with time
in both agarized and liquid media (Nissen and Sutter 1990).
Since their higher stability, the use of synthetic PGRs has
increased in tissue culture techniques. Poor callus masses
were also achieved with NAA, likely due to the necessity
of higher hormone concentrations, as reported in previous
studies (Al-Hamidi et al. 2023).

Callus proliferation was highest when chemically stable,
chlorinated auxins were used; Di and 2,4,5-T exceeded the
performance of 2,4-D, but callus quality and its long-term
viability were remarkably different in the media enriched
with the two hormones. When Di was used, callus consis-
tency was mixed, especially in cv. Castillo; furthermore, in
subsequent subcultures, callus masses turned completely
brown, indicating a cell sensitivity to prolonged Di expo-
sure. These drawbacks were absent when adding 2,4,5-T, as
this hormone consistently promoted friable callus prolifera-
tion with no apparent loss of efficacy over time. In respect
to 2,4-D, 2,4,5-T has been used to a much lesser extent in
plant tissue culture, however, its stronger activity has been
recognized in callus growth of some species (Suprasanna
et al. 1989; Rani et al. 2003; Ahmad et al. 2010). Notably,
its effectiveness decreased at high doses (Suprasanna et al.
1989), suggesting a narrow effective concentration range
(Conger et al. 1978).

The combination of 1 mg/L of both KT and 2,4,5-T was
successful not only in callus induction and proliferation,
but also in cell suspension establishment. Indeed, the same
medium supported the development of a fine and homoge-
neous suspension of whitish cells, in amounts higher than
those achieved with other hormonal treatments; in partic-
ular, the application of equal concentrations of 2,4-D sig-
nificantly reduced cells growth (Fig. 4). In a former work,
2,4,5-T was also selected for the initiation and maintenance
of Solanum elaeagnifolium cell suspensions but, contrary to
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our results, 2,4-D promoted the highest cell growth (Alva-
rez et al. 1993). Moreover, Suprasanna et al. (1989) reported
a better performance of 2,4-D in obtaining a fine and homo-
geneous cell suspension in respect to the 2,4-D analogues
2,4,5-P and 2,4,5-T; with the latter auxins only large aggre-
gates were produced, evidencing the fundamental role of
chemical structure in the cell separation process. According
to our microscopic inspections, no relevant differences in
aggregates dimensions were detected between 2,4-D and
2,4,5-T. In either case, the suspension consisted of a mixture
of single cells, cell couples, clumps made up of 34 cells,
and aggregates smaller than 500 pm.

The selected hormonal treatment allowed the establish-
ment of viable CSCs with typical sigmoidal growth curves
and well-defined lag, exponential and stationary phases
(Fig. 6). Growth rates shown by the two cvs. were clearly
different; in particular, Castillo cell suspensions remained
for a longer time in the lag phase, reaching the mid-expo-
nential phase 8 days later than Red Bourbon. On the other
hand, Red Bourbon suspension cultures entered the station-
ary phase when the cell biomass was comparably lower. The
definition of cell growth parameters is crucial in planning
subculture intervals. It is widely recognized that harvesting
cells before entering the stationary phase ensures a more
active cell-fraction and a shorter recovery time, maintain-
ing a cell suspension with a constant growth kinetic (Fresh-
ney 2005). By examining the growth curves, a subculture
time should be set within the 16th and 27th day for Red
Bourbon and Castillo, respectively. Nevertheless, given the
fact that the signaling pathway for coming in and out the
G, and G, phase can be diversely modulated according to
genotype, the above-mentioned subculture intervals could
be approximate.

In addition to a considerable biomass production, coffee
cell cultures showed a phytochemical profile enriched with
the most-studied compounds of coffee, namely alkaloids
(i.e., trigonelline and theobromine) and phenolics (i.e., chlo-
rogenic acids) (Table 2). Despite caffeine has been detected,
its quantification was not possible because it was present
in quantity lower than LOQ (<0.001 mg/g). This is consis-
tent with previous studies performed on coffee CSCs, which
detected a higher concentration of this alkaloid released in
the culture medium compared to that within the cells (Sar-
tor and Mazzafera 2000; Pech-K1u et al. 2018). Concerning
CGAs, approximately >90% was represented by 5-CQA
(Table S5), which is also the most abundant isomer found
in coffee green bean or leaf (Monteiro et al. 2020; Rojas-
Gonzalez et al. 2022). When exposed to photoperiod, as
expected, cells considerably increased their CGAs content,
especially in CSCs of cv. Red Bourbon (Table 2). In addi-
tion to 5-CQA, 3,5-diCQA was the second most-induced
isomer (Table S5), reflecting the CGAs composition of the
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leaf (Monteiro et al. 2020). For this class of molecules, our
results are in agreement with the most recent phytochemical
characterization performed by Khushvakov et al. (2024) on
cell-cultured coffee. Indeed, in the dark-cultured cells, they
reported a relatively low concentration of 5-CQA, counting
for the 0.07% of DW. However, as supported by the widely-
known effect of light in stimulating the synthesis of pheno-
lic compounds, the application of suitable stressors through
elicitation strategies could help in the optimization of rel-
evant SMs production.

Conclusions

Despite the great interest for tissue culture from Coffea
spp., the long-term maintenance of undifferentiated cell
mass has been poorly debated so far. The results described
therein identify a culture medium suitable for the develop-
ment of cell suspensions from the most preliminary step of
the process, namely the callus induction. Since their strong
control over cell differentiation, growth regulators were
deeply investigated in order to find the best culture condi-
tions for the induction of a friable callus, recognized as the
most suitable cell suspension establishment easy to crumble
into a fine and homogeneous texture. Furthermore, the basic
composition of the culture medium, requiring only nutrients,
an energy source, and growth regulators, highlights what
is strictly necessary for a satisfactory biomass production.
Finally, the presence of phytochemicals commonly produced
in Coffea spp. provides evidence for not only commercial
but also therapeutic applications, which are currently unex-
ploited through such tissue culture techniques. Optimization
steps concerning the high-scale production of such valuable
phytochemicals require further investigation and might not
be solely dependent from growth regulators, but also rely
on specific culture conditions (e.g., light/dark), and could be
enhanced by elicitation or metabolic engineering strategies.
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