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INTRODUCAO GERAL

Fig. 1 — Caracteristicas cariotipicas (numero cromossémico e valores de
conteido de DNA 4C, 2C e 1C), idade evolutiva e origem de poliploides naturais

e sintéticos em Coffea. --------------m-mmmm oo

Capitulo I: In vitro regeneration of stable allotriploid plantlets of the
"Hibrido de Timor™ (Coffea): a comparative study between liquid and

semisolid systems.

Fig. 1 — Scheme representing the strategies adopted to establish ISE in HT 'CIFC

Fig. 2 — Mean number of responsive leaf explants of HT 'CIFC 4106 in
semisolid and liquid media for callus induction, during the successive
subcultures (S1 — S6). Box plots show that the mean number of responsive
explants differed among the culture systems by the Tukey's test (P < 0.05).
Semisolid system had the highest mean number of responsive explants compared
to the liquid. Greatest variation in the number of responsive explants was

observed in liquid system for all subcultures. ----------------=------- -

Fig. 3 — Callus establishment of HT ‘CIFC 4106’ in M1 and M2. Graph,
representing the dedifferentiation of the leaf explant cells, strutucred from the
regression analysis using the mean number of responsive leaf explants in
semisolid and liquid systems. Graph shows that the semisolid system had the
highest mean number of responsive explants compared to the liquid system. Note
that, from S2, the mean number of responsive leaf explants was maximal in
semisolid system. Highest mean number of responsive leaf explants in liquid
system was 4.50 from S5. The cell mass of the calli gradually increased to the S6
for both culture systems. Adjusted model was significant (P < 0.05) by the
regression analysis for the liquid system: Y = - 0.2307X2 + 2.1336X - 0.1917. ---

Fig. 4 — Mean number of MCSE (45 - 255 days) regenerated from HT 'CIFC
4106' calli. Box plots show that the mean number of MCSE differed between
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SM-SM, SM-LM, LM-LM and LM-SM between S3 and S17 (45 and 255 days).
The highest mean number MCSE was observed in LM-LM with 38.85 MCSE in
S17 (255 days). Although SM-LM also regenerated SE, this combination took
longer to be established in vitro and had a lower mean number MCSE. The
combination SM-SM and LM-SM did not regenerate SE. Means followed by
different letters differ significantly by Tukey’s test (P < 0.05). ----------------------

Fig. 5 — Distinct in vitro responses HT 'CIFC 4106’ calli obtained from SM-SM,
SM-LM, LM-LM and LM-SM. The graph evidences the higher mean number of
MCSE for the calli cultivated in the LM-LM, during all the evaluated subcultures
(S3 - S17). Calli cultured in the SM-LM also presented embryogenic responses,
however the regeneration rate of MCSE was reduced. Calli cultured in SM-SM
and LM-SM no showed embryogenic responses. It is observed the acquisition of
competence and cellular determination, tissue differentiation and SE
regeneration in FC of HT 'CIFC 4106’ cultivated in LM-LM and SM-LM. The
adjusted model was significant (P < 0.05) by the regression analysis for the LM-
LM system: Y = - 0.0003X2 + 0.279X - 12.43. -----mnmmmmmmmm oo

Fig. 6 — Ploidy confirmation and chromosome number in HT 'CIFC 4106
plantlets regenerated in vitro in LM-LM and SM-LM system. Representative
histogram shows the Go/G1 peaks of the intact nuclei of Solanum lycopersicum L.
in channel 200 and HT 'CIFC 4106' in channel 210. Karyotype with 2n = 3x = 33
HT 'CIFC 4106' chromosomes, obtained from roots of plantlets in vitro,

confirming the maintenance of the number of chromosomes. Bar =5 pym. ---------

Capitulo I1: Ploidy level, epigenetic and in vitro environment influence the
indirect somatic embryogenesis of the new synthetic autoallohexaploid
Coffea.

Fig. 1 — Mean number of responsive leaf explants of the allotriploid and
hexaploid HT 'CIFC 4106" in callus induction medium during the 150 days. Box
plots show that the mean number of responsive explants was higher in
allotriploid than hexaploid HT 'CIFC 4106' by the Tukey's test (P < 0.05). The

number of responsive explants was not varied between the 45 to 75 days. ---------
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Fig. 2 — Mean number of responsive explants of the allotriploid and hexaploid
HT 'CIFC 4106' over time in the callus induction step. Graph shows that the
allotriploid HT 'CIFC 4106' had a higher mean number of responsive explants
and took less time for callus formation. Meanwhile, the first callus of the
hexaploid HT 'CIFC 4106' was observed at 90 days. Callus formation increased
over time, being that all calli exhibited a pale yellow color and friable
appearance. Adjusted model was significant (P < 0.05) by the regression analysis
for the hexploid HT 'CIFC 4106" Y = 0.0469X2 - 0.1842X. Bar =2 mm, ----------

Fig. 3 — Mean number of normal regenerated MCSE of the allotriploid and the
hexaploid HT 'CIFC 4106' over time in the SE regeneration medium
supplemented with disticnt concentrations of activated charcoal. The first MCSE
were observed in allotriploid HT 'CIFC 4106 at 60 days, and the mean number
of MCSE for the two allopolyploids increased during the 330 days. (a)
Responsive callus of the allotriploid and (d) the hexaploid HT ‘CIFC 4106°. Bar
=2 mm. (b) MCSE of the allotriploid and (e) the hexaploid HT ‘CIFC 4106°.
Bar = 2 mm. (c) Plantlet regenerated from the allotriploid (f) the hexaploid HT
‘CIFC 4106 MCSE. Bar = 1 M. ------mmmmmmmmm oo oo

Fig. 4 — Mean number of regenerated abnormal SE of the allotriploid and
hexaploid HT 'CIFC 4106' over time in tissue culture medium supplemented with
different concentrations of activated charcoal. The graph shows the highest mean
number of abnormal SE regenerated in tissue culture medium containing 8 g L™
activated charcoal, and the lowest mean number in the calli maintained in 2 g L™
No abnormal SE was observed in allotriploid HT ‘CIFC 4106’ calli. Bar = 2 mm.

Fig. 5 — Mean level of 5-mC% of the allotriploid HT ‘CIFC 4106’ calli cultured
in SE regeneration medium containing 2 g L activated charcoal, and the
hexaploid HT ‘CIFC 4106 calli cultured in 2, 4, 8 or 16 g L™* activated charcoal.
Activated charcoal concentrations influenced the mean 5-mC% level in
hexaploid HT 'CIFC 4106'. The variations of 5-mC% in callus of the hexaploid
HT ‘CIFC 4106’ represent an adaptive response to in Vitro conditions. The
lowest mean level of 5-mC% in hexaploid HT ‘CIFC 4106’ was observed in calli

cultured with 2 g L™t and 4 g L* activated charcoal, and the highest mean level of
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5-mC% in calli cultured with 16 g L activated charcoal. The mean level of 5-
mC% was lower in the calli samples of the allotriploide HT ‘CIFC 4106’ in

relation to the hexaploid calli of all tissue culture medium. -------------=--mnmmnmeu-

Fig. 6 — Confirmation of hexaploidy and genomic stability in hexaploid HT
'CIFC 4106'. Representative histogram exhibiting Go/G1 peaks of intact nuclei of
allotriploid (channel 100, 1C =2.10 pg) and hexaploid HT ‘CIFC 4106’ (channel
200, 2C = 4.20 pg) regenerated in vitro. Karyotype with 2n = 6x = 66
chromossomes of hexaploid HT 'CIFC 4106' obtained from seedling roots in

vitro, confirming the maintenance of the number of chromosomes. Bar = 5 um. --

Capitulo I11: Global cytosine methylation is associated with in vitro

regeneration in Coffea arabica lines.

Fig. 1 — Mean number of responsive explants of ‘Catuai Vermelho', ‘Caturra’ and
'Oeiras' in callus induction and proliferation medium. Note that C. arabica lines
exhibited distinct values of responsive explants. The highest mean number of
responsive explants was observed in 'Oeiras’, followed by 'Caturra’ and 'Catuai

Vermelho'. Bar =2 mm. ---------------=-m-momomemo- oo

Fig. 2 — Graphics show the 5-mC% level measured for 'Catuai Vermelho',
‘Caturra’ and 'Oeiras' friable calli at 60 and 90 days. (a) Comparison of the global
5-mC% level at 60 and 90 days among each C. arabica line. (b) Comparison of

the global 5-mC% level between all C. arabica lines at 60 and 90 days. -----------

Fig. 3 — MCSE mean number for 'Catuai Vermelho' and 'Caturra’ in SE
regeneration medium during 180 days. Box plots show that 'Catuai Vermelho'
and 'Caturra’ exhibited distinct MCSE mean numbers. The highest mean number

of MCSE was observed in 'Catuai Vermelho', differing from 'Caturra’ at 60 days.

Fig. 4 — Mean number of MCSE regenerated from 'Catuai Vermelho' and
'Caturra’ over time. 'Catuai Vermelho' exhibited the highest mean number of
MCSE compared to 'Caturra’. Regression analysis was significant for 'Catuai
Vermelho' and ‘Caturra’ (P < 0.01). The responsive calli presented different
mean values of 5-mC% with 43.35% and 54.09% for 'Catuai Vermelho' and

‘Caturra’, respectively. The regenerated SE exhibited different stages of globular,
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heart, torpedo and cotyledonary SE. Bar = 3 mm. ------=-=-=-mmmmmmmmmmme oo

Fig. 5 — Response of ISE for C. arabica lines. ISE was established for 'Catuai
Vermelho' (a) and 'Caturra’ (b), involving the induction and proliferation stages

of callus, followed by SE and plantlets regeneration. ISE was not established for

'Oeiras’ (c) as it did not regenerate SE and plantlets. -----------------=-----—--—- --

Fig. 6 — Ploidy confirmation and chromosomal number of C. arabica plantlets
regenerated in vitro. Representative histogram showing Go/G; peaks of intact
nuclei of Solanum lycopersicum L. in channel 100 and C. arabica in channel
262. Karyotype with 2n = 4x = 44 C. arabica chromosomes, obtained from

plantlets roots in vitro, confirming maintaining the number of chromosomes. Bar

=5 um. e

Capitulo 1V: Nuclear DNA methylation pattern and 24-
dichlorophenoxyacetic genotoxicity indirect somatic embryogenesis in
Coffea arabica and Coffea canephora.

Fig. 1 — Response surface showing the influence of time (in days) and 2,4-D
concentration (in uM) on the mean number of responsive explants of C. arabica.
(e) The graph shows that the mean number of responsive explants increased in
relation to the exposure time and the concentration of 2,4-D, as can be seen in
the figure opposite. Friable callus of C. arabica originated in induction medium
supplemented with 9.06 (a), 36.24 (b), 54.36 (c) and 72.48 (d) uM of 2,4-D. The
adjusted quadratic model was significant (P < 0.05) by regression analysis: Z =
0.56 + 0.052X -0.1X2+ 0.54Y. Bar = 1 CmM. ---------mm-mmmmm oo oo

Fig. 2 — Response surface showing the influence of time (in days) and 2,4-D
concentration (in puM) on the mean number of responsive explants of C.
canephora. () The graph shows that the mean number of responsive explants
increased in relation to the exposure time and the concentration of 2,4-D, as can
be seen in the figure opposite. Friable callus of C. canephora originated in
induction medium supplemented with 9.06 (a), 36.24 (b), 54.36 (c) and 72.48 (d)
uM of 2,4-D. The adjusted quadratic model was significant (P < 0.05) by
regression analysis: Z = -1.15 + 0.026X + 0.25X2-0.11Y. Bar = 1 cm. -------------
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Fig. 3 — Comparison of the mean number of responsive explants of C. arabica
and C. canephora in induction medium supplemented with 9.06, 36.24, 54.36
and 72.48 uM 2,4-D at 30, 45, 60, 75 and 90 days. The graph shows that the
mean number of responsive explants was higher in C. arabica than in C.
canephora at all times evaluated at concentrations of 9.06, 36.24 and 54.36 uM
2,4-D by the test Tukey's (P < 0.05). At the concentration of 72.48 uM, there was

no significant difference. -------------=-m oo

Fig. 4 — Comparison of the mean number of responsive explants in induction
medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D in C. arabica
and C. canephora at 30, 45, 60, 75 and 90 days. In C. arabica, at 30 days the
median number of responsive explants was higher at the concentration of 26.24
uM 2.4-D and differed from the concentration of 9.06 uM.. After 30 days, 2,4-D
concentrations were statistically equal. In C. canephora, 2,4-D concentrations
influenced the induction of responsive explants at all times evaluated. The
highest mean number of responsive explants was observed at a concentration of
gL JTLY G b ——— SRR —

Fig. 5— Response surface showing the influence of time (in days) and the origin
of friable callus exposed to 9.06, 36.24, 54.36 and 72.48 uM de 2,4-D on SE
regeneration in C. arabica. Mean number of MCSE (a) and ASE (b) increased
over time according to the 2,4-D concentrations to which the friable callus were
exposed (9.06, 36.24, 54.36 and 72.48 uM). (c) Embryogenic callus of C.
arabica with the presence of MCSE and ASE. The adjusted quadratic model was
significant (P < 0.05) by regression analysis: (a) Z = 1.99 + 0.53X + 3.76X? —
8.21Y; and (b) Z = 2.46 + 0.99X + 6.03X?—13.009Y. Bar = 1 cm. -------=---=----

Fig. 6 — Response surface showing the influence of time (in days) and the origin
of friable callus exposed to 9.06, 36.24, 54.36 and 72.48 uM de 2,4-D on SE
regeneration in C. canephora. Mean number of MCSE (a) and ASE (b) increased
over time according to the 2,4-D concentrations to which the friable callus were
exposed (9.06, 36.24, 54.36 and 72.48 uM). (c) Embryogenic callus of C.
canephora with the presence of MCSE and ASE. The adjusted quadratic model
was significant (P < 0.05) by regression analysis: (a); Z = 2.46 + 0.99X + 6.03X?
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—13.009Y and (b) Z = — 4.4 + 0.85X — 0.026X? + 0.802Y. Bar = 1 cm. -----------

Fig. 7 — (a) Graph shows that the MCSE regeneration of C. arabica and C.
canephora was influenced by the origin of the friable callus supplemented with
9.06, 36.24, 54.36 and 72.48 uM of 2,4-D. At concentrations of 9.06 and 72.48
uM 2,4-D, C. arabica exhibited a greater number of MCSE and differed from C.
canephora. (b) Graph shows that MCSE regeneration over time (60, 90, 120,
150, 180, 210 and 240 days) was influenced by the origin of the friable callus
(9.06, 36.24, 54.36 and 72.48 uM 2,4-D). The number of MCSE has increased
over time. However, it was only at the concentration of 72.48 puM that time
significantly influenced in mean number of MCSE. *Means followed by the

same lowercase letter did not differ statistically by the Bonferroni test (P < 0.05).

Fig. 8 — Graphs show that the number of MCSE of C. arabica and C. canephora
increased over time (60, 90, 120, 150, 180, 210 and 240 days) and differed
statistically. (a) The greatest number of MCSE of C. arabica was observed at
210 days, after that day it remained constant. In C. canephora, the largest
number of MCSE was observed at 240 days. (b) C. canephora exhibited the
highest mean number of MCSE at 240 days, differing from C. arabica. *Means
followed by the same lowercase letter did not differ statistically by the
Bonferroni test (P < 0.05). =-=mnmmmmmmm o e e o e e

Fig. 9 — Comparison of the mean number of ASE regenerated from friable callus
originated in induction medium supplemented with 9.06, 36.24, 54.36 and 72.48
uM of 2,4-D in C. arabica and C. canephora at 120, 180, 210 and 240 days.
*Means followed by the same lowercase letter did not differ statistically by the
Bonferroni test (P < 0.05). =-=mnmmmmmmm o e e o e e

Fig. 10 — Graph shows that the ASE regeneration of C. arabica and C.
canephora over time (60, 90, 120, 150, 180, 210 and 240 days) was influenced
by the origin of the friable callus (9.06, 36.24, 54.36 and 72.48 uM 2,4-D).
*Means followed by the same lowercase letter did not differ statistically by the
Bonferroni test (P < 0.05). ==--=mmmmmmm e e oo e

Fig. 11 — Graphs show the global methylation level of the friable callus of C.

arabica and C. canephora originated from the induction medium supplemented
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with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D. (a) Comparison of the global DNA
methylation level of friable callus originated in induction medium with 9.06,
36.24, 54.36 and 72.48 uM 2,4-D in C. arabica and C. canephora. (b)
Comparison of the global DNA methylation level of friable callus originated in
induction medium with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D between C.
arabica and C. canephora. *Means followed by the same lowercase letter did not
differ statistically by the Tukey's test (P < 0.05). ==----==mmmmmmmmmmmmm oo

Fig. 12 — (a) Levels of global DNA methylation in embryogenic callus of C.
arabica and C. canephora. The embryogenic callus showed different values of
global methylation and differed statistically. C. canephora exhibited a mean
value of 44% and C. arabica 26.8%. Origin of the friable callus (9.06, 36.24,
54.36 and 72.48 uM of 2,4-D) did not interfere in the levels of global
methylation of embryogenic callus. (b) Levels of global DNA methylation in
MCSE and ASE of C. arabica regenerated from friable callus originated in
induction medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D.
*Means followed by the same lowercase letter did not differ statistically by the
Tukey's test (P < 0.05). =--mmmmmmmmm oo o e

Fig. 13 — Determination of global DNA methylation levels during the
establishment of ISE in C. arabica and C. canephora. (a) Comparison of the
global methylation levels in C. arabica with the different stages and response of
ISE (explant donor, friable callus, embryogenic callus, ASE and MCSE). (b)
Comparison of the global methylation levels in C. canephora with the different
stages and response of ISE (explant donor, friable callus, embryogenic callus,
ASE and MCSE). (axb) Comparison of the global levels of methylation between
the species C. arabica and C. canephora with the different stages and response
of the ISE. *Means followed by the same lowercase letter, in the horizontal do
not differ statistically, by the Tukey's test (P < 0.05). *Means followed by the

same capital letter, in the vertical do not differ statistically, by the Tukey's test (P

Fig. 14 — Graphs show the mean number of nuclei with DNA damage in MCSE
(control) and ASE of C. arabica and C. canephora that were regenerated from
friable callus originated in an induction medium supplemented with 9.06, 36.24,
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54.36 and 72.48 uM 2,4-D. (a) Comparison of the mean number of nuclei with
DNA damage in MCSE and ASE of C. arabica and C. canephora in function of
2,4-D concentrations. (b) Comparison of the mean number of nucleoids with
DNA damage between MCSE and ASE of C. arabica and C. canephora.(c)
Nucleus without DNA damage. (d) Nucleus with moderate DNA damage. (e)
Nucleus with severe DNA damage. Bar =5 pum. ----------=-mm-mmmmmm oo
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RESUMO GERAL

O género Coffea compreende cerca de 103 espécies com diferentes niveis de ploidia e
historias evolutivas. As espécies do género diversificaram-se principalmente por meio
de mudancas na sequéncia de DNA (mutacGes), e também por eventos de alopoliploidia
e outras modificacbes gendmicas envolvendo alteragdes cromossdmicas estruturais.
Essas alteracbes na estrutura do genoma resultaram em diferentes fenotipos para
algumas caracteristicas morfologicas, fisiologicas e reprodutivas. A embriogénese
somatica indireta (ESI) é uma via de expressao morfogenética que tem sido utilizada
para investigar o desenvolvimento vegetal e os eventos “Omicos” (genoma, epigenoma,
transcriptoma, metaboloma) relacionados, e também para propagacdo massal e
conservacdo de germoplasma. Considerando que fatores genéticos, epigenéticos e/ou
fisiologicos das plantas doadoras de explantes e que o ambiente in vitro interferem no
estabelecimento da ESI, o presente estudo teve como objetivos: (a) estabelecer a ESI em
Coffea arabica (2C = 2,62 pg e 2n = 4x = 44 cromossomos), Coffea canephora (2C =
1,41 pg e 2n = 2x = 22 cromossomos) “Hibrido de Timor” (HT) alotriploide (1C = 2,10
pg e 2n = 3x = 33) e hexaploide sintético (2C = 4,20 pg e 2n = 6x = 66); (b) investigar e
comparar a influéncia da historia evolutiva (origem e tempo de formacgdo), das
caracteristicas cariotipicas (numero de cromossomos, nivel de ploidia e valor 2C
nuclear) e dos niveis globais de citosina metilada (5-mC%) na ESI; e (c) avaliar o efeito
do ambiente in vitro no estabelecimento da ESI. No primeiro estudo, o sistema liquido e
semissdlido influenciaram o estabelecimento da ESI em HT alotriploide. O sistema
semissolido resultou em maior numero médio de explantes responsivos (valor médio de
~100%) e massa celular (valor médio de 1,21 g), num menor periodo de tempo.
Embrides somaticos (ES) foram regenerados quando os calos do sistema liquido e do
semissdlido foram transferidos para o meio de regeneracdo de ES em sistema liquido.
Portanto, o estabelecimento da ESI em sistema liquido foi mais eficaz, uma vez que
apresentou resposta embriogénica com 45 dias e maior nimero médio de ES (38,85 por
calo). Além disso, variagBes cariotipicas ndo foram observadas entre as plantulas
regeneradas. No segundo estudo, a ESI foi estabelecida para o HT alotriploide e
hexaploide, sendo que a origem evolutiva, as divergéncias cariotipicas, o nivel global de

5-mC% e as concentragcOes de carvao ativado influenciaram a resposta in vitro. O HT
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hexaploide apresentou menor nimero medio de explantes responsivos e maior nivel de
5-mC%. Durante o estagio de regeneracdo de ES, o HT hexaploide mostrou novamente
maior nivel de 5-mC%, porém ambos os hibridos exibiram valor meédio de 1,3 ES
normais por calo aos 330 dias. As concentragdes de 8 e 16 g L™ de carvdo ativado
aumentaram os niveis de 5-mC% e a regeneragdo de ES anormais no HT hexaploide. As
variacoes de 5-mC% em calos de HT hexaploide correspondem a uma resposta
adaptativa as condicbes in vitro e, consequentemente, correspondem a variacdo
epigenética somaclonal. No terceiro trabalho, as linhagens de C. arabica diferiram em
relagdo a resposta in vitro. ‘Oeiras’ exibiu o maior nimero médio de explantes foliares
responsivos, seguido por ‘Caturra’ e 'Catuai Vermelho'. Os niveis globais de 5-mC%
aumentaram gradualmente ao longo do tempo nos calos friaveis de 'Catuai Vermelho'
(20,73% aos 60 dias e 30,79% aos 90 dias) e 'Caturra’ (38,70% aos 60 dias e 53,40%
aos 90 dias) e reduziu para ‘Oeiras’ (34,34% aos 60 dias e 33,51% aos 90 dias). 'Catuai
Vermelho' exibiu 0 maior nimero médio de ES em todos os momentos avaliados e ndo
foi observada a regeneracdo de ES para 'Oeiras’. Os calos friaveis embriogénicos de
‘Catuai Vermelho' e 'Caturra’ exibiram valores distintos de 5-mC%, com valores médios
de 54,09% para 'Caturra’ e 43,35% para ‘Catuai Vermelho’. Com base nos resultados, o
aumento global de 5-mC% ¢é necessario para a regeneracdo e maturacdo de ES em
linhagens de C. arabica. Este aumento global de 5-mC% esta associado a uma
remodelacdo da cromatina do estado eucromatico para heterocroméatico. Como
observado neste estudo, a metilacdo do DNA é um mecanismo dindmico e variavel que
interfere no estabelecimento da ESI. No quarto estudo, as espécies C. arabica e C.
canephora diferiram em relacdo as respostas in vitro. A adi¢cdo de 2,4-D ao meio de
inducdo aumentou 0 nimero de explantes responsivos em C. arabica e C. canephora e
alterou os padrdes de metilacdo global nos diferentes estagios da ESI. Além disso, o
aumento da concentracdo de 2,4-D promoveu a regeneracdo de ES anormais. Os ES
anormais exibiram maior nivel de metilacdo global e ntcleos com danos ao DNA. Além
disso, o presente estudo mostrou que variacdes nos niveis globais de metilacdo sdo uma

resposta adaptativa as condi¢des ambientais in vitro.

Palavras-Chave: Café; Cultura de tecidos vegetais; Ploidia.
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GENERAL ABSTRACT

The genus Coffea comprises about 103 species with different levels of ploidy and
evolutionary histories. The species of the genus have diversified mainly through
changes in the DNA sequence (mutations), and also by events of allopolyploidy and
other genomic changes involving structural chromosomal changes. These changes in the
structure of the genome resulted in different phenotypes for some morphological,
physiological and reproductive characteristics. Indirect somatic embryogenesis (ISE) is
a morphogenetic expression pathway that has been used to investigate plant
development and related “omic” events (genome, epigenome, transcriptome,
metabolome), and also for mass propagation and germplasm conservation. Considering
that genetic, epigenetic and/or physiological factors of explant donor plants and that the
in vitro environment interfere in the establishment of ISE, the present study aimed to:
(a) establish ISE in Coffea arabica (2C = 2.62 pg and 2n = 4x = 44 chromosomes),
Coffea canephora (2C = 1.41 pg and 2n = 2x = 22 chromosomes) “Hybrid of Timor”
(HT) allotriploid (1C = 2.10 pg and 2n = 3x = 33) and synthetic hexaploid (2C = 4.20
pg and 2n = 6x = 66); (b) investigate and compare the influence of evolutionary history
(origin and time of formation), karyotype characteristics (number of chromosomes,
ploidy level and 2C nuclear value) and global levels of methylated cytosine (5-mC%) in
ISE ; and (c) assess the effect of the in vitro environment on the establishment of ISE.
In the first study, the liquid and semisolid system influenced the establishment of ISE in
HT allotriploid. The semisolid system resulted in a higher mean number of responsive
explants (mean value of ~100%) and cell mass (mean value of 1.21 @), in a shorter
period of time. Somatic embryos (SE) were regenerated when the callus of the liquid
and semisolid systems were transferred to the SE regeneration medium in a liquid
system. Therefore, the establishment of ISE in a liquid system was more effective, since
it showed an embryogenic response after 45 days and a higher mean number of SE
(38.85 per callus). In addition, karyotype variations were not observed among the
regenerated plantlets. In the second study, ISE was established for allotriploid and
hexaploid HT, and the evolutionary origin, karyotypic divergences, the global level of
5-mC% and the concentrations of activated charcoal influenced the in vitro response.

The hexaploid HT showed a lower mean number of responsive explants and a higher
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level of 5-mC%. During the SE regeneration stage, the hexaploid HT again showed a
higher level of 5-mC%, however both hybrids showed an mean value of 1.3 normal SE
per callus at 330 days. The concentrations of 8 and 16 g L™ of activated charcoal
increased the levels of 5-mC% and the regeneration of abnormal SE in the hexaploid
HT. The 5-mC% variations in hexaploid HT callus correspond to an adaptive response
to in vitro conditions and, consequently, correspond to the somaclonal epigenetic
variation. In the third study, C. arabica lines differed in relation to the in vitro response.
'Oeiras’ exhibited the highest mean number of responsive leaf explants, followed by
'Caturra’ and 'Catuai Vermelho'. The global levels of 5-mC% increased gradually over
time in the friable callus of 'Catuai Vermelho' (20.73% at 60 days and 30.79% at 90
days) and 'Caturra’ (38.70% at 60 days and 53.40% at 90 days) and remained constant
for 'Oeiras' (34.34% at 60 days and 33.51% at 90 days). 'Catuai Vermelho' exhibited the
highest mean number of SE in all evaluated moments and no regeneration of SE was
observed for 'Oeiras'. The embryogenic friable callus of 'Catuai Vermelho' and 'Caturra’
exhibited distinct values of 5-mC%, with mean values of 54.09% for 'Caturra’ and
43.35% for 'Catuai Vermelho'. Based on the results, the global increase of 5-mC% is
necessary for the regeneration and maturation of SE in C. arabica lines. This global
increase of 5-mC% is associated with a remodeling of chromatin from euchromatic to
heterochromatic state. As observed in this study, DNA methylation is a dynamic and
variable mechanism that interferes with the establishment of ISE. In the fourth study,
the species C. arabica and C. canephora differed in relation to in vitro responses. The
addition of 2,4-D to the induction medium increased the number of responsive explants
in C. arabica and C. canephora and changed the patterns of global methylation in the
different stages of ISE. In addition, the addition of 2,4-D promoted the regeneration of
abnormal SE. The abnormal ES exhibited higher levels of global methylation and nuclei
with DNA damage. In addition, the present study showed that variations in global

methylation levels are an adaptive response to environmental conditions in vitro.

Keywords: Coffee; Plant tissue culture; Ploidy.
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INTRODUCAO GERAL

O cafe representa uma das culturas mais relevantes do mundo e € classificado
como a segunda commodity mais valiosa. O género Coffea pertencente a familia
Rubiaceae é composto por mais de 103 espécies que tem distribuicdo natural por toda a
Africa tropical, em algumas Ilhas do Oceano Indico como Comores, Mauricio, Reunido
e Madagascar, estendendo-se para o sul e sudeste da Asia e Australasia (Hamon et al.
2017). Esse género é composto por espécies que apresentam diferentes niveis de ploidia
e idades evolutivas, apresentando uma série de modificagcbes gendmicas e fenotipicas.
No entanto, apenas Coffea arabica L. e Coffea canephora Pierre ex Froehner sdo
cultivadas comercialmente para consumo de bebidas e, portanto, tém mais significado
econémico, representando cerca de 70 e 30% da producdo mundial de café,
respectivamente (De Almeida 2019). As demais espécies, como C. eugenioides, C.
salvatrix, C. racemosa, C. dewevrei, C. liberica, C. congensis, C. humilis e Hibrido de
Timor, entre outras, sdo importantes para programas de melhoramento como fontes de
recursos genéticos, a fim de obter alelos favoraveis que conferem resisténcia a pragas,
doencas e nematoides, tolerancia a seca e melhor qualidade dos gréos para a preparacéo
de bebidas (Charrier e Berthaud 1985).

A biotecnologia vegetal, especialmente a cultura de tecidos vegetais, aliada ao
melhoramento convencional tem contribuido para o melhoramento genético em Coffea
na tentativa de criar e desenvolver genotipos superiores, utilizando técnicas mais
sofisticadas e rapidas para atender as expectativas dos agricultores por meio da
propagacao in vitro (Los Santos-Briones e Hernandez-Sotomayor 2006; Campos et al.
2017). Além da propagacdo de plantulas, a cultura de tecidos vegetais cria um cenario
interessante para estudar 0s aspectos estruturais, bioquimicos, moleculares e fisioldgicos
envolvidos nas diferentes vias de regeneracdo (organogénese e embriogénese),
possibilitando uma melhor compreensdo da morfogénese. Além disso, por meio de
abordagens in vitro € possivel analisar, verificar e comparar se as diferencas cariotipicas
(nivel de ploidia e nUmero cromossdmico), o tempo e a origem dos polipldides naturais
e sintéticos em Coffea influenciam a resposta morfogenética, fornecendo informacdes
relevantes sobre o comportamento dos polipléides naturais e sintéticos em ambinete in

vitro.
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Poliploidia em Coffea

A poliploidia é a condicdo hereditaria de possuir mais do que dois conjuntos
completos de cromossomos por nucleo da célula (Soltis e Soltis 2009). Espécies com
diferentes niveis de ploidia apresentam uma série de modificagdes genbmicas e
fenotipicas quando comparadas com seus progenitores (Renny-Byfield e Wendel 2014).
Os individuos poliploides geralmente sdo maiores, mais vigorosos e robustos, e se
adaptam melhor as condicGes de estresse, em relacdo aos progenitores diploides
(Stebbins 1971). A capacidade desses individuos serem superiores aos seus progenitores
é denominada heterose (Van de Peer et al. 2009). Apesar disso, muitos poliploides ndo
S80 superiores aos seus progenitores e nem ocorre 0 aumento do tamanho da planta e de
seus 0rgaos, visto que a taxa de proliferacdo celular pode ser reduzida (Stebbins 1971).
Sendo assim, a poliplodia tem grande impacto na evolucdo do genoma em plantas, por
ser um mecanismo importante de adaptacdo, diversificacdo e especiacdo (Sattler et al
2016).

Em Coffea, os eventos de diversificacdo vém sendo elucidados por meio de
abordagens moleculares (Lashermes et al. 1999; Cenci et al. 2012; Yu et al. 2011) e
citogenéticas (Bouharmont 1963, Rijo 1974; Clarindo e Carvalho 2009) mostrando que
estas espécies divergiram a partir de um ancestral em comum com ndmero basico de x =
11 cromossomos, idéntico ao reportado pelas espécies caracterizadas até o momento
(Mahé et al. 2007, Yu et al. 2011). Além das espécies diploides, o género possui 0
alotetraploide verdadeiro C. arabica, com 2C = 2,62 picogramas (pg) e 2n = 4x = 44
cromossomos, provavelmente formado a partir da hibridizacdo natural entre C.
eugenioides (2C = 1,36 pg e 2n = 2x = 22 cromossomos, Noirot et al. 2003) e C.
canephora (2C = 1,41 pg e 2n = 2x = 22 cromossomos, Clarindo e Carvalho 2009) e,
seguido por um evento de poliploidizacdo (Lashermes et al 1999, Cenci et al. 2012)
(Figural A,BeC).

Além de C. arabica outro poliploide é reconhecido entre os Coffea: o
alotriploide Hibrido de Timor (2n = 3x = 33) representado pelo acesso ‘CIFC 4106°. A
primeira planta de HT ‘CIFC 4106’ foi encontrada em 1927 na Ilha de Timor em uma
plantacdo de C. arabica ‘Typica’ estabelecida entre 1917 e 1918 e, possivelmente,
originada a partir do cruzamento natural (Bettencourt 1973). Dados sobre o numero
cromossomico e o conteido de DNA (2,10 pg) de HT ‘CIFC 4106’ corroboram com a
sua origem alotriploide a partir da fusdo de uma célula reprodutiva reduzida de C.
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canephora e C. arabica (Clarindo et al 2013) (Figura 1 D). Além disso, as plantas HT
‘CIFC 4106° tém um fenotipo semelhante a C. arabica e C. canephora, mas produzem
baixas quantidades de sementes e a maioria das sementes sao inviaveis e, portanto, sao
consideradas semiférteis (Pereira et al. 2008). Apesar disso, 0s programas de
melhoramento em Coffea estéo interessados nesse alotriploide devido a sua resisténcia a
ferrugem (Hemilea vastatrix), provavelmente herdada de C. canephora (Capucho et al.
2009). Sanglard et al. (2017) induziram a poliploidia do HT a partir de calos
embriogénicos e regeneracdo via embriogénese somatica indireta, caracterizando o
primeiro autoalohexaploide de Coffea (Figura 1 E). Posteriormente, Venial et al. (2020)
induziram a poliploidia de calos embriogénicos e regeneracdo via embriogenese
somatica indireta de C. canephora e C. arabica, originando os primeiro autotetraploide
de C. canephora (4C = 2,86 pg e 2n = 4x = 44 cromossomos) e autoaloctaploide de C.
arabica (4C = 5,24 pg e 2n = 8x = 88 cromossomos), fornecendo novo germoplasma e
desenvolvendo um novo metodo de inducgdo de poliploidia (Figura 1 F e G). Além da
propagacao e geracdo de novo germoplasma (Sanglard et al. 2017; Venial et al. 2020),
esses estudos possibilitaram o surgimento de novas abordagens investigativas num
ambito genético, epigenéticos e fenotipico.

Desse modo, o género Coffea é composto por um alotetraploide verdadeiro C.
arabica que se divergiu ha aproximadamente 0,0665 milhdes de anos (Cenci et al.
2012), que por sua vez, assim como C. canephora sdo progenitores do alotriploide HT
‘CIFC 4106’ (Clarindo et al. 2013) e recentemente por meio da poliploidizacéo sintética
induzida in vitro, este genero é composto por um autoalohexaploide (HT ‘CIFC 4106°,
Sanglard et al. 2017), autotetraploide (C. canephora, Venial et al. 2020) e
autoaloctaploide (C. arabica, Venial et al. 2020), como pode ser observado na Figura 1.

A caracterizacdo gendmica e fenotipica em neopoliploides é de grande
importancia, tendo em vista que ap6s a formacdo de poliploides, esses individuos
passam por instabilidade cariotipica, molecular, epigenética, biogquimica e
morfofisioldgica (Sattler et al. 2016). As modificacGes resultantes da poliploidizacdo no
genoma vegetal incluem variacbes em sequéncias Unicas, nimero de sequéncias
repetitivas, inversdes, duplicacdo segmentais, translocacOes, insercdes e mutacoes
pontuais (Sattler et al. 2016). Segundo Dewey (1980), cada espécie responde de forma
diferente a poliploidizacdo, sendo influenciada principalmente pelo nivel original de
ploidia, estrutura do genoma, modo de reproducgdo, perenidade e o 0Orgdo que é

cultivado. Em poliploides sintéticos, essas alterages tém tipicamente efeitos imediatos
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no fenotipo e na aptiddo de um individuo. Além desses efeitos imediatos, as mudangas
na estrutura do genoma podem inferir transicbes evolutivas (Sattler et al. 2016).
Portanto, o0 uso de poliploides sintéticos constitui uma estratégia para evidenciar a
ocorréncia de alteracGes gendmicas e epigenémicas, bem como os seus efeitos sobre a
expressdo do gene e aparecimento de novos fenétipos (Ramsey e Ramsey 2014). Nesse
sentido, ha um interessante cenario a ser explorado com base na evolugéo poliploide e

divergéncia destes Coffea.
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Fig. 1 — Caracteristicas cariotipicas (numero cromossdmico e valores de contetdo de

DNA 4C, 2C e 1C), idade evolutiva e origem de polipldides naturais e sintéticos em
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Coffea. Os dados do cariétipo sobre esses Coffea foram registrados a partir de
bibliografias citogenéticas (Pinto-Maglio e Da Cruz 1998; Noirot et al. 2003; Clarindo
et al. 2006; Clarindo et al. 2009; Hamon et al. 2009; Sanglard et al. 2017; Venial et al.
2020).

Embriogénese somatica indireta em Coffea

A cultura de tecidos vegetais refere-se a capacidade de uma célula vegetal de
adquirir competéncia e assumir um novo destino de desenvolvimento ap6s a modulagdo
das condicGes de cultivo por vias organogénicas e embriogénicas (Rocha et al. 2016). A
embriogénese somatica € uma via morfogenética na qual células vegetais ndo zigoticas,
incluindo células haploides, sob condices indutivas se dividem e se diferenciam,
formando uma estrutura bipolar que dara origem ao embrido somatico com base na
teoria da totipoténcia (Quiroz-Figueroa et al. 2006; Rocha et al. 2012). Embora a
totipoténcia seja uma caracteristica das células vegetais, nem todas as células vegetais a
expressam (Germana e Lambardi 2016). De acordo com Queiroz-Figueroa et al. (2006),
a capacidade de um determinado tecido gerar embrides somaticos é uma caracteristica
restrita a uma fracdo limitada das células. Para que as células vegetais adquiram
competéncia, € necessario passar por uma Série de eventos caracteristicos de
reprogramacao de sua fisiologia, metabolismo e padrdes de expressdo génica, ativacao
da divisdo celular e desdiferenciacdo de células (Fehér 2008; Rose et al. 2010; Rocha et
al. 2012). Depois disso, a célula ou tecido competente torna-se determinado para formar
os embrides somaticos (Yang e Zhang 2010).

A embriogénese somatica indireta tem contribuido para a biotecnologia vegetal,
permitindo a sofisticacdo das praticas de clonagem e impulsionando os programas de
melhoramento genético. Essa via morfogénica tem varias aplicacbes em Coffea, como:
(a) propagar genotipos superiores (van Boxtel e Berthouly 1996); (b) manter, conservar
e trocar germoplasma (Naidu e Sreenath 1998; Sanglard et al. 2019); (c) isolar
protoplasma e regenerar plantulas (Schopke et al. 1987 ); (d) induzir a poliploidizagdo
(Sanglard et al. 2017) e variagcOes somaclonais (Sondahl et al. 1995; Sanchez-Teyer et
al. 2003); e (e) transformacéo genética (Ogita et al. 2003; Da Silva e Menéndez-Yuffa
2003; Mishra e Slater 2012). Desde de 1970, entrenés de ramos e folhas de C.
canephora, C. arabica e C. liberica foram utilizados como fonte de explante para o

estabelecimento in vitro e propagagdo massal (Staritsky 1970, Sondahl e Sharp 1977).
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Posteriomente, outros estudos de embriogénese somatica indireta foram
reportados para Coffea, relatando que variacGes intraespecificas ocorrem nas variedades
de C. arabica, Obatd (Maciel et al. 2003), Caturra e Catuai (Mendes et al. 2008) e
Mundo Novo (Almeida et al. 2008), e que o0s genotipos influenciam a resposta in vitro.
Os autores tém sugerido que essas variacdes sdo decorrentes de eventos genéticos,
epigenéticos e/ou fisioldgicos, ressaltando a necessidade de investigacBes sobre os
fatores que regulam/controlam essa via morfogénica. Recentemente, Sanglard et al.
(2019) estabeleceram a embriogénese somatica indireta e compararam as repostas in
vitro entre os diploides C. canephora e C. eugenioides, o alotriploide HT ‘CIFC 4106’ e
o alotetraploide C. arabica, mostrando que as divergéncias cariotipicas (nimero
cromossémico e conteudo de DNA nuclear 2C) influenciam a resposta in vitro.

Além das caracteristicas genéticas/epigenéticas, as condi¢es quimicas e fisicas
do meio de cultura, bem como o tipo, concentragcdo e combinacdo de reguladores de
crescimento, sdo fatores determinantes para o estabelecimento da embriogénese
somatica indireta, uma vez que a resposta morfogenética é determinada pela acéo de
estimulos ambientais (Fehér et al. 2003; Zavattieri et al. 2010; Vanstraelen e Benkova
2012). Abordagens in vitro comparando poliploides sintéticos com seus progenitores
poliploides sdo escassas na literatura. Em Coffea, esse tipo de estudo é possivel e
fornece um modelo interessante para investigar as alteracdes genémicas, epigenémicas,
transcriptoma e metaboloma durante a morfogénese in vitro. Além disso, sdo
necessarios novos estudos que busquem esclarecer as variacGes intraespecificas
reportadas em Coffea, bem como estudos que visam otimizar a propagacdo massal de
forma mais rapida, segura e eficiente. Por exemplo, o regulador de crescimento 2,4-
diclorofenoxiacético é amplamente utilizado na embriogénese somatica indireta,
desempenha um papel crucial no processo de desdiferenciacdo celular e multiplicacdo
de embrides sométicos e esta relacionado aos processos de divisdo e expansdo celular
(Teale et al. 2006; Perrot-Rechenmann 2010). Em sistemas liquidos, agregados
celulares suspensos de C. arabica e C. canephora apresentam maior captacdo de
elementos minerais e reguladores de crescimento e, consequentemente, maiores
atividades metabolicas, bem como respostas de proliferacdo celular e regeneracdo de
embrides somaticos (van Boxtel & Berthouly 1996; Papanastasiou et al. 2008).
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OBJETIVO GERAL

Diante do exposto, 0 presente estudo tem como objetivo avaliar a influéncia de
aspectos genéticos (numero de cromossomos, nivel de ploidia e conteido de DNA
nuclear), epigenéticos (metilacdo global da citosina) e do ambiente in vitro (sistema de
cultura e adicdo de acido 2,4-diclorofenoxiacético e carvdo ativado) durante o

estabelecimento da embriogénese somatica indireta em Coffea.
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Abstract

"Hibrido de Timor" (HT) ‘CIFC 4106’ is a natural allotriploid formed from the
spontaneous crossing between Coffea arabica and Coffea canephora. This allotriploid
has been used to elucidate morphogenic in vitro responses and to generate new
individuals for germplasm banks, owing to its resistance to coffee pathogens and its
semifertile condition. However, seedlings have not been efficiently regenerated from
somatic embryogenesis hitherto. Therefore, this study aimed to adapt a new indirect
somatic embryogenesis procedure for HT ‘CIFC 4106°, and to evaluate the genetic
stability of plantlets regenerated in vitro. Leaf explants were inoculated in semisolid and
liqguid media for friable calli induction. Subsequently, the friable calli of the two
systems were transferred to semisolid or liquid media for somatic embryo regeneration.
The highest somatic embryo regeneration rate was observed in the liquid system.
Semisolid system and the liquid/semisolid combination did not regenerate the somatic
embryo. All recovered plantlets showed stable allotriploid karyotype. Results of this
work reinforce the relevance of adjusting in vitro conditions for indirect somatic
embryogenesis establishment in order to provide plantlets of the different Coffea
germplasms. Proposed indirect somatic embryogenesis protocol in liquid system
enables the propagation of HT ‘CIFC 4106’ plantlets, overcoming the seminal

propagation barriers.

Keywords: Coffee; In vitro propagation; Indirect somatic embryogenesis; Plant tissue

culture; Ploidy.
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Introduction

Indirect somatic embryogenesis (ISE) makes use of differentiated somatic cells
to recover totipotency or pluripotency, originating calli and later somatic embryos (SE)
(Williams & Maheswaran 1986). The ISE pathway has been used to investigate genetic,
epigenetic, physiological and morphological events that occur during the stages from
cell dedifferentiation until seedling regeneration (Quiroz-Figueroa et al. 2006). Genetic,
epigenetic and physiological aspects of the explant donors as well as in vitro conditions
can influence the ISE establishment, rendering it a complex morphogenic pathway
(Fehér 2015; Sanglard et al. 2017). Thus, procedures have been described and
continuously modified to establish ISE and to accelerate the induction and proliferation
stages of embryogenic cells, as well as the regeneration of SE and seedlings for
different taxa, including the genus Coffea (van Boxtel & Berthouly 1996; Samson et al.
2006; Loyola-Vargas & Ochoa-Alejo 2016).

ISE in Coffea have been described mainly for Coffea arabica L. and Coffea
canephora Pierre ex Froehner, due to their economic relevance (Staritsky 1970; van
Boxtel & Berthouly 1996; Santana et al. 2004; Almeida et al. 2008; Ibrahim et al.
2015). Other Coffea species have been propagated in vitro owing to their relevance as
genetic resources for breeding programs, such as Coffea liberica Bull ex Hiern, Coffea
dewevrei De Wild. et Th. Dur., Coffea eugenioides S. Moore, and Coffea racemosa
Lour., as well as the "Hibrido de Timor" (HT — Coffea arabica L. x Coffea canephora
Pierre ex Froehner). For all Coffea, young leaves serve as the main explants for ISE, as
they are available throughout the year and contain proliferative cells in the region of
vascular exchange (van Boxtel & Berthouly 1996; Molina et al. 2002; Almeida et al.
2008).

HT ‘CIFC 4106’ is a natural allotriploid with 1C = 2.10 pg and 2n = 3x = 33
chromosomes, formed from the crossing between C. arabica and C. canephora
(Clarindo et al. 2013). HT ‘CIFC 4106’ accessions are used in Coffea breeding
programs as genetic sources of resistance to economically important diseases and pests
(Romero et al. 2014; Gichimu et al. 2014). The seminal propagation of this hybrid is
restricted; therefore, the development of an in vitro vegetative propagation protocol is
necessary to increase the regeneration of SE and plantlets (Sattler et al. 2016). During
ISE establishment, HT ‘CIFC 4106’ shows rapid and uniform morphogenic response in

the induction of friable calli at 15 days, with a mean of 72.4% responsive explants in
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semisolid system (Sanglard et al. 2019). However, the regeneration rate of mature
cotyledonary somatic embryos (MCSE) is relatively low, with a mean of 16.2% at 180
days, similar to C. canephora (14.3%) and lower than C. arabica (60.1%) and C.
eugenioides (30.4%; Sanglard et al. 2019). Thus, it is necessary to develop new
protocols and strategies to improve the regeneration of SE in HT ‘CIFC 4106°.

In vitro responses are influenced by the chemical and physical conditions of the
tissue culture medium, such as the type, concentration and combination of growth
regulators, inorganic salts, vitamins, carbon and energy sources, organic compounds,
pH, gelling agents and photoperiod (Staritsky 1970; van Boxtel & Berthouly 1996;
Papanastasiou et al. 2008). Liquid systems allow for a faster morphogenic response
compared to semisolid ones owing to the increased capacity of the cultured cells to
assimilate the tissue culture media (Hammerschlag 1982; Jones & Petolino 1988; van
Boxtel & Berthouly 1996; Feito et al. 2001; Papanastasiou et al. 2008). In C. arabica
and C. canephora, cell aggregates suspended in liquid system show increased uptake of
mineral elements and growth regulators, and consequently greater metabolic activities
as well as cell proliferation and SE regeneration responses (van Boxtel & Berthouly
1996; Papanastasiou et al. 2008). Several advantages have led liquid systems to
gradually replace semisolid ones: reduced culture medium preparation costs; avoidance
of gelling agent impurities; and increased efficiency in the acclimatization of the
seedlings to the ex vitro environment (Savio et al. 2012). However, a recurrent problem
in ISE, especially in liquid system, is the occurrence of somaclonal variation in plantlets
regenerated in vitro, promoted by genetic changes such as euploidy, aneuploidy and
DNA sequence alterations (Muzamli et al. 2016).

Nevertheless, in Coffea the liquid system is only used for cell aggregate
proliferation and SE regeneration (van Boxtel & Berthouly 1996). This system is
generally consortium or dependent on the semisolid system during the initial stage of
friable calli induction. To date, no studies regarding the impact of the liquid system on
the establishment of ISE in the allotriploid HT ‘CIFC 4106’ have been performed. Thus,
the present study proposed to establish and compare ISE in HT ‘CIFC 4106’ in liquid
and semisolid systems, and to evaluate the ploidy level stability of plantlets regenerated
in vitro using cytogenetic tools and flow cytometry.

Material and methods
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Biological material

Leaves of HT ‘CIFC 4106° were collected from plantlets maintained under in
vitro conditions at the Laboratory of Cytogenetics and Plant Tissue Culture,
Universidade Federal do Espirito Santo — ES, Brazil. The collected leaves were used as

explants for ISE establishment.

Friable calli induction

Six leaf explants of 2 cm? were inoculated in semisolid (M1) and liquid (M2)
media (Table 1) for friable calli induction (van Boxtel & Berthouly 1996; Sanglard et al.
2019). The culture media were sterilized in autoclave at 121°C and 1.5 atm for 20 min
and exchanged monthly. Petri dishes containing 15 mL of medium M1 were kept in the
dark at 25 £ 2°C, and Erlenmeyer flasks of 120 mL containing 15 mL of medium M2
were shaken at 100 rpm in the dark at the same temperature. Friable calli formation was
evaluated fortnightly and the cell mass was measured after 90 days, totalizing six
subcultures (S1 to S6). The experimental design was completely randomized, with
twelve replicates each for the semisolid and liquid media. Variables used for statistical
comparison of the semisolid and liquid systems were the mean number of responsive
explants evaluated over successive subcultures (S1 to S6), and the cell mass of friable
calli measured at S6. The analysis of variance (ANOVA) and polynomial regression at
5% were performed with the software R (R Core Team 2016).

For SE regeneration, 0.2 g of friable calli from each system (M1 and M2) was
randomly transferred to the semisolid (M3) or liquid (M4) media (Table I; van Boxtel &
Berthouly 1996; Sanglard et al. 2019). The culture media were sterilized in autoclave at
121°C and 1.5 atm for 20 min and exchanged fortnightly. Friable calli from the
semisolid induction medium (M1) transferred to M3 and M4 were respectively
designated SM-SM (semisolid M1-semisolid M3) and SM-LM (semisolid M1-liquid
M4); friable calli obtained from liquid induction media (M2) transferred to M3 and M4
were named LM-SM (liquid M2—-semisolid M3) and LM-LM (liquid M2-liquid M4),
respectively. Petri dishes containing 15 mL of M3 were maintained in the dark at 25 +
2°C. Erlenmeyer flasks of 120 mL containing 15 mL of M4 were shaken at 100 rpm in
the dark at 25 £ 2°C. MCSE were counted biweekly until 17 subcultures were
completed (255 days), then transferred to seedling regeneration medium (M5, Table 1).

The culture medium was sterilized under the same conditions described above. Test



45

tubes with M5 were maintained at 24°C + 2°C under a 16:8 h (light/dark) cycle with
light irradiation of 36 umol m s provided by two fluorescent lamps (20 W, Osram®).
The strategies adopted for the establishment of ISE in HT ‘CIFC’ are shown in Figure
1. The experimental design was completely randomized. The mean number of MCSE
was the analyzed variable to compare the culture systems (SM-SM, SM-LM, LM-SM
and LM-LM) and subcultures (S1 to S17). This comparison was accomplished through
descriptive analysis and polynomial regression at 5% using the software R (R Core
Team 2016).

Table 1. Composition of the culture medium used to establish ISE from leaf explants of
the true allotriploid HT 'CIFC 4106'.

Culture medium

Compounds M1 M2 M3 M4 M5
MS 215gLT 215gLT 43gL! 43gL! 43gL™”
Gamborg’s B5 vitamins 10 mL LY 10mLL? 10mLL?! 10mLL? 10mLL?
Sucrose 30gL?* 30gL'! 30gL?'! 30gL! 30glLt
L-cysteine 0.08gL! 008gL?* 004gL! 004gL? -
Malt extract 04gL' 04gL? 08gL! 08¢glL? -
Casein 01gL' 01gL? 02gL! 02¢glL? -
2,4-D 9.06 uM  9.06 uM - - -
BAP 444 0M  444uM 444pM 444 uM -
GAs - - - - 2.89 UM
Phytagel 28¢gL? - 28¢gL*? - 28¢gL?
Activated charcoal - - 40gL! 40¢gL? -
pH 5.6 5.6 5.6 5.6 5.6

M1: semisolid callus induction medium; M2: liquid callus induction medium; M3:
semisolid SE regeneration medium; M4: liquid SE regeneration medium; M5: seedling
regeneration medium.
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Fig. 1 — Scheme representing the strategies adopted to establish ISE in HT 'CIFC 4106'.

Chromosome number stability

The ploidy level of the regenerated plantlets was previously assessed by DNA
ploidy level determination via flow cytometry. For this, nuclei suspensions were
prepared from leaves of each plantlet and from the explant donor plant, according to the
procedures described by Clarindo et al. (2013) and Sanglard et al. (2019). The nuclei
suspensions were analyzed in a Partec PAS® cytometer (Partec® GmbH, Minster,
Germany). Additionally, the chromosome number was determined from root meristems
of the recovered plantlets. To achieve this, the roots were excised, individually washed
in dH20 for 15 min, treated with 3 uM amiprophos-methyl for 4 h at 30°C, fixed in 3:1
methanol: acetic acid, and stored at -20°C. After at least 12 h, the roots were washed in
dH20, then macerated for 2 h at 36°C in enzymatic pool (4% cellulase Sigma®, 0.4%
hemicellulase Sigma®, 1% Macerozyme Onozuka R10 Yakult, 100% pectinase Sigma®)
diluted in dH20 in the proportion 1:8 (enzyme pool: dH20), washed in dH20, fixed in
3:1 methanol: acetic acid solution, and stored at -20°C (Clarindo et al. 2013). Slides
were prepared by cellular dissociation and air-drying techniques, followed by staining

with 5% Giemsa. The metaphases were captured with a digital 12-bit CCD video
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camera (Olympus®) coupled to a photomicroscope (Olympus™ BX-60) equipped with
immersion objective of 100X/AN 1.4.

Results

The number of responsive explants, as determined by leaves exhibiting friable
calli, was influenced by the semisolid (M1) and liquid (M2) media during the
successive subcultures (Figs. 2 and 3). First responsive explants were observed at 15
days in the semisolid and liquid systems, with mean numbers of 5.75 and 1.42,
respectively (Figs. 2 and 3). The mean number of responsive explants was higher in M1
than in M2 at all evaluated subcultures, presenting friable calli in all explants starting at
S2 (Figs. 2 and 3). Differently, the highest mean number of responsive explants in
liquid media was 4.5, seen at S5 (Figs. 2 and 3).

The cell mass of the friable calli gradually increased until S6 for both semisolid
and liquid systems, but differed statistically between them. The mean value for cell
mass in semisolid system was 1.21 g at 90 days (S6), compared to 0.25 g for the liquid
medium. Moreover, the friable calli formed in the liquid system were detached from the
leaf explant due to orbital agitation. All friable calli of both systems had yellowish
appearance (Fig. 3).

The mean number of MCSE differed over time among the combinations SM-
SM, LM-SM, SM-LM and LM-LM (Figs. 4 and 5). Globular, heart- and torpedo-shaped
SE in HT ‘CIFC 4106’ calli were initially observed at 20 days in LM-LM. At 45 days
(S3), SE were found at globular, heart, torpedo and cotyledonary stages, with a mean
number of 1.29 MCSE (Figs. 4 and 5). The regeneration rate of SE in LM-LM gradually
increased during the successive subcultures, with a mean number of 38.86 MCSE by
255 days (S17, Fig. 5). In turn, the first SE in SM-LM were observed at 150 days (S10),
with a mean number of 0.36 MCSE (Fig. 4 and 5). The regeneration rate of SE in SM-
LM increased gradually up to 255 days (S17), with a mean number of 4.64 MCSE
(Figs. 4 and 5). Differently, no SE were recovered in the SM-SM and LM-SM systems
(Figs. 4 and 5). Based on these results, the most suitable combination for SE
regeneration of HT ‘CIFC 4106° was LM-LM, which presented the highest mean
number of MCSE in a shorter period of time (Figs. 4 and 5). Non-responsive calli in

SM-SM and LM-SM were characterized as compact, exhibiting pale yellow color (Fig.
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4). Contrarily, the responsive calli of the SM-LM and LM-LM were friable and
exhibited dark coloration (Fig. 4).

The allotriploidy of the recovered plantlets was determined by DNA ploidy
level, with all plantlets showing 1C = 2.10 pg, in agreement with the HT ‘CIFC 4106’
explant donor. In addition, the chromosome number of 2n = 3x = 33 chromosomes (Fig.
6) found for these plantlets confirmed the triploid condition of all regenerants.



1

Number of responsive explants
- "

0

1

Number of responsive explants
"

0

49

)

S1 S2 83
7 7
5.75 6.00 3.607 6.00 4.17
64 6
g s g 54
142 3 £
T £ e
g 2
2 34 2 31
2 a
e e
[ =} 2
¥ :
E ER
z 1 L z
04 ] 04 L ]
Semisolid Liquid Semisolid Liquid Sernisolid Liqud
54 S5 56
7 7
6.00 442 . 6.00 4.50 p 6.00 4.50
£ o £ 51
e &
2 4 E
o] [
be b
© 21 © 2
5 ° ]
= -]
£
z 1 z
L] 04 [ ] 04 [ ]
T T T T T T
Semusolid Liquid Semisolid Liquid Semisolid Liquid
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successive subcultures (S1 — S6). Box plots show that the mean number of responsive explants differed among the culture systems by
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Discussion

In this work, the liquid system proved to be a viable, reproducible and efficient
alternative for the establishment of the complete ISE pathway in HT ‘CIFC 4106’. This
result reinforces the importance of in vitro conditions for ISE in Coffea. In addition, the
present study demonstrated a protocol for the relatively large-scale propagation of HT
‘CIFC 4106, regenerating a mean number of 38.85 MCSE per friable callus. This mean
value is higher than previous data for HT ‘CIFC 4106’: 1.51 MCSE per leaf explant via
direct somatic embryogenesis (Sattler et al. 2016) and 6.06 MCSE per friable callus via
ISE (Sanglard et al. 2019), both conducted in semisolid system.

The in vitro morphogenic response varied significantly between the liquid and
semisolid systems. Moreover, the calli, presenting pale yellow and friable appearance,
were formed in the relatively short time of two months in both culture systems; this
result was already expected, as the time of callogenesis establishment in Coffea has
been reported to vary from two months (for C. canephora, C. arabica and HT ‘CIFC
4106’; van Boxtel & Berthouly 1996; Samson et al. 2006; Sanglard et al. 2017, 2019) to
six months (for C. canephora and C. eugenioides; Sanglard et al. 2019). In addition, the
cell mass of the friable calli increased over time, particularly in the semisolid system,
evincing cell proliferation. This result corroborates previous studies evaluating friable
calli multiplication in C. arabica which observed the highest induction of friable calli in
semisolid system (Albarran et al. 2005; Rezende et al. 2012). In contrast, Teixeira et al.
(2004) found no significant difference in the multiplication of friable calli of C. arabica
in liquid and semisolid systems.

The SM-SM, SM-LM, LM-LM and LM-SM combinations influenced the SE
regeneration across successive subcultures. Both LM-LM and SM-LM exhibited
embryogenic responses from friable calli of HT ‘CIFC 4106’. However, the highest
short-term SE regeneration was observed in LM-LM, where friable calli originated and
remained in liquid system. It is likely that the LM-LM system promoted an increased
assimilation capacity due to the greater accessibility of the cultured cells to the
compounds of the tissue culture medium (Hammerschlag 1982; Jones and Petolino
1988; Ziv 1995; van Boxtel & Berthouly 1996; Made et al. 2001; Papanastasiou et al.
2008). For instance, cytokinins are more effective in liquid system because they are not
conjugated to the gelling agent, which results in more pronounced SE regeneration

(Papanastasiou et al. 2008). In addition, the osmotic potential may also have influenced
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the in vitro response in HT ‘CIFC 4106, since the liquid system had lower osmotic
potential compared to the semisolid system and regenerated the highest mean number of
MCSE. According to Jeannin et al. (1995), osmotic pressure below 400 mOsm kg* H20
is associated with organogenesis, while osmotic pressure above this threshold is
associated with somatic embryogenesis. However, no difference was observed in the
nature of the morphogenic pathway between culture systems in the present study, since
all in vitro plantlets were regenerated via ISE.

SM-SM and LM-SM combinations were not effective for ISE establishment in
HT ‘CIFC 4106, as indicated by the lack of embryogenic response. This can be a
consequence of reduced contact area of the friable calli with the culture medium. In
addition, the semisolid condition promoted by gelling agents probably reduces the
assimilation capacity (Gatica-Arias et al. 2007; Papanastasiou et al. 2008). Nutrient
availability in the semisolid system is limited by the osmotic potential of the culture
media (Papanastasiou et al. 2008). The low rate and/or non-response of SE regeneration
in semisolid system was also reported by Sanglard et al. (2019) when comparing in vitro
responses of Coffea among the diploids C. canephora and C. eugenioides, the
allotriploid HT ‘CIFC 4106’ and the true allotetraploid C. arabica.

The 2C nuclear DNA level of plantlets regenerated in vitro via ISE in LM-LM
and SM-LM was identical to that of the explant donor plant. Cytogenetic analysis
confirmed that these plantlets remained allotriploid, showing the same number of 2n =
3x = 33 chromosomes ascertained in the explant donor plants. Therefore, the strategies
for regeneration of HT ‘CIFC 4106” SE in liquid system were reproducible, efficient
and safe, since the 2C nuclear DNA content and ploidy level remained unchanged and
preserved. This result is in agreement with Sattler et al. (2016), who evaluated ploidy
level stability in HT ‘CIFC 4106’ plantlets regenerated in vitro via direct somatic
embryogenesis and showed that allotriploidy was conserved in all regenerated plantlets.
According to Ducos et al. (2003), no somaclonal variants were detected in C. canephora
trees derived from the production of SE in liquid media, showing that in vitro

propagation is safe and maintains genetic fidelity.

Conclusions

The present approach reported, for the first time, an ISE procedure in liquid

system suitable for mass propagation of HT ‘CIFC 4106°. This hybrid was chosen in
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view of the difficulties related to the seminal propagation of a triploid hybrid, and
owing to the relevance of this allotriploid for Coffea breeding programs. Based on the
present results, this study represents a breakthrough in Coffea tissue culture, as plantlets
regenerated in vitro will be introduced into the field for maintenance and conservation
of the germplasm bank. All plantlets recovered in vitro exhibited stable allotriploid
karyotype, with preserved chromosomal number and nuclear DNA content. Moreover,
the results of this work emphasize the adjustment of in vitro conditions for the
establishment of ISE in Coffea.
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Abstract

Autoallohexaploid plantlets of “Hibrido de Timor” (HT, Coffea) were recently
regenerated by chromosome set doubling of the allotriploid HT. Besides the in vitro
propagation and chromosome doubling set, indirect somatic embryogenesis allows us to
investigate the short-term consequences of the polyploidy. Here, we aim to establish
and compare the indirect somatic embryogenesis in natural allotriploid and syntehtyic
autoallohexaploid HT, evaluating the role of the in vitro environment, ploidy level and
global level of 5-methylcytosine on somatic embryo regeneration and karyotype
stability. Our results show that the autoallohexaploid needed more time for induction
and proliferation of friable calli, showing lower numbers of responsive explants and a
higher level of 5-methylcytosine. The autoallohexaploid also showed a higher 5-
methylcytosine level during the somatic embryo regeneration, but both hybrids
exhibited the same mean value of mature cotyledonary somatic embryos for friable
callus. Regarding the in vitro environment, the activated charcoal at 8 and 16 g L*
increased global level of 5-methylcytosine and the mean number of abnormal somatic
embryo in autoallohexaploid. Therefore, 5-methylcytosine variations in
autoallohexaploid HT calli correspond to an adaptive response to in vitro conditions.
Based on these results, the autoalohexaploid exhibited a lower in vitro response
compared to its allotriploid ancestor, despite having at least twice as many copies of in
vitro response genes. Therefore, our data show that the in vitro environment, ploidy
level and global 5-methylcytosine level influence the Coffea indirect somatic

embryogenesis, evidencing the outcome of the short-term induced polyploidy.

Keywords: Coffee; Epigenetic; In vitro propagation; Plant tiussue culture; Polyploidy.
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Introduction

Polyploidy is a natural and common event in angiosperms that plays an
important role in the origin and evolution of wild and cultivated plants (Yang et al.
2010; Sattler et al. 2016a). Since the discovery of antitubulin compounds, mainly
colchicine, induced polyploidy has been widely applied to understand the short-,
middle- and long-term effects of the polyploidization on the “omics” (Wang and
Bodovitz 2010; Soltis et al. 2016; Alix et al. 2017; Munzbergova 2017). The newly
formed polyploids undergo a rapid restructuring of the genome, epigenome,
transcriptome, metabolome and other "-omes", which results in morphological,
physiological and reproductive differences in relation to their ancestors (Otto 2007;
Yang et al. 2010; Sattler et al. 2016a). Natural and synthetic chromosome set doubling
is often explored in plant breeding programs, since polyploidy may be related to an
increase of the hybrid’s vigor, to adaptations to new environmental conditions and to
changes in vegetative and/or reproductive organs (“Gigas effect”), resulting in higher
rates of production compared to their ancestors (Hancock and Overton 1960; Van de
Peer et al. 2009; Boller et al. 2012; Renny-Byfield and Wendel 2014; Sattler et al.
2016a). However, natural or synthetic polyploids are not always more productive and
vigorous than their progenitors, since the modifications induced by polyploidization in
the genome, epigenome, transcriptome and other "-omes" can also be neutral or even
deleterious (Renny-Byfield and Wendel 2014).

Recently, our research group induced the hexaploidy (2C = 4.20 pg and 2n = 6x
= 66 chromosomes) from the allotriploid “Hibrido de Timor” 'CIFC 4106' (HT, 1C =
2.10 pg and 2n = 3x = 33 chromosomes, Clarindo et al. 2013) through the treatment of
friable calli with colchicine (Sanglard et al. 2017). The allotriploid HT originated from
the natural interspecific crossing between Coffea arabica L. and Coffea canephora
Pierre ex Froehner. The first individuals were found about 100 years ago on the Timor
Island (Bettencourt 1973; Capucho et al. 2009; Setotaw et al. 2010). This hybrid has
been used in plant tissue culture to provide information on differences in morphogenetic
responses in vitro between Coffea species with distinct ploidy level (Sanglard et al.
2019). As reported by the authors, the origin and time of formation (evolutionary
history) of diploid Coffea (C. canephora and Coffea eugenioides S. Moore) and
polyploids (allotetraploid C. arabica and allotriploid HT) probably influence the in vitro

response due to the extensive genetic and epigenetic changes that have already occurred
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or are occurring in the genome through changes from chromosome rearrangements,
DNA sequence and epigenome. Thus, the in vitro establishment of the
autoallohexaploid HT is necessary to provide relevant information on the behavior of
synthetic polyploids in different environments in vitro and to investigate karyotype
stability of regenerated plantlets via indirect somatic embryogenesis (ISE). In addition,
it will increase the number of individuals and make plant material available for
comparative genomic and phenotypic studies in an attempt to understand the effects of
chromosome set doubling.

In vitro morphogenic responses are influenced by the in vitro conditions (van
Boxtel and Berthouly 1996) and by genetic, epigenetic and physiological characteristics
of the explant donors. Epigenetic variations are promoted by chemical changes in the
DNA and chromatin status. In in vitro cultivated plant cells, the epigenetic changes
correspond to an adaptive response to tissue culture conditions, in which (Lépez et al.
2010; Wang et al. 2012; Wang and Wang 2012; Nic-Can et al. 2015). According to
Fehér (2015), cytosine methylation is involved in the ISE pathway during the stages of
dedifferentiation and cellular redifferentiation, since the gene expression can be altered
by DNA methylation in the locus-specific modulation, such as wusche (wus), agamous-
like 15 (agl15), somatic embryogenesis receptor kinase (serk), baby boom 1 (bbml),
leafy cotyledon 1 and 2 (lecl and lec2). In C. canephora cicatricial calli obtained by
direct somatic embryogenesis, cytosine hypermethylation has been associated with the
increase, conversion and maturation of somatic embryos (SE) (Nic-Can et al. 2013).
Considering that the increase in the chromosomal number leads to epigenomic changes
(Soltis et al. 2016; Alix et al. 2017), the quantification of the global levels of DNA
methylation should be performed to investigate and compare the autoallohexaploid HT
relative to its allotriploid HT ancestor during the stages of callus induction and
proliferation and SE regeneration.

According to Sanglard et al. (2019), the in vitro conditions should be adjusted
for the allotriploid HT in order to increase the rate of SE regeneration, suggesting that
higher concentrations of activated charcoal should be tested. Activated charcoal
provides faster embryogenic response and, consequently, increases the number of SE
(Pan e van Staden 1998; Thomas 2008). This effect occurs because the activated
charcoal has a surface area with well-distributed pores capable of adsorbing undesirable
substances from the tissue culture medium, such as phenolic compounds and exogenous

residues of plant growth regulators (Johansson et al. 1982; Pan e van Staden 1998;
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Thomas 2008). In addition, activated charcoal promotes the inactivation of
polyphenoloxidase and peroxidase, thus increasing the survival rate of regenerated
plantlets (Thomas 2008).

The aims of this study were to: (a) establish the ISE in the natural allotriploid
and the synthetic autoallohexaploid HT, (b) verify and compare whether the ploidy level
and the global level of methylated cytosine influence the in vitro response, (c) evaluate
the effect of the activated charcoal on SE regeneration in the synthetic hexaploid HT,
and (d) evaluate the karyotype stability of in vitro regenerated plantlets in the natural
allotriploid and the synthetic hexaploid HT via ISE. It is noteworthy that the allotriploid
HT represented an experimental control to compare the ISE morphogenic response with
the synthetic autoallohexaploid HT, and to evidence and undestand the influence of the

ploidy level in the in vitro responses.

Material and methods

Biological material

Leaves of the allotriploid HT 'CIFC 4106' (1C = 2.10 pg and 2n = 3x = 33
chromosomes) and the synthetic autoallohexaploid HT 'CIFC 4106' (2C = 4.20 pg and
2n = 6x = 66 chromosomes) were collected from plantlets maintained in in vitro
conditions. These plantlets had been maintained in a growth room under a light/dark
regime of 16/8 h with 36 pmol m™ s of light radiation and at 25 + 2°C. The culture
medium consisted of 4.3 g L™ basal MS salts (Murashige and Skoog 1962), 10 mL L™
B5 vitamins (Gamborg et al. 1968), 30 g L sucrose, 2.8 g L™ Phytagel and pH = 5.6
(Sanglard et al. 2019). Collected leaves were used as source of explant for the ISE

establishment, nuclear DNA content measurement and DNA ploidy level determination.

ISE establishment

For callus induction, the tissue culture medium consisted of 2.15 g L™ %MS
basal salts (Murashige and Skoog 1962), 10 mL L B5 vitamins (Gamborg et al. 1968),
30 g Lt sucrose, 0.08 g L™ L-cysteine, 0.4 g L™ malt extract, 0.1 g L hydrolised
casein, 9.06 uM 2,4-dichlorophenoxyacetic acid (2,4-D), 4.44 uM 6-benzylaminopurine
(BAP) and 2.8 g L Phytagel, pH = 5.6 (van Boxtel and Berthouly 1996; Sanglard et al.
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2019). Five leaf explants of the allotriploid or the autoallohexaploid HT were
inoculated in each Petri dish, totaling 15 Petri dishes for each HT. After each three
months, the explants were transfered, with or without callus, to a new callus induction
medium. Petri dishes were kept in the dark at 25 + 2°C. Callus formation was evaluated
biweekly until 150 days. The analysis of variance (ANOVA) was performed and the
mean values were compared by the Tukey's test (P < 0.05) to compare the mean number
of responsive explants of the allotriploid and the autoallohexaploid until 150 days.
Then, a regression analysis (P < 0.05) was applied using the R software (R Core Team
2016).

Friable calli were transferred to the SE regeneration medium, which consisted of
4.3 g L basal MS salts (Murashige and Skoog 1962), 10 mL L B5 vitamins (Gamborg
et al. 1968), 30 g L sucrose, 0.04 g L L-cysteine, 0.8 g L malt extract, 0.2 g L*
hydrolised casein, 4.44 uM BAP, 2.8 g L™ Phytagel, and 2 g L™ activated charcoal, pH
= 5.6 (Sanglard et al. 2019). One callus was inoculated in each Petri dish and kept in the
dark at 25 + 2°C, totaling 112 dishes for the allotriploid and for the autoallohexaploid.
After each three months, the calli were transfered to a new SE regeneration medium.
Mean number of normal mature cotyledonary somatic embryos (MCSE) and abnormal
SE were evaluated monthly until 330 days. Using the software R (R Core Team 2016),
in vitro SE regeneration between allotriploid and autoallohexaploid was described and
compared with regard to the number of normal MCSE and abnormal SE. From the
results, calli of the synthetic autoallohexaploid HT were also inoculated in the SE
regeneration medium supplemented with 4, 8 or 16 g L™ activated charcoal. The Petri
dishes were maintained under the same in vitro conditions, totaling 28 dishes for each
concentration of activated charcoal. The number of recovered MCSE from these media
was also compared using the software R (R Core Team 2016).

Normal MCSE were transferred to the seedling regeneration medium that
consisted of 4.3 g L basal MS salts (Murashige and Skoog 1962), 10 mL L B5
vitamins (Gamborg et al. 1968), 30 g L* sucrose, 2.8 g L™ Phytagel and pH = 5.6
(Sanglard et al. 2019). In each test tube, one MCSE was inoculated. Subsequently, the
test tubes were maintained in a growth room under a light/dark regime of 16/8 h with 36
umol m2 s of light radiation supplied by two fluorescent lamps (20 W, Osram®), at 25
+2°C.

Global level of 5-methylcytosine (5-mC%)
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Genomic DNA was extracted separately from samples of the friable calli of the
allotriploid and the autoallohexaploid HT collected after 150 days in the callus
induction medium and after 330 days in the SE regeneration medium. Genomic DNA
extraction was performed as described by Doyle and Doyle (1990). DNA concentration,
quality and purity were estimated using the NanoDrop equipment (ThermoScientific®
2000c). Subsequently, the quantification of genomic DNA was adjusted to an amount of
30 pg of DNA in 100 uL of autoclaved water type 1. Acid hydrolysis of the genomic
DNA was accomplished according to the methodology proposed by Chen et al. (2013).
Analysis by High Performance Liquid Chromatography (HPLC) was performed using
Prominence HPLC equipment (Shimadzu, Japan). The level of 5-mC% present in the
genomic DNA samples was expressed as a percentage of the cytosine level, calculated
by the equation proposed by Chen et al. (2013). In order to compare the mean 5-mC%,
the data were submitted to analysis of variance (ANOVA) and the mean values were
compared by the Tukey test (P < 0.05) using the R software (Core Team 2016).

Autoallohexaploidy confirmation

To determine the nuclear 2C value and DNA ploidy level of the SE and plantlets
of the regenerated allotriploid and hexaploid HT, a flow cytometry procedure with
external and pseudo-internal standardization was applied. The SE and the leaves of the
plantlets were separately placed in distilled water and cut into 2 cm? fragments. These
materials were chopped (Galbraith et al. 1983) in nuclei extraction buffer (Otto 1990),
and the nuclear suspensions were filtered and stained with propidium iodide (Clarindo
et al. 2013). After 20 min in the dark, the nuclear suspensions were analyzed with a
Partec-PAS® flow cytometer (Partec® Gmbh, Munster, Germany) and the DNA ploidy
level was determined. Next, a joint analysis with the pseudo-internal standard
allotriploid and the autoallohexaploid was performed to determine the nuclear 2C value.
Go/G1 nuclei peak of the allotriploid HT was the reference for nuclear 2C value
measurement of the autoallohexaploid.

To determine the 2n chromosome number, metaphases were obtained from in
vitro root meristems of the allotriploid and the autoallohexaploid HT plantlets. The root
meristems were treated with 3 uM amiphrophos-methyl, washed in dH.O, fixed and
enzymatically macerated. The slides were then prepared with cell dissociation and air-

drying techniques. Afterwards, the slides were placed on a hot plate at 50°C for 5 min,
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stained with 5% Giemsa (Merck®) for 5 min, rinsed with dH,O and air-dried (Clarindo
et al. 2013). The images of the chromosomes were captured using a 100x objective and
a CCD camera (Nikon EvolutionTM) accopled to a Nikon 80i microscope (Nikon,

Japan).

Results

ISE establishment

The allotriploid and the autoallohexaploid HT exhibited distinct mean numbers
of responsive explants (leaf fragment with callus) over time (Fig. 1). The first
allotriploid HT responsive explants were observed at 15 days in the callus induction
medium, with a mean number of 4.00 responsive explants (Fig. 1). Differently, the first
leaf responsive explants of the autoallohexaploid HT were observed at 90 days,
presenting a mean number of 0.33 (Fig. 1). Progressively during this in vitro step, the
mean number of responsive explants was higher in allotriploid HT (Fig. 2). Callus
formation increased over time for both allopolyploids until the 45" day of culture for
the allotriploid and until the 135" day for the autoallohexaploid, at a mean final number
of 5.00 and 2.53 responsive explants, respectively (Fig. 2). Callus mass for both
allopolyploids gradually increased up to 150 days in the induction medium. Besides, all
calli showed a pale-yellow and friable appearance (Fig. 2).

In SE regeneration medium, the MCSE number at 330 days was identical for the
calli of the allotriploid and the autoallohexaploid HT maintained in 2 g L™ activated
charcoal. However, the time for MCSE regeneration was distinct between the
allotriploid and the autoallohexaploid calli. First MCSE were observed in allotriploid
HT calli at 60 days, exhibiting a mean number of 0.10 MCSE per callus. For the
autoallohexaploid HT calli, the first regenerated MCSE were observed at 270 days,
presenting a mean number of 0.34 MCSE per callus (Fig. 3). Remarkably, the MCSE
number was influenced by the activated charcoal for the autoallohexaploid HT. MCSE
regeneration increased over time, presenting a mean number of 1.39, 0.30, 1.22 and 0.60
MCSE per callus at the 330 days for culture medium supplemented with 2, 4, 8 or 16 g
L* activated charcoal, respectively (Fig. 3).

Over time, abnormal SE were also regenerated from the autoallohexaploid HT

calli maintained at different activated charcoal concentrations. These abnormal SE were



69

identified due to their abnormalities in the apical-basal pattern, such as deformation and
absence of the root apical meristem, hypocotyl, shoot apical meristem, and/or
cotyledons. The first abnormal SE were observed at 120 days in the autoallohexaploid
HT calli in regeneration medium supplemented with 8 and 16 g L™ activated charcoal,
with a mean of 0.45 abnormal SE per callus (Fig. 4). In SE regeneration medium
supplemented with 2 and 4 g L activated charcoal, the first abnormal SE were
observed at 270 days with a mean number of 0.10 and 0.45 per callus, respectively (Fig.
4). Abnormal SE regeneration from the autoallohexaploid HT increased over time, with
a mean number of 0.89, 1.00, 4.00 and 2.81 abnormal SE per callus at 330 days in
culture medium supplemented with 2, 4, 8 and 16 g L' of activated charcoal,
respectively (Fig. 4). It is noteworthy that no regeneration of abnormal SE was observed
in the allotriploid HT calli cultivated in culture medium supplemented with 2 g L*
activated charcoal (Fig. 4).

In general, the different concentrations of activated charcoal influenced the SE
regeneration in the autoallohexaploid HT. The highest concentrations of 8 and 16 g L
activated charcoal provided the regeneration of normal and abnormal SE of
autoallohexaploid HT in a relatively short time. At lower concentrations of activated
charcoal (2 and 4 g L), however, the SE recovery time was longer and had a lower
mean number of abnormal SE of the autoallohexaploid HT (Figs. 3 and 4). Culture
medium supplemented with 2 g L™ of activated charcoal resulted in a higher mean
number of SE in the autoallohexaploid HT, since it regenerated the highest mean
number of MCSE and the lowest mean number of abnormal SE.

Global level of 5-mC%

After 150 days in the callus induction and proliferation steps, the
autoallohexaploid HT had the highest mean level of 5-mC% equivalent to 29.85%,
while the one for the allotriploid was 13.50%. The 5-mC% mean level increased for the
two HT allopolyploids during the SE regeneration step (Fig. 5). The allotriploid HT
calli cultured in 2 g L activated charcoal had a mean 5-mC% level of 14.78% (Fig. 5).
The mean level of 5-mC% in autoallohexaploid HT calli was influenced in SE
regeneration medium due to different concentrations of activated charcoal. The highest
mean level of 5-mC% was observed in calli of those autoallohexaploid HT cultured

with 16 g L activated charcoal, with 43.37%. The second highest mean level of 5-
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mC% was observed in friable calli of those autoallohexaploid HT cultured with 8 g L
activated charcoal, with 36.52%. Meanwhile, the autoallohexaploid HT calli cultured
with 2 and 4 g L activated charcoal had mean 5-mC% levels of 31.12% and 31.79%,
respectively, and did not differ statistically (Fig. 5).

Autoallohexaploidy confirmation

Autoallohexaploidy was confirmed for all normal and abnormal SE regenerated
from the autoallohexaploid HT calli in tissue culture medium supplemented with 2, 4, 8
and 16 g L* activated charcoal (Fig. 5). Normal and abnormal SE exhibited the same
DNA ploidy level and nuclear DNA content when compared to the explant donor
plantlet (Fig. 5). However, some regenerated abnormal SE with 8 and 16 g L™ activated
charcoal did not provide intact, isolated and stoichiometrically stained nuclei, and thus

it was not possible to verify the Go/G1 nuclei peaks (Fig. 6).
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Fig. 1 — Mean number of responsive leaf explants of the allotriploid and hexaploid HT
'‘CIFC 4106' in callus induction medium during the 150 days. Box plots show that the
mean number of responsive explants was higher in allotriploid than hexaploid HT 'CIFC
4106' by the Tukey's test (P < 0.05). The number of responsive explants was not varied
between the 45 to 75 days.
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Allotriploid HT ‘CIFC 4106’
1C =2.10 pg and 2n = 3x = 33 chromosomes
mean 5-mC = 13.50%

Hexaploid HT ‘CIFC 4106’
2C =4.20 pg and 2n = 6x = 66 chromosomes
mean 5-mC = 29.85%
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Fig. 2 — Mean number of responsive explants of the allotriploid and hexaploid HT 'CIFC 4106' over time in the callus induction step. Graph
shows that the allotriploid HT 'CIFC 4106' had a higher mean number of responsive explants and took less time for callus formation. Meanwhile,
the first callus of the hexaploid HT 'CIFC 4106' was observed at 90 days. Callus formation increased over time, being that all calli exhibited a
pale yellow color and friable appearance. Adjusted model was significant (P < 0.05) by the regression analysis for the hexploid HT 'CIFC 4106":
Y = 0.0469X2 - 0.1842X. Bar = 2 mm.
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Fig. 3 — Mean number of normal regenerated MCSE of the allotriploid and the hexaploid HT 'CIFC 4106' over time in the SE regeneration
medium supplemented with disticnt concentrations of activated charcoal. The first MCSE were observed in allotriploid HT 'CIFC 4106 at 60
days, and the mean number of MCSE for the two allopolyploids increased during the 330 days. (a) Responsive callus of the allotriploid and (d)
the hexaploid HT ‘CIFC 4106°. Bar = 2 mm. (b) MCSE of the allotriploid and (e) the hexaploid HT ‘CIFC 4106’. Bar = 2 mm. (c) Plantlet
regenerated from the allotriploid (f) the hexaploid HT ‘CIFC 4106° MCSE. Bar = 1 cm.
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Fig. 4 — Mean number of regenerated abnormal SE of the allotriploid and hexaploid HT 'CIFC 4106' over time in tissue culture medium
supplemented with different concentrations of activated charcoal. The graph shows the highest mean number of abnormal SE regenerated in
tissue culture medium containing 8 g Lt activated charcoal, and the lowest mean number in the calli maintained in 2 g L. No abnormal SE was
observed in allotriploid HT ‘CIFC 4106’ calli. Bar = 2 mm.
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Fig. 5 — Mean level of 5-mC% of the allotriploid HT ‘CIFC 4106’ calli cultured in SE
regeneration medium containing 2 g L™ activated charcoal, and the hexaploid HT ‘CIFC
4106° calli cultured in 2, 4, 8 or 16 g L activated charcoal. Activated charcoal
concentrations influenced the mean 5-mC% level in hexaploid HT 'CIFC 4106". The
variations of 5-mC% in callus of the hexaploid HT ‘CIFC 4106’ represent an adaptive
response to in vitro conditions. The lowest mean level of 5-mC% in hexaploid HT
‘CIFC 4106 was observed in calli cultured with 2 g L™t and 4 g L activated charcoal,
and the highest mean level of 5-mC% in calli cultured with 16 g L™ activated charcoal.
The mean level of 5-mC% was lower in the calli samples of the allotriploide HT ‘CIFC

4106’ in relation to the hexaploid calli of all tissue culture medium.
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Fig. 6 — Confirmation of hexaploidy and genomic stability in hexaploid HT 'CIFC
4106'. Representative histogram exhibiting Go/G1 peaks of intact nuclei of allotriploid
(channel 100, 1C = 2.10 pg) and hexaploid HT ‘CIFC 4106’ (channel 200, 2C = 4.20
pg) regenerated in vitro. Karyotype with 2n = 6x = 66 chromossomes of hexaploid HT
'CIFC 4106 obtained from seedling roots in vitro, confirming the maintenance of the

number of chromosomes. Bar =5 pm.

Discussion

ISE was established for the autoallohexaploid HT based on a reproducible
procedure proposed by van Boxtel and Berthouly (1996) and modified by Sanglard et
al. (2019), involving the callus induction and proliferation, followed by SE and plantlet
regeneration. Basically, the changes were the addition of 4, 8 and 16 g L activated
charcoal in the SE regeneration medium and the absence of gibberellic acid in the
plantlet recovery medium. This tissue culture procedure allowed us to verify the effect
of the autoallohexaploidy in the HT and to compare the ISE responses with its ancestor,
the allotriploid HT. The ISE establishment in the autoallohexaploid HT required more
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time and had a lower mean number of responsive explants when compared to the
allotriploid HT. Therefore, our data showed differences between the allotriploid and the
autoallohexaploid HT during the ISE, evidencing that the ploidy level influences the in
vitro response.

The autoallohexaploidy, with a nuclear genome size of 2C = 4.20 pg and a
chromosome number of 2n = 6x = 66, influenced the in vitro morphogenic response of
the HT. The autoallohexaploid HT showed a slower morphogenic response and a lower
mean number of responsive explants compared to the allotriploid HT. Karyotype
divergences (i.e. chromosome number, ploidy level and nuclear 2C value) have been
indicated as factors that interfere in the in vitro morphogenic pathway in Coffea
(Sanglard et al. 2019). The autoallohexaploid HT has six chromosome sets,
CCC?C?E?E?, originating from the chromosome set doubling of the allotriploid HT that
has three chromosome sets CC?E?, which themselves originate from a interspecific cross
between C. canephora (CC) and C. arabica (C*C?E?E?, Sanglard et al. 2017). One of the
allotriploid HT ancestors, the true allotetraploid C. arabica has four C?C?E*E?
chromosome set originating from an interspecific cross between C. canephora (CC) and
C. eugenioides (EE), followed by a natural polyploidization event (Lashermes et al.
1999, 2010; Cenci et al. 2012; Hamon et al. 2015). According to Sanglard et al. (2019),
the four Coffea with different ploidy levels presented distinct ISE responses: the
allotriploid HT (CC?E?) had a higher mean number of responsive explants in a shorter
period of time (from 3.62 to 15 days to 4.90 to 90 days), followed by the allotetraploid
C. arabica (C*C?E°E?, 2.17 to 15 days at 2.37 to 90 days), while the diploids C.
canephora (CC) and C. eugenioides (EE) had a lower mean number of responsive
explants (1.07 and 1.04 to 90 days, respectively). According to the evolutionary history,
it is believed that the genome of C. arabica (C*C?E®E?) has a greater contribution or
influence on the in vitro response in the autoallohexaploid HT (CCC2C?*E?E?), since the
mean number of responsive explants was similar.

The autoallohexaploid HT exhibited a lower response of friable callus induction
compared to its ancestor, despite having twice the in vitro response-related genes due to
its autopolyploid condition. After a polyploidization event, genetic changes occur
including structural chromosome rearrangements, aneuploidy, mutations in the DNA
sequence, duplicate genes loss, gene conversion, and epigenetic variations (Osborn et al.
2003; Soltis et al. 2004). Such genetic and epigenetic alterations trigger immediate and

long-term disturbances in the genome, epigenome, transcriptome and other “-omes”,
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experiencing a variety of collective phenomena that are termed "genomic shock™
(McClintock 1984). Thus, the autoallohexaploid HT did not meet the initial expectation
of having a better in vitro response than its allotriploid HT progenitor.

During the SE regeneration step, both the allotriploid and the autoallohexaploid
HT exhibited a slow response and a low regeneration rate of MCSE. However, the time
for MCSE regeneration was faster in the allotriploid HT than in the autoallohexaploid
HT. The relatively slow response and the low rate of MCSE regeneration of the
allotriploid HT were reported by Sanglard et al. (2019) when comparing in vitro
responses in Coffea among the diploids C. canephora (CC) and C. eugenioides (EE),
the allotriploid HT (CC?E?) and the true allotetraploid C. arabica (C*C?E?E?). According
to the authors, the allotetraploid C. arabica (C*C*E*E?) had a higher mean number of
MCSE in a shorter period of time (from 1.71 to 60 days to 9.94 to 180 days), while the
diploids C. eugenioides (EE) and C. canephora (CC) and the allotriploid (CC?E?)
presented lower mean MCSE and did not differ significantly (2.04, 0.29 and 1.00 to 180
days, respectively). Interestingly, in the second part of ISE (SE regeneration), the
autoallohexaploid HT (CCC?*C?E?E?) presented a morphogenic response similar to the
diploids C. canephora (CC) and C. eugenioides (EE) and to the allotriploid HT (CC?E?).
Therefore, based on our results and those of Sanglard et al. (2019), karyotypic
divergences (chromosome number, ploidy level and nuclear 2C value), origin
(allopolyploid and autoalopolyploid) and time of formation of polyploids (~0.665 Mya
for allotetraploid C. arabica, ~100 years for the allotriploid HT and 2 years for the
autoallohexaploid HT) influence the establishment of ISE in Coffea.

The allotriploid and the autoallohexaploid HT exhibited distinct levels of global
DNA methylation as well as varying methylation levels during ISE. The
autoalohexaploid HT showed higher levels of global methylation during all ISE,
probably due to the polyploid condition. After the whole genome duplication, epigenetic
changes occurred including the methylation of the cytosine (Sattler et al. 2016). In
addition, during the induction and proliferation, the friable callus presented lower values
of 5-mC%, while higher levels of 5-mC% were observed during the SE regeneration
stage. Therefore, changes in DNA methylation levels during the ISE are related to cells
acquiring competence, determination and differentiation. According to Karim et al.
(2016), DNA hypomethylation is associated with suppression of SE conversion and
maturation, and the hypermethylation is associated with SE regeneration. DNA

methylation is a reversible epigenetic mechanism that promotes dedifferentiation and
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redifferentiation of plant cells (Féher 2015; Peng and Zhang 2009). Therefore, our data
show that the increase in global methylation levels during the ISE plays a fundamental
role in the in vitro morphogenic response of newly formed polyploid plants.

Activated charcoal, the only difference between the media used for SE recovery,
influenced the mean levels of 5-mC% and the MCSE regeneration of the
autoallohexaploid HT. 8 and 16 g L™ of activated charcoal resulted in a faster
embryogenic response and provided a higher mean number of abnormal SE, indicating
at least the phytotoxic effect. In addition, these concentrations of activated charcoal
increased the mean levels of 5-mC% and, consequently, caused DNA hypermethylation.
The 5-mC% variations observed in the callus cells correspond to an adaptive response
to in vitro conditions. The probable cause of the rapid embryogenic response and the
high rate of regeneration of the abnormal SE, caused by the addition of activated
charcoal, is due to epigenetic factors. Elevated levels of 5-mC% in autoallohexaploid
HT friable calli may have repressed or silenced some genes that are involved in cell
differentiation, possibly adding a methyl group to the DNA promoter and causing the
formation of abnormal SE. According to Berdasco et al. (2008), hypermethylation of the
DNA caused repression of the genes mitogen-activated protein kinase 12 (mapk12),
glutathione S-transferase U10 (gstul0), beta-xylosidase 1 (bxI1), transparent testa
glabra 1 (ttgl), glutathione S-transferase F5 (gstf5), su(var)3-9 homolog8 (suvh8),
fimbrin and carotenoid cleavage dioxygenase 7 (ccd7) from in vitro response in
undifferentiated Arabidopsis thaliana cells. For the MCSE recovery, it is estimated that
3500 genes must be expressed, at least 40 are involved in the establishment of the
apical-basal embryonic axis. Thus, the cells differentiate and specialize to form the
different organs of the SE (von Arnold et al. 2002).

Abnormal SE via direct somatic embryogenesis of the allotriploid HT were also
observed by Sattler et al. (2016b). The authors reported that 6% of the regenerated SE
of the allotriploid HT exhibited limited and abnormal development, providing unusual
plantlets characterized by the occurrence of cotyledons fusion, absence of apical
meristem, hypocotyl thickening and callus formation. Although the formation of
abnormal SE of the allotriploid HT was not observed in the present work, the
regenerated abnormal SE of autoallohexaploid HT showed deformations similar to
those observed by Sattler et al (2016b).

In addition to the epigenetic variations, the formation of abnormal SE may be

associated with genetic alterations. However, our cytogenetic and flow cytometry data
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show that changes in the in vitro environment did not cause euploidy or aneuploidy in
autoallohexaploid HT. Abnormal SE and regenerated autoallohexaploid plantlets
presented mean values of 2C DNA (2C = 4.20) and a ploidy level identical to the
autoallohexaploid explant donor plantlets. The cytogenetic analysis confirmed that the
regenerated plantlets remained hexaploids, with 2n = 6x = 66 chromosomes. The
regenerated allotriploid HT plantlets also exhibited 2C DNA mean values (1C = 2.10
pg) and a chromosome number (2n = 3x = 33) equivalent to the allotriploid HT explant
donor plant, as well as the same ploidy level reported by Clarindo et al. (2013) for the
original allotriploid HT plants. Therefore, our data showed that the protocol of ISE did
not promote chromosomal alterations, resulting in the stability of the nuclear genome of

regenerated plantlets of allotriploid and autoallohexaploid.

Conclusions

Besides the propagation of the new synthetic autoallohexaploid HT, we here
report the consequences of short-term induced polyploidy in the ISE. The newly formed
polyploids of HT exhibit a worse response in vitro and higher methylated cytosine
levels than its allotriploid progenitor. In addition, as a response to the tissue culture
conditions, changes in DNA methylation occurred during ISE promoting the
competence, determination and differentiation of the plant cells. In conclusion, the
indirect somatic embryogenesis of the polyploid Coffea was influenced by ploidy level,

epigenetic and in vitro environmental.
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Abstract

Coffea arabica has been established in vitro to propagate superior genotypes. However,
different C. arabica genotypes present different responses in vitro. Epigenetic
modifications have been pointed out as one of the factors that influence these distinct
responses. Here, we aim to evaluate and compare the global cytosine methylation levels
of three C. arabica lines (‘Catuai Vermelho', 'Caturra’ and 'Oeiras’) during indirect
somatic embryogenesis, and to verify the ploidy level fidelity of the regenerated
plantlets. Leaf explants were inoculated in callus induction and proliferation medium.
After 90 days, the calli were transferred to regeneration medium, and the mature
cotyledonary somatic embryos were transferred to the seedling regeneration medium.
'Oeiras' exhibited the highest number of responsive leaf explants (4.30), followed by
‘Caturra’ (4.00) and 'Catuai Vermelho' (2.32). Cytosine methylation levels increased
over time in the friable calli of 'Catuai Vermelho' (20.73% at 60 days and 30.79% at 90
days) and 'Caturra’ (38.70% at 60 days and 53.40% at 90 days), remaining constant in
'Oeiras' (34.34% at 60 days and 33.51% at 90 days). 'Oeiras' did not regenerate somatic
embryos, while 'Catuai Vermelho' exhibited the highest number at all evaluated times.
Embryogenic calli of 'Catuai Vermelho' and 'Caturra’ showed different values of
methylated cytosine, with a mean value of 54.09% and 43.35%, respectively. Therefore,
a global increase in methylated cytosine is necessary for the regeneration of somatic
embryos in C. arabica. In addition, all regenerated plantlets exhibited mean values of

2C DNA (2C = 2.62 pg) and remained tetraploid, identical to the explant donor plant.

Keywords: Coffee; Epigenetic; Indirect somatic embryogenesis.
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Introduction

The coffee tree belongs to the genus Coffea, which includes approximately 103
species. Among these species, Coffea arabica L. has the greatest economic importance
representing about 61% of the world’s coffee production (ICO Report 2018). Coffee
production is onerous due to the long culture cycle and because it is subject to adverse
biotic and abiotic factors, limiting its productive potential (Santana-Buzzy et al. 2007;
Loyola-Vargas et al. 2016). Coffee breeding programs have sought to develop and
select more productive genotypes, resistant to biotic and abiotic stress, and adapted to
the soil conditions of marginal areas and with less environmental impact (Santana-
Buzzy et al. 2007). As the coffee plants are perennial and the conventional breeding
requires 30 to 35 years to select superior genotypes, corresponding to six or seven
cycles of self-pollination, the use and improvement of other strategies is fundamental
(Loyola-Vargas et al. 2016).

In this context, plant biotechnology coupled with conventional breeding has
contributed to genetic breeding in an attempt to create and develop superior genotypes
using more sophisticated and rapid techniques to meet farmers' expectations (Los
Santos-Briones and Hernandez-Sotomayor 2006; Campos et al. 2017). The plant tissue
culture applied to coffee breeding is an important biotechnological tool, since through in
vitro culture it is possible to: (a) propagate superior genotypes on a large scale (van
Boxtel and Berthouly 1996); (b) maintain, conserve and exchange germplasm (Naidu
and Sreenath 1998; Sanglard et al. 2019); (c) obtain homozygous plantlets from another
culture (Silva et al. 2011); (d) induce polyploidization (Sanglard et al. 2017) and
somaclonal variations (Sondahl et al. 1995; Sanchez-Teyer et al. 2003); (e) regenerate
transgenic cells or tissues (Ogita et al. 2003 and 2004; Da Silva and Menéndez-Y uffa
2003; Mishra and Slater 2012); and (f) overcome incompatibility barriers through
protoplast fusion (Schopke et al. 1987; Adams and Zarowitz 1994). However, for the
plant tissue culture techniques to be applied to coffee breeding as described above, a
prerequisite is that Coffea varieties, hybrids and species are established in vitro.

Indirect somatic embryogenesis (ISE) is a morphogenetic pathway that consists
of the cultivation of plant tissue segments in sterile and specific culture medium, in the
originating callus and, later, in the somatic embryos (SE) and plantlets. The capacity of
the plant cell to organize and give rise to a new plant identical to the explant donor plant

is based on the concept of cellular totipotency, postulated by Haberlandt in 1902



90

(Williams and Maheswaran 1986). Cellular totipotency involves complex mechanisms
of gene expression reprograming, cellular division and metabolism and cellular
development reprogramming (Fehér et al. 2003). The genetic (Sanglard et al. 2019),
epigenetic (Nic-Can et al. 2015; Fehér 2015) and physiological and/or morphological
(Santana et al. 2004; Fehér 2015) aspects of the explant donors, as well as the
conditions in vitro (van Boxtel and Berthouly 1996; Bychappa et al. 2019), influence
ISE.

In addition to the characteristics inherent to explant donors and the in vitro
environment, the epigenome also influences ISE (LoSchiavo et al. 1989; Nic-Can et al.
2013; Amaral-Silva et al. 2020). Epigenetic variations are defined as covalent
modifications that occur in chromatin, allowing cells to maintain distinct and different
characteristics, although they contain the same genetic material (Us-Camas et al. 2014;
Amaral-Silva et al. 2020). Variations in cytosine methylation levels have been reported
in plant cells grown in vitro as a mechanism that controls the morphogenetic processes,
since it regulates the expression of genes that are involved in somatic embryogenesis
such as wus (wuschel), lec 1 and 2 (leafy cotyledon 1 and 2), fus3 (fusca3), cucl (cup-
shaped cotyledon 1) and windl (wound-induced dedifferentiation 1), serk (somatic
embryogenesis receptor like kinase), bbm1 (baby boom 1) and agl15 (agamous-like 15)
(Fehér 2015; Karim et al. 2016; Kadokura et al. 2018). According to Nic-Can et al.
(2013), the cytosine hypermethylation has been associated with the increase, conversion
and maturation of SE in C. canephora by direct somatic embryogenesis.

In vitro propagation of Coffea via ISE has been associated with genetic
instability resulting from somaclonal variation (Sanchez-Teyer et al. 2003; Landey et al.
2015; Etienne et al. 2016; Bychappa et al. 2019). The somaclonal variation is associated
to genomic (nucleus, mitochondria and plastid) and/or epigenomic changes, which can
result in phenotypic variations of the regenerated plantlets in relation to the plant
explant donors — called genetic fidelity loss (de Oliveira et al. 2019). These variations
usually present cytological changes, such as chromosome number changes (aneuploidy
or polyploidy), chromosomal rearrangements (deletions, duplications, inversions, and
translocations), and/or modifications in DNA sequences (Phillips et al. 1994; Bairu et
al. 2011). Somaclonal variations can be verified and evaluated by flow cytometry
(Sattler et al. 2016, Sanglard et al. 2017, Konar et al. 2018), cytogenetics (Sattler et al
2016, Sanglard et al. 2017), molecular markers (Konar et al. 2018; Bychappa et al.
2019), DNA methylation (Grzybkowska et al. 2018; Kadokura et al. 2018), histone
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modifications (De-la-Pena et al. 2015) and microRNAs (Szyrajew et al. 2017), allowing
detailed analyses of the genome and epigenome at different levels.

In this study, we used three lines of C. arabica, '‘Catuai Vermelho', 'Caturra’ and
'Oeiras’, which originated from genetic recombination, mass selection and pedigree,
respectively, to understand the genotypic influence on the morphogenic response in
vitro and also to understand the role of global cytosine methylation. Thus, the present
study aimed to (a) establish, compare and evaluate the ISE in C. arabica 'Catuai
Vermelho', 'Caturra’ and 'Oeiras’ under the same in vitro condition, (b) measure,
compare and relate the global levels of methylated cytosine in these C. arabica lines
during the callus induction/proliferation and the SE regeneration, and (c) evaluate
ploidy level instability of the regenerated plantlets by chromosome counting and DNA

ploidy level.

Material and methods

ISE establishment

Completely expanded leaves of C. arabica 'Caturra’, 'Oeiras' and 'Catuai
Vermelho' were collected from orthotropic nodes of plants that have been maintained in
the germplasm bank of the Universidade Federal de Vicosa (UFV), Minas Gerais,
Brazil, 20° 45'S, 42° 52'W, under adequate phytosanitary and environmental conditions.
The collected leaves were used as explant source for ISE.

The collected leaves were washed with liquid detergent and rinsed with running
water for 2 h, and then disinfected in a laminar flow chamber by immersion in 70%
ethanol for 20 s, and 1.5% sodium hypochlorite solution for 20 min (Clarindo et al.
2012). Posteriorly, leave explants of 1 — 2 cm? were excised, and five fragments were
inoculated in Petri dishes containing callus induction medium (M1, Table 1). The callus
formation was evaluated biweekly until 90 days, and after, the calli were individually
transferred to SE regeneration medium (M2, Table 1, van Boxtel and Berthouly 1996;
Sanglard et al. 2019). The Petri dishes were kept in the dark at 25 £ 2°C. Mature
cotyledon somatic embryos (MCSE) regeneration was evaluated monthly up to 180
days. The MCSE were counted and transferred to the seedling recovery medium (M3,
Table 1, Sanglard et al. 2019). In each test tube, one MCSE was inoculated.

Subsequently, the test tubes were maintained in a growth room under a light/dark
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regime of 16/8 h with 36 umol m? st of light radiation supplied by two fluorescent
lamps (20 W, Osram®) at 25 + 2°C.

Global cytosine methylation (5-mC%)

Friable callus samples from 'Catuai Vermelho', 'Caturra’ and 'Oeiras’ were
separately collected after 60 and 90 days in callus induction and proliferation medium.
Embryogenic callus samples (callus showing an embryogenic response) from ‘Catuai
Vermelho' and 'Caturra’ were also separately collected after MCSE formation in SE
regeneration medium. Then, the collected samples were macerated separately in the
MagNALyser (Roche®, Germany) for 60 s at 7,000 rpm. Genomic DNA was extracted
according to Doyle and Doyle (1990) with the addition of 7.5 M ammonium acetate and
excluding the nocturnal period for DNA precipitation (Sanglard et al. 2017). DNA
concentration, quality and purity were determined using the NanoDrop
spectrophotometer (Thermo Scientific® 2000c) and DNA integrity was assessed by
0.8% agarose gel electrophoresis.

For the measurement of the 5-mC%, 30 pg of genomic DNA were diluted in 100
puL of dH20. Then, 50 puL of 70% (v/v) perchloric acid were added to the diluted DNA,
and then hydrolyzed for 1 h in a 100°C water bath. The pH of the hydrolysates was
adjusted between 3 — 5 with KOH (1 M) (Demeulemeester et al. 1999; Chen et al.
2013). Cytosine and 5-methylcytosine standard stock solutions were prepared by
weighing 0.44 mg cytosine and 0.55 g 5-methylcytosine and dissolving it in 0.1%
perchloric acid. Posteriorly, concentrations of cytosine and 5-methylcytosine stock
solution were 4 x 10% umol L and 20 pmol L, respectively (Chen et al. 2013). 5-
methylcytosine was analyzed according to Chen et al. (2013) by High Performance
Liquid Chromatography (Shimadzu® HPLC, model LC-20AT), which is equipped with
a photodiode array detector (SPD—M20A) using a silica-based reverse phase column Cig
(VP- 150 x 4.6 mm, 5 um). The sample separations were carried out under a specific
mobile phase of potassium dihydrogen phosphate (50 mmol L, pH 5.8) at a flow rate
of 0.5 mL min’, in which each component of the sample interacts in a different way
with the sorbent material, generating different speeds and leading to separation as they
run through the column. Cytosine and its methylated derivate detection were performed
at a wavelength of 285 nm. The 5-mC% was calculated by 5-mC% = [5-methylcytosine
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/| (cytosine + 5-methylcytosine)] x 10, comparing the values with cytosine and 5-
methylcytosine standards.

Ploidy level stability

Leaf fragments (2 cm?) from in vitro regenerated plantlets of C. arabica 'Catuai
Vermelho' and 'Caturra’ and of the internal standard Solanum lycopersicum L. (2C =
2.00 pg, Praca-Fontes et al. 2011) were co-chopped in nuclei extraction buffer (Otto
1990; Praca-Fontes et al. 2011). The suspensions were processed, stained (Otto 1990;
Sanglard et al. 2019) and analyzed on a flow cytometer (Partec® GmbH, Muenster,
Germany). The 2C value was measured considering the Go/G1 nuclei peak of the 'Catuai
Vermelho' or 'Caturra’ and of S. lycopersicum. In addition, the root meristem of the
regenerated plantlets of ‘Catuai Vermelho' and 'Caturra’ were collected, washed, fixed
and enzymatically macerated. The slides were prepared using cell dissociation and air
drying techniques (Sanglard et al. 2019). After staining with 5% Giemsa, mitotic images
were captured using a 100x objective and a CCD camera (Nikon Evolution™)
connected to a Nikon 80i microscope (Nikon, Japan). From the mean 2C value and
chromosome number, the DNA ploidy level was confirmed for the regenerated 'Catuai
Vermelho' and 'Caturra’ plantlets.

Statistical analysis

ISE responses of C. arabica 'Catuai Vermelho', 'Caturra’ and 'Oeiras’ were
compared during callus induction/proliferation and during SE regeneration stages. In the
callus induction and proliferation stage, statistical analysis was performed using the
mean number of responsive explants, which were defined by the presence of calli at 15,
30, 45, 60, 75 and 90 days, totaling 45 repetitions for 'Caturra’, 60 for Oeiras' and 102
for 'Catuai Vermelho'. To compare the mean number of responsive explants of 'Catuai
Vermelho', 'Caturra’ and 'Oeiras’ over time, an analysis of variance (ANOVA) was
applied and the mean values were compared by Tukey’s test (P < 0.05). During the SE
regeneration stage, an ANOVA was also performed for 'Catuai Vermelho' and 'Caturra’,
using the mean number of MCSE regenerated at 30, 60, 90, 120, 150 and 180 days,
totaling 116 repetitions for 'Caturra’ and 144 for 'Catuai Vermelho'. The mean values
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were compared by the F test (P < 0.05) and displayed with box-plot graphs. Then, a
regression analysis was performed at 5% of the probability level (P < 0.05).

The 5-mC% was measured during the callus induction/proliferation and the SE
regeneration stages. The ANOVA was applied to compare the 5-mC% of the 'Catuai
Vermelho', 'Caturra’ and 'Oeiras' friable calli collected at 60 (8 repetitions for 'Catuai
Vermelho', 9 for 'Caturra’ and 20 for 'Oeiras’) and 90 days (6 repetitions for 'Catuai
Vermelho' and 'Caturra’ and 20 for 'Oeiras’) in callus induction and proliferation
medium. Mean values were compared by Tukey’s test (P < 0.05). To compare the 5-
mC% in 'Catuai Vermelho' (7 repetitions) and 'Caturra’ (3 repetitions) friable calli in SE
regeneration medium, an ANOVA was applied and mean values were compared with
the F test (P < 0.05). All analyzes were performed using the software R (R Core Team
2018).

Results

C. arabica 'Catuai Vermelho', 'Caturra’ and 'Oeiras’ presented distinct values of
responsive explants (callus in the leaf fragment) over time. The first responsive explants
were observed at 15 days in callus induction and proliferation medium for all lines of C.
arabica. ‘Oeiras' exhibited the highest mean number of responsive explants (4.30),
followed by 'Caturra’ (4.00) and 'Catuai Vermelho' (2.32) (Fig. 1). There was no
significant difference among the mean number of responsive explants over time of the
lines. Callus proliferation gradually increased at 30 days, becoming visually stable at 90
days. The friable callus from all C. arabica lines showed pale-yellow coloration (Fig.
1).

‘Catuai Vermelho', 'Caturra’ and 'Oeiras' friable calli presented distinct mean
values of 5-mC% at 60 and 90 days. 5-mC% levels gradually increased over time for
‘Catuai Vermelho' (20.73% at 60 days and 30.79% at 90 days, Fig. 2a) and 'Caturra’
(38.70% at 60 days and 53.40% at 90 days, Fig. 2a). While for 'Oeiras' the friable calli
showed the same mean values equivalent to 34.34% at 60 days and 33.51% at 90 days,
not differing statistically (Fig. 2a). When comparing C. arabica lines at 60 and 90 days,
it is observed that the 'Oeiras' and 'Caturra’ friable calli exhibited 5-mC% mean values
equivalent to 34.34% and 35.35% at 60 days statistically differing in relation to 'Catuai
Vermelho', which exhibited an mean value of 20.73% (Fig. 2b). At 90 days, the
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‘Caturra’ friable calli showed mean values of 5-mC% equivalent to 50.40% statistically

distinct compared to 'Oeiras' and 'Catuai Vermelho', which presented equal mean values
equivalent to 33.51% and 30.80%, respectively (Fig. 2b).

Fig.

Number of responsive explants
Ly

4.30a

(

4.00b

. = 'Catuai Vermelho'
4 = 'Caturra’'
L

\‘> 'Oeiras’
“jl__

'Catuai Vermelho'

'Caturra’ 'Qeiras’

1 — Mean number of responsive explants of 'Catuai Vermelho', 'Caturra’ and

'Oeiras' in callus induction and proliferation medium. Note that C. arabica lines

exhibited distinct values of responsive explants. The highest mean number of

responsive explants was observed in 'Oeiras’, followed by 'Caturra’ and 'Catuai

Vermelho'. Bar = 2 mm.

70 1

60

5-mC %

20 4

40 1

30 4

. 60 days
’ 53402

[ 90 days l

38.70b

30.79a

20.73b

70 1

I 'Caturra'
50 1 2 'Oeiras’

50
3351a

34342 Ji

40 4

5-mC %

30

B ‘Catuai Vermelho'

5340a

38.70a

3351b

34342
l 3079

'Catuai Vermelho 'Caturra’

T 0

'Oeiras’

60 days 90 days

Fig. 2 — Graphics show the 5-mC% level measured for ‘Catuai Vermelho', ‘Caturra’ and

'Oeiras’ friable calli at 60 and 90 days. (a) Comparison of the global 5-mC% level at 60



96

and 90 days among each C. arabica line. (b) Comparison of the global 5-mC% level
between all C. arabica lines at 60 and 90 days.

During SE regeneration, C. arabica lines exhibited distinct MCSE mean values
over time (Figs. 3 and 4). The 'Catuai Vermelho' friable calli presented the first MCSE
at 30 days with a mean value of 0.03 MCSE, while the first MCSE of 'Caturra’ were
observed at 60 days with a mean value of 0.02 (Fig. 3). After, the mean number of
MCSE gradually increased for 'Caturra’ and 'Catuai Vermelho' (Figs. 3 and 4).
However, 'Catuai Vermelho' exhibited the highest mean number of MCSE at all time,
differing statistically from 'Caturra’ after 60 days (Fig. 3). The final mean number of
MCSE regenerated at 180 days was 0.24 and 12.25 for 'Caturra’ and 'Catuai Vermelho',
respectively (Fig. 3). No SE was recovered up to 180 days for 'Oeiras'.

During the SE regeneration, the responsive calli of 'Catuai Vermelho' and
‘Caturra’ presented different mean values of 5-mC%. The highest level of 5-mC% was
observed in responsive calli of 'Caturra’ with 54.09%, while the responsive calli of
‘Catuai Vermelho' exhibited mean value of 43.35% (Fig. 4). 'Catuai Vermelho' had a
12.56% (30.79 to 43.35%) increase of 5-mC%, while 'Caturra’ had a 0.69% increase
(53.40 to 54.09%) (Fig. 4). In general, the first ISE moment of induction and
proliferation of friable calli was characterized by lower values of 5-mC% (Fig. 2).
Meanwhile, the second ISE moment involving SE regeneration was marked by high
values of 5-mC% (Fig. 4).
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ISE was established for 'Catuai Vermelho' and 'Caturra’ (Fig. 5). The ES

exhibited distinct stages of development (globular, heart, torpedo and cotyledonary),

presenting an asynchronous response during ISE. SE regeneration continued for over

180 days for 'Catuai Vermelho' and 'Caturra’, with seedling recovery potential over

several months (Fig. 5). The embryogenic response of 'Catuai Vermelho' was classified
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as higher in relation to the other lines, regenerating a mean number of 12.25 MCSE per

callus. ISE was not established for 'Oeiras', as SE regeneration was not observed for 180

days. Karyotypic variations (number of chromosomes 2n, ploidy levels and nuclear

values of 2C) were not observed between explant donors and in vitro regenerated

plantlets (Fig. 6).
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Fig. 4 — Mean number of MCSE regenerated from 'Catuai Vermelho' and 'Caturra’ over

time. 'Catuai Vermelho' exhibited the highest mean number of MCSE compared to

'Caturra'. Regression analysis was significant for 'Catuai Vermelho' and ‘Caturra’ (P <

0.01). The responsive calli presented different mean values of 5-mC% with 43.35% and

54.09% for 'Catuai Vermelho' and 'Caturra’, respectively. The regenerated SE exhibited

different stages of globular, heart, torpedo and cotyledonary SE. Bar = 3 mm.
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Explant donor

Fig. 5— Response of ISE for C. arabica lines. ISE was established for 'Catuai Vermelho' (a) and 'Caturra’ (b), involving the induction and

proliferation stages of callus, followed by SE and plantlets regeneration. ISE was not established for 'Oeiras’ (c) as it did not regenerate SE

and plantlets.
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Discussion

In vitro procedures were developed under the same conditions to compare and
evaluate C. arabica lines 'Catuai Vermelho', ‘Caturra’ and 'Oeiras’ in relation to ISE
response. In addition, it was possible to determine, compare and associate global levels
of 5-mC% in the C. arabica lines during ISE responses and to evaluate the karyotype
stability of in vitro regenerated plantlets. The three tested C. arabica lines differed in
their in vitro response (mean number of responsive leaf explants, mean number of
MCSE and response time) and in their global 5-mC% levels. ISE was established for
‘Catuai Vermelho' and 'Caturra’ based on an improved and reproducible procedure
proposed by van Boxtel and Berthouly (1996) and Sanglard et al. (2019), involving the
callus induction and proliferation, followed by the SE and plantlets regeneration.
However, the ISE procedure (in vitro conditions) was not effective for 'Oeiras’, since
there were no SE recovered, the development remained in the callus phase. For ISE
establishment, differentiated plant cells must return to their undifferentiated state and
regain totipotency, giving rise to calli and later competence acquisition to regenerate SE
(Williams and Maheswaran 1986). According to Namasivayam et al. (2007), the
process of acquiring embryogenic competence by somatic cells should involve the
reprogramming of gene expression patterns, as well as changes in physiology and
morphology. These changes reflect dedifferentiation, activation of cell division, and a
change in cell fate through down-regulation of some genes operating in differentiated
cells and up-regulation of genes needed for transition (reviewed by Fehér 2015).
However, Campos et al. (2017) suggested an alternative hypothesis about totipotency,
in which meristematic cells are able to differentiate into SE without going through the
dedifferentiation. These meristematic cells maintain their totipotency throughout the
development of the plant and, under the right stimulus, multiply and differentiate to
form a new SE.

During the callus induction and proliferation, 'Oeiras' leaf explants were the
most responsive, providing friable calli in the relatively short time of one month,
followed by 'Caturra’ and 'Catuai Vermelho' (Fig. 1). In the second ISE step (acquisition
of competence, determination and differentiation of friable callus cells and regeneration
of SE), a higher mean number of MCSE was observed for 'Catuai Vermelho' compared
to 'Caturra’, which presented the highest mean number of responsive explants (Figs. 1, 3

and 4). Therefore, our data show differences between all three C. arabica lines,
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suggesting that the in vitro response is dependent and influenced by the genotype. The
‘Caturra’ lines originated from a natural mutation of the 'Bourbon' line; the breeding
method was mass selection based on the phenotype without progeny testing (Mendes et
al. 2008). The 'Oeiras' line was developed by the pedigree method from the hybrid
‘CIFC HW 26/5°, which was obtained from a crossing between 'Caturra Vermelho'
(CIFC 19/1) and “Hibrido de Timor” ‘CIFC 832/1° (Mendes et al. 2008). The 'Catuai
Vermelho' originated from a recombination of the 'Caturra Amarelo' and '"Mundo Novo'
lines (Mendes et al. 2008). Therefore, all C. arabica lines here under study originated
and were selected by different breeding methods and have a restricted but different
genetic base, which may have influenced the in vitro response. Corroborating, other
studies also showed that in vitro response in C. arabica is genotype dependent and
influenced by the in vitro environment (Bieysse et al. 1993; van Boxtel and Berthouly
1996; Samson et al. 2006). Bieysse et al. (1993), evaluating the in vitro ISE responses
of the commercial C. arabica ‘Caturra Rojo’ and the wild type C. arabica of the
Ethiopian (ET 25.1, ET 20.1, ET 1.1, ET 12.4, ET 12.5, KF 2.1 and KF 6.3), observed
that only KF 2.1, ET 25.1, ET 12.5 and ET 1 regenerated SE and plantlets.

Our data show that the in vitro tissue culture condition alters the methylation
patterns, as global levels of 5-mC% increased gradually over time in 'Catuai Vermelho'
friable calli (20.73% at 60 days and 30.79% at 90 days) and 'Caturra’ (38.70% at 60
days and 53.40% at 90 days). Variations in global 5-mC% levels were also observed
between C. arabica lines during the SE regeneration. The increase in the global level of
5-mC% observed in in vitro established C. arabica lines is associated with a chromatin
remodeling from a eucromatic to a heterochromatic state. Cytosine methylation is a
conserved epigenetic modification that plays an important role in chromatin remodeling
(Zhang et al. 2018) and transcriptional control of gene expression, influencing the
somatic embryogenesis establishment (Nic-Can et al. 2013; Pasternak and Dudits 2019).
In addition, cytosine methylation is associated with controlling genome stability by
suppressing transcription of mobile DNA elements in plants (Kidwell and Lisch 2007).
Cytosine methylation can be passed down through several generations or induced by in
vitro environmental stimuli: stress, culture medium, growth regulators and culture
system (Zhang et al. 2018). According to Chen and Li (2004), the level of cytosine
methylation in plants varies from 6 to 30% in somatic cells. This high degree of
cytosine methylation in plants is attributed to the fact that, in plants, methylation can be

present in three CG islands, CHG and CHH, where H can be any deoxynucleotide,
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being more common in CG islands, characteristic of transposons, mainly due to the high
presence of these elements in plant genomes.

The mechanisms of gene regulation have been the subject of studies on several
plant species of agronomic interest, in order to investigate and elucidate morphogenetic
events in vitro (Zhang et al. 2018; Pasternak and Dudits 2019; de Oliveira et al. 2019).
According to Nic-Can et al. (2013), epigenetic changes in somatic embryogenic tissues
of Coffea canephora are controlled by histone modifications and 5-mC%. As observed
in this study, an increase of 5-mC% was necessary for the regeneration and maturation
of the SE in C. arabica ‘Caturra’ and ‘Catuai Vermelho’. The increase of 5-mC%
observed in these C. arabica lines during the ISE may have silenced a large number of
genes that are not involved in the process of cell induction and dedifferentiation,
acquisition of competence and SE formation. This result corroborates with Nic-Can et
al. (2013) and de Oliveira et al. (2019) when they investigated the structural,
physiological and molecular events that occur during embryonic development.

The occurrence of somaclonal variation is undesirable in plant tissue culture, as
a high level of somaclonal variation can ruin a possible genotype. According to Landey
et al. (2013), low rates of somaclonal variation were identified in C. arabica genotypes
using molecular markers. Corroborating, Etienne et al. (2016) noted that 99% of C.
arabica trees regenerated in vitro are in compliance with the explant donor plant and
that phenotypic variants are induced by aneuploidy, showing that this somaclonal
variation occurs during in vitro propagation. However, genetic somaclonal variations
(euploidy and aneuploidy) were not observed in the present study between in vitro
regenerated plantlets in relation to leaf explant donors. Flow cytometry analysis showed
that the regenerated plantlets had mean 2C DNA values (2C = 2.62 pg) and ploidy level
identical to those of the explant donor plant. In addition, the cytogenetic approach
confirmed that regenerated plantlets of 'Catuai Vermelho' and 'Caturra’ remain
tetraploid, with 2n = 4x = 44 chromosomes. Therefore, our data showed that the ISE
protocol is reproducible, viable and safe, since it did not promote chromosomal

alterations.

Conclusions

'Catuai Vermelho' was the C. arabica line that exhibited the best in vitro

response to the proposed in vitro conditions, regenerating the highest mean number of



104

SE. Cytosine methylation is a dynamic and variable mechanism and the increase in
methylation is necessary for the regeneration and maturation of SE in C. arabica lines,
since this increase is associated with a chromatin remodeling from the euchromatic to
the heterochromatic state. In vitro regenerated plantlets were identical to explant donor
plants and therefore no karyotype and phenotypic variations were identified. The culture
medium has been shown to be efficient, reproducible and viable as it maintains genetic
fidelity and can be applied when multiplying the superior Coffea genotypes.
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Abstract

Indirect somatic embryogenesis is a morphogenic pathway in which somatic cells form
callus and, later, somatic embryos. 2,4-dichlorophenoxyacetic (2,4-D) is a synthetic
auxin widely used in indirect somatic embryogenesis, influencing the development of
the somatic embryos. During somatic embryogenesis, variations in DNA methylation
patterns have been reported as fundamental for the acquisition of embryogenic
competence. From indirect somatic embryogenesis in Coffea arabica and Coffea
canephora, we aimed to evaluate the global methylated cytosine and the 2,4-D effect, as
well as its genotoxic effect. Leaf explants were inoculated in media with different 2,4-D
concentrations. After 90 days, the calli were transferred to regeneration medium of
somatic embryos, and the number of normal and abnormal somatic embryos was
counted monthly. The increase of the of 2,4-D concentration increased the number of
responsive explants in C. arabica and C. canephora. At concentrations of 9.06, 36.24
and 54.36 uM 2,4-D, C. arabica presented the highest values of responsive explants,
differing from C. canephora. The regeneration of normal and abnormal somatic
embryos increased in relation to the time and 2,4-D concentrations. Global methylated
cytosine levels varied at different stages of indirect somatic embryogenesis in both
Coffea. In addition, 2,4-D concentration was correlated with global methylation levels.
The abnormal somatic embryos of C. arabica and C. canephora exhibited nuclei with
DNA damage, probably induced by 2,4-D. Therefore, we concluded that this synthetic
auxin promotes genotoxic and phytotoxic damages in Coffea somatic embryos. In
addition, variations in global cytosine methylation levels are an adaptive response to

environmental conditions in vitro, mainly to the growth regulator - 2,4-D.

Keywords: Coffee; Epigenetic; Plant tissue culture; Comet Assay.
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Introduction

Coffee is an important tropical product that has been highlighted due to it is the
source of income for many developing countries. Brazil is the world's largest producer
of coffee beans, with a contribution of 30% of the international market, an amount
equivalent to the sum of the production of the other five largest producing countries.
The genus Coffea comprises about 103 species (Davis et al. 2006), with Coffea arabica
and Coffea canephora being the most economically important. The first is an
autogamous allotetraploid species with 2n = 4x = 44 chromosomes and 2C = 2.62 pg,
while the second is a allogamous diploid species with 2n = 2x = 22 chromosomes and
2C = 1.41 pg. The first in vitro approaches involving these species by somatic
embryogenesis were carried out by Staritsky (1970) for C. canephora and by Séndahl
and Sharp (1977) for C. arabica, aiming at the mass propagation.

Indirect somatic embryogenesis (ISE) is a morphogenic pathway that involves
the callus formation and, later, of somatic embryos (SE) regeneration, in a sterile and
appropriate in vitro conditions, from the inoculation of tissues from plant explant donors
— based on the Totipotency Theory (Maximova et al. 2002; Fehér et al. 2003). Although
totipotency is a characteristic of plant cells, not all plant cells express it (Germana and
Lambardi 2016). According to Queiroz-Figueroa et al. (2006), the ability of a given
tissue to generate SE is a characteristic restricted to a limited fraction of the cells. For
differentiation, cells need to acquire competence and become determined to follow a
new morphogenic pathway (Leite et al. 2019). A new hypothesis has been proposed by
Campos et al. (2017), in which meristematic cells are able to differentiate into SE
without going through the process of dedifferentiation. From in vitro approaches, it is
possible to elucidate the biological issues involved in the dedifferentiation, proliferation
and regeneration of SE and plantlets, allowing a detailed analysis of the genome and
epigenome at different levels, as well as their interaction (Amaral-Silva et al. 2020).

The in vitro environment influences the ISE, since the morphogenetic response
is determined by the action of environmental stimuli through the composition of the
culture medium, phytoregulators, photoperiod and pH (Fehér et al. 2003; Zavattieri et
al. 2010; Vanstraelen and Benkova 2012). 2,4-dichlorophenoxyacetic (2,4-D) growth
regulator is widely used in ISE in Coffea (van Boxtel and Berthouly 1996; Sanglard et
al. 2017 and 2019), as it plays a crucial role in the process of cell dedifferentiation and
SE multiplication (Lloyd et al. 1980; Pasternak 2002; Raghavan 2004; Vondrékova et
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al. 2011). This growth regulator is related to the cell division processes at the S input
and the G»-M transition (Teale et al. 2006), and also to the cell expansion processes
(Perrot-Rechenmann 2010). However, the high exposure of the explant to 2,4-D results
in the formation of abnormal somatic embryos (ASE), due to the interruption of the
genetic and physiological processes of the cells, since they cause a rapid efflux of
protons, enzymatic activation, transcription and translation of proteins and synthesis of
polysaccharides, resulting in loss of cell wall stability, depletion of reserves and
inactivation of cell repair mechanisms (Cruz et al. 1990; Stuart and McCall 1992;
Tokuji and Masuda 1996; Gaj 2004; Pescador et al. 2008; Vondrakova et al. 2011). The
main abnormalities exhibited in SE are fusion of two or more embryos, absence of
apical and root meristems, translucent embryos, multiple cotyledons and loss of
bipolarity (reviewed by Garcia et al. 2019).

Although 2,4-D causes cytological, epigenetic and genetic changes in cells,
such as aneuploidy or polyploidy, DNA methylation, chromosomal rearrangements,
changes in DNA sequences and/or loss of nuclear DNA and promotes somaclonal
variations (LoSchiavo et al. 1989; Phillips et al. 1994; Leljak-Levani¢ et al. 2004; Bairu
et al. 2011; Fraga et al. 2012; Fehér 2015), this growth regulator is the most used in
most embryogenic systems that require the initial presence of auxins in the pre-
incubation or induction stages (van Boxtel and Berthouly 1996; Sanglard et al. 2017 and
2019; Bychappa et al. 2019; Amaral-Silva et al. 2020). In Coffea, the use of this growth
regulator causes genomic and epigenomic changes in plants regenerated in vitro, leading
to loss of genetic fidelity and the formation of ASE, which may be undesirable in plant
propagation programs (Landey et al. 2013 and 2015; Etienne et al. 2016; Bychappa et
al. 2019). For example, Etienne et al. (2016) observed phenotypic variants in C. arabica
trees regenerated in vitro induced by aneuploidy. Bychappa et al. (2019) analyzed that
C. arabica plants regenerated in vitro did not show genetic fidelity with their mother
plant, since the differential fragments amplified by SRAP primers in the regenerated
plants revealed the occurrence of somaclonal variation in the coding region with
functional attribution to zinc finger protein. Landey et al. (2013) revealed through
molecular analyzes that genetic and epigenetic changes are particularly limited during
somatic embryogenesis in C. arabica, and that the main modification in most
phenotypic variants is aneuploidy, indicating that mitotic changes play a major role in
somaclonal variation in Coffea. Later, Landey et al. (2015) when identifying the

mechanisms associated with somaclonal variation, showed that the methylation
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polymorphism in C. arabica plantlets regenerated in vitro was low and varied between
0.087 and 0.149% and that aneuploidy (monosomy) was systematically found in
phenotypic variants. In addition, the authors revealed that the allopolyploid structure of
C. arabica allowed aneuploid cells to survive and regenerate viable plants.

Epigenetics is a regulatory mechanism sensitive to the environment that
influences the development of the organism and the process of its inheritance (Yakovlev
et al. 2011; Bréautigam et al. 2013; Wang et al. 2020). During somatic embryogenesis,
DNA methylation, histones and miRNAs are susceptible to epigenetic changes, since it
regulates/controls morphogenetic processes in vitro (Nic-Can et al. 2013; Fehér 2015;
Griffiths et al. 2015; Amaral-Silva et al. 2020; Wang et al. 2020). These epigenetic
variations are transient and can be constantly altered through DNA methylation,
acetylation, phosphorylation, methylation and ubiquitination of histones (Becker and
Weigel 2012; Brautigam et al. 2013; Fehér 2015; Wang et al. 2020). However, to
promote and stimulate cell proliferation and the formation of SE and plantlets, genetic
and epigenetic factors need to be in coordination (Smulders and de Klerk 2011; Miguel
and Marum 2011; Leite et al. 2019). When genetic and epigenetic factors are not in
coordination, the main problem of somatic embryogenesis occurs, which is the large-
scale production of abnormal embryos (Marquez-Lopez et al. 2017; Garcia et al. 2019).
As embryo abnormalities tend to be associated with physiological disorders and/or
somaclonal variations where point mutations or epigenetic changes can influence the
development of the embryo and, consequently, the resulting plant morphology
(Bobadilla Landey et al. 2015; Marquez-L6pez et al. 2017; Garcia et al. 2019), it is
essential to quantify the levels of global methylation during the entire process of
indirect somatic embryogenesis and to evaluate the genotoxic effect of 2,4-D in the
regeneration of SE in Coffea. In addition, it is important to relate 2,4-D concentrations
to methylation levels, given that this growth regulator promotes genetic and epigenetic
changes. The detection of genetic changes and the genotoxic effect of 2,4-D in ASE can
be verified by means of comet assays that allow the detection of very small changes -
not yet fully determined - cell by cell in the DNA structure, providing a more detailed
analysis of the genome (Koppen et al. 1999). To date, the comet assay has not been used
with this approach in plant tissue culture.

Thus, we aimed in C. arabica and C. canephora to: (a) quantify the levels of
global methylated cytosine during ISE, (b) determine the best concentration of 2,4-D in

the induction and proliferation of friable callus, well as its genotoxic effect in the
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regeneration of SE, and (c) relate the concentrations of 2,4-D whint levels of global

methylation and genetic changes.

Material and methods

Biological material

C. arabica and C. canephora plantlets kept in vitro (Universidade Federal do
Espirito Santo, Espirito Santo, Brazil) were used as explant donor. These plantlets have
been cultivated in medium consisting of 4.3 g L™ basal MS (Murashige and Skoog,
1962) salts, 10 mL L B5 vitamins, 30 g L sucrose, 2.8 g L™ Phytagel and pH = 5.6
(Sanglard et al. 2019). Leaves were excised for ISE, nuclear DNA content measurement
by flow cytometry, ploidy level determination (Sanglard et al. 2019) and global
methylated cytosine (Amaral-Silva et al. 2020).

Callogenesis

Five leaf fragments (2 cm?) of each C. arabica and C. canephora explant donor
plant were individually inoculated in Petri dishes containing 15 mL friable callus
induction medium constituted with 2.15 g L™ %2 MS basal, 10 mL L™ B5 vitamins, 30 g
Lt sucrose, 0.08 g L L-cysteine, 0.4 g L malt extract, 0.1 g L™ hydrolyzed casein,
4.44 uM 6-benzylaminopurine (BAP), 2.8 g L™ Phytagel, pH = 5.6, and supplemented
with 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D. Ten Petri dishes for each 2,4-D
concentration were prepared for C. arabica and C. canephora. The culture media were
sterilized at 121°C and 1.5 atm for 20 min. Petri dishes were maintained in the dark at
25 + 2°C for 90 days. Friable callus formation was evaluated biweekly and after 90 days
some samples were collected to extract genomic DNA and determine the level of global

methylation.

Embryogenesis and plantlet regeneration

Friable callus of C. arabica and C. canephora were individually inoculated in
Petri dishes containing 15 mL of SE regeneration medium consisting of 4.3 g L basal
MS, 10 mL L B5 vitamins, 30 g L™ sucrose, 0.04 g L L-cysteine, 0.8 g L™ malt
extract, 0.2 g L hydrolyzed casein, 4.44 uM BAP, 2.8 g L Phytagel, and 4 g L
activated charcoal, pH = 5.6 (Sanglard et al. 2019), totaling 60 repetitions for C. arabica
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and 44 for C. canephora. The culture media were autoclaved at 121°C and 1.5 atm for
20 min and changed every three months. Petri dishes were kept in the dark at 25 + 2°C
for 240 days. The regeneration of normal mature cotyledon somatic embryo (MCSE)
and ASE was monthly evaluated. Samples of embryogenic callus, MCSE and ASE were
collected to extract genomic DNA and determine the level of global methylation. In
addition, the MCSE and ASE samples were used for the comet assay.

The MCSE were individually transferred to a test tube containing plantlet
regeneration medium consisting of 4.3 g L™ basal MS, 10 mL L B5 vitamins, 30 g L
sucrose, 2.8 g L Phytagel and pH = 5.6 (Sanglard et al. 2019). Culture media were
autoclaved at 121°C and 1.5 atm for 20 min. Test tubes were maintained at 24°C + 2°C
under a 16:8 h (light/dark) cycle with light irradiation of 36 umol m=2 s provided by

two fluorescent lamps (20 W, Osram®).

Global methylated cytosine

The collected samples (leaf from the donors of explants, friable callus,
embryogenic callus, MCSE and ASE) were macerated separately in the MagNALyser
(Roche®, Germany) for 60 s at 7,000 rpm. Genomic DNA was extracted according to
Doyle and Doyle (1990), with modifications, adding 7.5 M ammonium acetate and
excluding night precipitation. The concentration, purity and integrity of the DNA was
determined by electrophoresis on 0.8% agarose gel and by a NanoDrop
spectrophotometer (Thermo Scientific® 2000c). 15 pg of genomic DNA was diluted in
50 uL of dH20 and then 25 pL of 70% (v/v) perchloric acid was added and the samples
were hydrolyzed for 1 h in a dry bath at 100°C. The pH of the hydrolysates was
adjusted between 3 and 5 with KOH 1.0 mol L solution (Demeulemeester et al. 1999;
Chen et al. 2013). In this step, the formation of a precipitate, white solid, of potassium
perchlorate (KCIO4) occurred. Subsequently, the hydrolysates and precipitates were
centrifuged at 10,000 rpm for 5 min. The supernatant (hydrolysates) was collected and
transferred to a new microtube. The microtube containing the precipitate was washed
twice with 200 puL of dH-O and centrifuged for 10,000 rpm for 5 min. Then, the
supernatant was transferred to the microtube containing the hydrolysate. The samples
were placed in SpeedVac. After solvent evaporation, the samples were stored in the
refrigerator. To determine the global methylation level, the lyophilized samples were

suspended in 100 uL. of dH2O and analyzed in high performance liquid chromatography
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(HPLC Shimadzu®, model LC-20AT) equipped with a photodiode matrix detector (SPD
- M20A) using a column of reverse phase Cig based on silica (4.6 x 250 mm, 5 um),
according to Demeulemeester et al. (1999).

From 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D, the global methylation cytosine
was measured for: a) 20 samples of friable callus of C. arabica and C. canephora,
totaling 5 repetitions for each treatment; b) 12 samples of embryogenic callus of C.
arabica and C. canephora, totaling 3 replicates for each treatment; c) 12 ASE samples
from C. arabica, totaling 3 replicates for each treatment; d) 3 samples of C. canephora
ASE from 72.48 uM 2.4-D because in other concentrations there was not enough
biological material; e) 3 MCSE samples from C. arabica and C. canephora; and f) 3

samples of explant donors from C. arabica and C. canephora.

Comet assay

To perform the Comet assay, the slides were prepared one day before, immersed
in normal 1% agarose at 60°C, dried and stored in 4°C. The MCSE and the ASE of C.
arabica and C. canephora were individually collected and chopped with a razor blade
in 300 pL of nuclear isolation solution (400 mM Tris-HCI pH 7.5, 20% polyethylene
glycol — PEG). The resulted suspension was filtered through a 30 um nylon filter and
kept in the dark for 5 min. Subsequently, 40 puL of the nuclear suspension and 60 puL of
1% low-melting agarose at 39°C was mixed and placed onto the slide. The slides were
covered with a coverslip (24 x 50 mm) and incubated at 4°C for 15 min, then at -22°C
for 1 min. The coverslips were removed and the slides incubated in lysis solution (2.5 M
NaCl, 100 mM EDTA and 10 mM Tris) for 15 min. Then, the slides were transferred to
a previously cooled electrophoresis through containing alkaline electrophoresis buffer
(250 mM Tris, 10 mM NaOH and 1 mM EDTA, pH 12), where they were incubated for
5 min for DNA unfolding and then electrophoresed at 18 V for 15 min. After
electrophoresis, the slides were incubated in neutralization buffer (400 mM Tris, pH
7.5) for 15 min and then stained with 100 pL of acridine orange 50 mM for 15 min, and
washed in cold dH>O. The slides were analyzed under a 20x objective accoupled in a
fluorescence microscope Olympus BX-60 (Olympus, Toquio, Japdo) and nucleoids
images were captured with a Photometrics CoolSNAP Pro cf (Roper Scientific, Tucson,
AZ). 300 nucleoids per slide were evaluated, totaling 4 repetitions for the MCSE of C.
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arabica and C. canephora and 4 repetitions for the ASE of C. arabica and C.
canephora regenerated from friable callus in 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D.

Statistical analysis

ISE responses of C. arabica and C. canephora were compared during the stages
of callus formation and of SE regeneration. During the callogenesis, the number of
responsive explants of C. arabica and C. canephora were evaluated at 15, 30, 45, 60, 75
and 90 days for the 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D,. The mean values were
compared from analysis of variance (ANOVA) and Tukey's test (P < 0.05). Then, a
regression analysis (P < 0.05) was applied using the R software (Core Team 2016). The
number of regenerated MCSE and ASE were evaluated at 15, 30, 45, 60, 75 and 90
days, applying ANOVA. The data did not present a normal distribution and the mean
values were compared using the Bonferroni test (P < 0.05). Then, a regression analysis
(P < 0.05) was applied using the R software (Core Team 2016).

To understand the influence of global methylation cytosine during the ISE in C.
arabica and C. canephora, the global 5-mC% level was measured in donor explant
plants, friable callus, embryogenic callus, ASE and MCSE. ANOVA was applied to
compare the global methylation cytosine level of friable callus, embryogenic callus,
ASE and MCSE of C. arabica and C. canephora that were originated from the
induction medium supplemented with 9.06, 36.24, 54,36 and 72.48 uM 2,4-D. The
mean values were compared using the Tukey's test (P < 0.05). A new ANOVA was
applied disregarding the factor 2,4-D to assess and compare the levels of global
methylation in all stages of the ISE (explant donor, friable callus, embryogenic callus,
ASE and MCSE), since there was no material vegetable available in all concentrations
of 2,4-D during the different stages of ISE and also to give an overview of the patterns
of global methylation throughout the process of ISE. The mean values were compared
using the Tukey's test (P < 0.05).

The influence of the 2,4-D on the ASE regeneration of C. arabica and C.
canephora was verified from the Comet Assay performed with MCSE (control) and
ASE regenerated from friable callus originated in induction medium supplemented with
9.06, 36.24, 54.36 and 72.48 uM 2.,4-D. The number of nucleoids with DNA damage
was counted and, later, ANOVA was applied. The mean values were compared using
the Tukey's test (P < 0.05).
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Results

Callogenesis

C. arabica and C. canephora exhibited a distinct mean number of responsive
explants (leaf fragment with callus) over time influenced by the friable callus induction
medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D (Figs. 1 and 2). The
first responsive explants of C. arabica and C. canephora were observed at 30 days for
all media of callus induction and proliferation. C. arabica exhibited the highest mean
number of responsive explants in the media supplemented with 9.06, 36.24 and 54.36
uM of 2,4-D at all times evaluated, differing of C. canephora (Fig. 3). At the
concentration of 72.48 uM, the mean number of responsive explants of C. arabica and
C. canephora were statistically equal (Fig. 3).

When analyzing the Coffea species individually, it is observed that the 2,4-D
concentrations influenced the mean number of responsive explants in C. arabica at 30
days (Fig. 4). 36.24 uM of 2,4-D exhibited the highest mean number of responsive
explant and differed from 9.06 and 72.48 uM (Fig. 4). After 30 days, the number of
responsive explants of C. arabica was statistically equal (Fig. 4). When analyzing C.
canephora, it is observed that the concentrations of 2,4-D influenced the mean number
of responsive explants at all times evaluated (Fig. 3). 72.48 uM 2,4-D exhibited the
highest mean number of responsive explant at all times evaluated, differing from the
36.24 and 54.36 uM, and these greater than the 9.06 uM concentration (Fig. 4). The
callus proliferation of C. arabica and C. canephora gradually increased at 60 days,
becoming visually stable at 90 days. In addition, all callus showed a pale yellow and

friable appearance (Fig. 1).
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Fig. 1 — Response surface showing the influence of time (in days) and 2,4-D
concentration (in uM) on the mean number of responsive explants of C. arabica. (e)
The graph shows that the mean number of responsive explants increased in relation to
the exposure time and the concentration of 2,4-D, as can be seen in the figure opposite.
Friable callus of C. arabica originated in induction medium supplemented with 9.06 (a),
36.24 (b), 54.36 (c) and 72.48 (d) uM of 2,4-D. The adjusted quadratic model was
significant (P < 0.05) by regression analysis: Z = 0.56 + 0.052X -0.1X2+ 0.54Y. Bar =

1cm.

Fig. 2 — Response surface showing the influence of time (in days) and 2,4-D
concentration (in M) on the mean number of responsive explants of C. canephora. (e)
The graph shows that the mean number of responsive explants increased in relation to
the exposure time and the concentration of 2,4-D, as can be seen in the figure opposite.
Friable callus of C. canephora originated in induction medium supplemented with 9.06
(@), 36.24 (b), 54.36 (c) and 72.48 (d) uM of 2,4-D. The adjusted quadratic model was
significant (P < 0.05) by regression analysis: Z = -1.15 + 0.026X + 0.25X2-0.11Y. Bar

=1lcm.
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Fig. 3 — Comparison of the mean number of responsive explants of C. arabica and C. canephora in induction medium supplemented with 9.06, 36.24,
54.36 and 72.48 uM 2,4-D at 30, 45, 60, 75 and 90 days. The graph shows that the mean number of responsive explants was higher in C. arabica than
in C. canephora at all times evaluated at concentrations of 9.06, 36.24 and 54.36 uM 2,4-D by the test Tukey's (P < 0.05). At the concentration of

72.48 uM, there was no significant difference.
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Fig. 4 — Comparison of the mean number of responsive explants in induction medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D in C.
arabica and C. canephora at 30, 45, 60, 75 and 90 days. In C. arabica, at 30 days the median number of responsive explants was higher at the
concentration of 26.24 uM 2,4-D and differed from the concentration of 9.06 uM.. After 30 days, 2,4-D concentrations were statistically equal. In C.
canephora, 2,4-D concentrations influenced the induction of responsive explants at all times evaluated. The highest mean number of responsive

explants was observed at a concentration of 72.48 uM 2.4-D.
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Embryogenesis and plantlet regeneration

During the SE regeneration stage, C. arabica and C. canephora exhibited
different MCSE mean values and, in addition, ASE regeneration was observed. The
origin of the friable callus (9.06, 36.24, 54.36 or 72.48 uM 2,4-D) and the time (30, 60,
90, 120, 150, 180, 210 and 240 days) influenced the regeneration of MCSE and ASE
from C. arabica and C. canephora (Figs. 5 and 6). The first MCSE and ASE were
observed at 60 days for C. arabica with a mean of 0.05 MCSE and 0.03 ASE per callus,
and at 90 days for C. canephora with a mean of 0.05 MCSE and 0.07 ASE per callus
(Figs. 5 and 6). The regeneration of MCSE and ASE for both Coffea species increased
over time, according to the concentrations of 2,4-D to which the friable callus was
originated and exposed (Figs. 5 and 6).

C. arabica exhibited the highest mean number of MCSE and differed from C.
canephora at concentrations of 9.06 and 72.48 uM 2,4-D (Fig. 7a). MCSE regeneration
increased over time for all 2,4-D concentrations, but only at the concentration of 72.48
uM, a significant difference was observed (Fig. 7b). The greatest regeneration of MCSE
was observed at 210 days in C. arabica and subsequently remained constant (Fig. 8a).
In C. canephora, MCSE regeneration increased progressively up to 240 days (Fig. 8a).
C. arabica regenerated more MCSE than C. canephora up to 150 days. Subsequently,
C. canephora regenerated more MCSE than C. arabica and differed at 240 days (Fig.
8b).

Friable callus of C. arabica that originated in the culture medium with 72.48 uM
2,4-D exhibited mean values of 10.7, 16.7, 24, 44.1 and 47.5 ASE per callus in 120 ,
150, 180, 210 and 240 days, respectively, differing from C. canephora, which presented
an mean value of 1.5, 6, 12.1, 18.6 and 19.9 ASE per callus (fig. 9).

Friable callus of C. arabica in concentration of 72.48 uM 2,4-D exhibited mean
values of 10.7, 16.7, 24, 44.1 and 47.5 ASE per callus at 120, 150, 180, 210 and 240
days, respectively, differing from C. canephora, which showed an mean value of 1.5, 6,
12.1, 18.6 and 19.9 ASE per callus (Fig. 9). However, concentration of 9.06 uM 2,4-D,
the friable callus of C. arabica regenerated more ASE than C. canephora at 180, 210
and 240 days, showing an mean value of 8.4, 17.9 and 17.9 ASE per callus, respectively
(Fig. 9). The regeneration of ASE in C. arabica increased with time for all
concentrations of 2,4-D, but only at concentrations of 9.06 and 72.48 uM, significant

differences were observed. In these concentrations, ASE regeneration increased up to
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210 days and showed mean values of 17.9 and 45.5 ASE per callus (Fig. 10). In C.
canephora, ASE regeneration increased over time and differed in the concentration of
72.48 uM 2,4-D (Fig. 10).
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Fig. 5— Response surface showing the influence of time (in days) and the origin of friable callus exposed to 9.06, 36.24, 54.36 and 72.48 uM de
2,4-D on SE regeneration in C. arabica. Mean number of MCSE (a) and ASE (b) increased over time according to the 2,4-D concentrations to
which the friable callus were exposed (9.06, 36.24, 54.36 and 72.48 uM). (c) Embryogenic callus of C. arabica with the presence of MCSE and
ASE. The adjusted quadratic model was significant (P < 0.05) by regression analysis: (a) Z = 1.99 + 0.53X + 3.76X?>—8.21Y; and (b) Z = 2.46 +
0.99X + 6.03X%—13.009Y. Bar = 1 cm.
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Fig. 6 — Response surface showing the influence of time (in days) and the origin of friable callus exposed to 9.06, 36.24, 54.36 and 72.48 uM de
2,4-D on SE regeneration in C. canephora. Mean number of MCSE (a) and ASE (b) increased over time according to the 2,4-D concentrations to
which the friable callus were exposed (9.06, 36.24, 54.36 and 72.48 uM). (c) Embryogenic callus of C. canephora with the presence of MCSE
and ASE. The adjusted quadratic model was significant (P < 0.05) by regression analysis: (a); Z = 2.46 + 0.99X + 6.03X? — 13.009Y and (b) Z =
— 4.4 +0.85X — 0.026X? + 0.802Y. Bar = 1 cm.
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Fig. 7 — (a) Graph shows that the MCSE regeneration of C. arabica and C. canephora was influenced by the origin of the friable callus supplemented
with 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D. At concentrations of 9.06 and 72.48 uM 2,4-D, C. arabica exhibited a greater number of MCSE and
differed from C. canephora. (b) Graph shows that MCSE regeneration over time (60, 90, 120, 150, 180, 210 and 240 days) was influenced by the
origin of the friable callus (9.06, 36.24, 54.36 and 72.48 uM 2,4-D). The number of MCSE has increased over time. However, it was only at the

concentration of 72.48 uM that time significantly influenced in mean number of MCSE. *Means followed by the same lowercase letter did not differ
statistically by the Bonferroni test (P < 0.05).
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Fig. 9 — Comparison of the mean number of ASE regenerated from friable callus originated in induction medium supplemented with 9.06, 36.24,

54.36 and 72.48 uM of 2,4-D in C. arabica and C. canephora at 120, 180, 210 and 240 days. *Means followed by the same lowercase letter did not
differ statistically by the Bonferroni test (P < 0.05).
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Global DNA methylation

The friable callus of C. arabica and C. canephora originated in induction
medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM of 2,4-D showed different
values of global methylation at 90 days (Fig. 29). In the concentration of 36.24 uM 2,4-
D, the friable callus of C. arabica exhibited the highest levels of global methylation,
with a mean of 21.80% and differed from the friable callus induced in culture medium
with 72.48 uM 2,4-D, which showed an mean value of 11.50% (Fig. 11a). In C.
canephora, the friable callus induced in a culture medium with 72.48 uM 2,4-D
exhibited the highest levels of global methylation, with an mean of 24.20%, differing
from the friable callus induced with 36.24 and 54.36 uM 2.,4-D, with a mean of 12.80
and 14.60%, respectively (Fig. 11a). The levels of global methylation of friable callus
differed between Coffea species. The levels of global methylation of friable callus
differed between Coffea species. The friable callus of C. arabica induced with 36.24
uM 2.4-D exhibited higher levels of global methylation, with a mean of 21.80%, and
differed from C. canephora, which had a mean value of 12.80% (Fig. 11b). At the
concentration of 72.48 uM 2,4-D, the friable callus of C. canephora presented the
highest level of global methylation, with a mean of 24.20%, differing from the friable
callus of C. arabica, which presented mean values of 11.50% (Fig. 11b).

The origin of the friable callus did not interfere in the global methylation level of
the embryogenic callus of C. arabica and C. canephora, and therefore the interaction
was not significant. However, it was observed that Coffea species exhibited distinct
values of global methylation. The embryogenic callus of C. canephora exhibited mean
values of 44% of global methylation, while the embryogenic callus of C. arabica
exhibited mean values of 26.80% (Fig. 12a).

The origin of the friable callus (9.06, 36.24, 54.36 and 72.48 uM of 2,4-D)
interfered with the global methylation levels of MCSE and ASE of C. arabica. The
global methylation increased in the ASE according to the concentrations of 2,4-D (Fig.
12b). MCSE and ASE regenerated with 9.06 uM 2,4-D exhibited a lower level of
methylation, with a mean of 8.9 and 11.3%, and differed from the regenerated ASE with
54.36 and 72.48 uM 2,4-D, with a mean of 18.4 and 24.4%, respectively (Fig. 12b). In
addition, the ASE regenerated with 36.24 uM of 2,4-D exhibited a lower level of global
methylation, differing from the ASE regenerated with 72.48 uM of 2,4-D (Fig. 12b).

Not possible to determine the gobal methylation level in the ASE of C. canephora
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regenerated from friable callus with 9.06, 36.24 and 54.36 uM of 2,4-D, since the
biological material was not sufficient.

The levels of global methylation varied in the different stages and responses of
the ISE (explant donor, friable callus, embryogenic callus, ASE and MCSE) in C.
arabica and C. canephora (Fig. 13). The embryogenic callus of C. arabica exhibited
higher levels of global methylation, with a mean of 26.8%, and differed from MCSE,
friable callus and ASE, which presented mean values of 8.9, 16.6 and 24.4%,
respectively (Fig. 13a). In addition, C. arabica explant donors exhibited higher
methylation values, with a mean of 20.6%, differing from MCSE (Fig. 13a). The
embryogenic callus of C. canephora showed a mean value of 44% methylation and
differed from the MCSE, explant donor and friable callus, which presented mean values
of 11, 16.4 and 18.1%, respectively (Fig. 13b). In addition, ASE exhibited higher
methylation values, with a mean of 22%, differing from MCSE (Fig. 13b). When
comparing C. arabica and C. canephora during each moment of the ISE, it is observed
that there was a significant difference only between the embryogenic callus. C.
canephora exhibited a mean value of 44% of global methylation, while C. arabica

exhibited a mean value of 26.8%.
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Fig. 11 — Graphs show the global methylation level of the friable callus of C. arabica and C. canephora originated from the induction medium
supplemented with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D. (a) Comparison of the global DNA methylation level of friable callus originated in
induction medium with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D in C. arabica and C. canephora. (b) Comparison of the global DNA methylation level
of friable callus originated in induction medium with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D between C. arabica and C. canephora. *Means followed

by the same lowercase letter did not differ statistically by the Tukey's test (P < 0.05).
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Fig. 13 — Determination of global DNA methylation levels during the establishment of ISE in C. arabica and C. canephora. (a) Comparison of the
global methylation levels in C. arabica with the different stages and response of ISE (explant donor, friable callus, embryogenic callus, ASE and
MCSE). (b) Comparison of the global methylation levels in C. canephora with the different stages and response of ISE (explant donor, friable callus,
embryogenic callus, ASE and MCSE). (axb) Comparison of the global levels of methylation between the species C. arabica and C. canephora with the
different stages and response of the ISE. *Means followed by the same lowercase letter, in the horizontal do not differ statistically, by the Tukey's test

(P <0.05). *Means followed by the same capital letter, in the vertical do not differ statistically, by the Tukey's test (P < 0.05).



138

Comet assay

MCSE and the ASE of C. arabica and C. canephora exhibited nucleus with
DNA damage due to the genotoxic action of 2,4-D (Fig. 14). In C. arabica, MCSE
exhibited a mean number of 9.8 nuclei with DNA damage, followed by ASE
regenerated with 9.09 uM 2,4-D, with a mean of 49.8 and, later, by ASE regenerated
with 36.24, 54.36 and 72.48 uM of 2,4-D, with a mean of 94, 98.2, 104 and 104.3 nuclei
with DNA damage, respectively (Fig. 14a). In C. canephora, the lowest mean number
of nuclei with DNA damage was observed in MCSE that differed from ASE (Fig. 14a).
ASE of C. canephora exhibited higher mean values of nuclei with DNA damage in all
concentrations of 2,4-D and differed from C. arabica (Fig. 14b) . While the MCSE of

C. arabica and C. canephora were statistically equal (Fig. 14b).
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Fig. 14 — Graphs show the mean number of nuclei with DNA damage in MCSE (control) and ASE of C. arabica and C. canephora that were

regenerated from friable callus originated in an induction medium supplemented with 9.06, 36.24, 54.36 and 72.48 uM 2,4-D. (a) Comparison of the

mean number of nuclei with DNA damage in MCSE and ASE of C. arabica and C. canephora in function of 2,4-D concentrations. (b) Comparison of

the mean number of nucleoids with DNA damage between MCSE and ASE of C. arabica and C. canephora.(c) Nucleus without DNA damage. (d)

Nucleus with moderate DNA damage. (e) Nucleus with severe DNA damage. Bar =5 pum.
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Discussion

The ISE was established for C. arabica and C. canephora based on a procedure
proposed by Sanglard et al. (2019), involving the stages of callus induction and
proliferation (callogenesis), followed by regeneration SE (embryogenesis) and plantlets.
Basically, the modifications were the addition of 36.24, 54.36 and 72.48 uM 2,4-D in
the callus induction and proliferation medium, and also the absence of gibberellic acid
in the plantlets recovery medium. This tissue culture procedure allowed to verify the
immediate effect of 2,4-D in the induction and proliferation of friable callus of C.
arabica and C. canephora, as well as its remaining effect during the SE regeneration
stage, in embryogenic callus, MCSE and ASE. In addition, the in vitro procedure also
made it possible to: to compare Coffea species based on the in vitro response (mean
number of responsive explants, mean number of MCSE, ASE and response time);
determine and compare the levels of global methylation of donors of explants, friable
callus, embryogenic callus, MCSE and ASE; and associate the level of global
methylation with ISE and concentrations of 2,4-D.

The addition of 2,4-D in the medium of induction and proliferation of friable
callus influenced the rate and time of obtaining responsive explants of C. arabica and
C. canephora, as well as the levels of global methylation. Furthermore, it showed that in
C. arabica the lowest concentration of 2,4-D is sufficient to reach 100% responsive
explants, while C. canephora requires the highest concentration of 2,4-D to reach 100%
responsive explants. These different 2,4-D needs to induce ISE can be attributed to
genetic and epigenetic factors. Once C. arabica (true allotetraploid, 2C = 2.62 pg and
2n = 4x = 44 chromosomes) contains twice the chromosome set of C. canephora
(diploid, 2C = 1.41 pg 2n = 2x = 22 chromosomes) and probably, has more genes that
encode the proteins involved in auxin metabolism (Pérez-Pascual et al. 2018; Saptari
and Susila 2019), and also because the friable callus exhibited distinct global
methylation values that are important factors affecting ISE (Fehér 2015). Variations in
global DNA methylation levels have already been reported in somatic embryogenesis
and are associated with plant growth regulators and the in vitro environment (Miguel
and Marum 2011; Yang et al. 2013).

2,4-D is a synthetic substance analogous to the auxin class and it is widely used
in plant tissue culture to induce ISE (van Boxtel and Berthouly 1996; Ardiyani and
Sulistyani 2017; Bartos et al. 2018; Sanglard et al. 2019). This substance is responsible
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for triggering the cellular transition processes from the somatic to embryogenic state,
and this process is complex and includes de-differentiation, reactivation and cell
division, in addition to metabolic and developmental reprogramming, conferring
competence to the cells present in the explants (Fehér 2015). However, the excess of
2,4-D can cause extreme epigenetic and genetic changes in cells, such as methylation
and DNA mutations, compromising ISE, since there must be a balance between auxin
and cytokinin (LoSchiavo et al. 1989; Leljak-Levani¢ et al. 2004; Fraga et al. 2012;
Fehér 2015). Variations in global methylation levels were observed in the present study
due to the addition of 2,4-D. In friable callus of C. arabica, for example, the highest
concentration of 2,4-D showed the lowest level of global methylation, whereas in the
friable callus of C. canephora, the highest concentration of 2,4-D resulted in the highest
level methylation. Therefore, it is observed that methylation is a complex and variable
mechanism, and that the addition of 2,4-D will not always result in an increase in global
methylation, since each species behaves differently. For example, in cell suspension
cultures of Daucus carota L., LoSchiavo et al. (1989) showed a positive correlation
between the mean values of global methylation and the concentrations of 2,4-D. In
addition, the authors showed the strong and reversible effect of these exogenous auxins
on global methylation and, consequently, on cell proliferation.

During the SE regeneration stage it was observed that embryogenic callus
exhibited higher levels of global methylation than friable callus and that this increase
was not caused by the addition of 2,4-D. In addition, Coffea species showed different
values of global methylation. The increase in global methylation levels in C. arabica
and C. canephora is associated with a remodeling of chromatin from the euchromatic to
the heterochromatic state. Similar results have been reported by Fraga et al. (2012)
when analyzing the levels of global methylation during the ISE in Acca sellowiana,
showed that in the regeneration stage of SE there is an global increase in those of
methylation. However, contrasting results have been reported by Chakrabarty et al.
(2003), who, when assessing cytosine methylation patterns during ISE in
Eleutherococcus senticosus, revealed that embryogenic callus have a lower level of
global methylation compared to non-embryogenic callus. But in general, as reviewed
by Karim et al. (2015), generally global hypermethylation of DNA is associated with
somatic embryogenesis, while hypomethylation is associated with suppression of

somatic embryogenesis.
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The origin of the friable callus (9.06, 36.24, 54.36 and 72.48 uM of 2,4-D)
influenced the regeneration and the levels of global methylation in SE of C. arabica and
C. canephora. The highest concentrations of 2,4-D resulted in the highest mean number
of MCSE and ASE. In addition, in C. arabica, the addition of 2,4-D increased the levels
of global methylation in ASE. Studies already prove that auxins, mainly 2,4-D, are
necessary for the induction of ISE and multiplication of SE in the search to
potentiate/optimize the regeneration of plantlets (Lloyd et al. 1980; Pasternak 2002;
Raghavan 2004; Vondrakova et al. 2011), but they must be removed in the stages of
expression, development and maturation, since the presence of 2,4-D hinders the
development of the embryo and its subsequent conversion into a plant (Pasternak 2002;
Zavattieri et al. 2010).

Although 2,4-D was eliminated from the SE regeneration medium in the present
study, it was observed that the friable callus presented excess 2,4-D and that this
accumulation inside the cells causing ASE regeneration. The main abnormalities
exhibited in the SE of C. arabia and C. canephora were the fusion of two or more
embryos, lack of apical and radical meristems, translucent embryos, multiple cotyledons
and loss of bipolarity. The formation of ASE has already been reported in different
species such as Medicago truncatula (Tvorogova et al. 2015), Theobroma cacao
(Chanatésig 2004), Vinca herbacea (2008) and Melia azedarach (Vila et al. 2010), and
abnormalities were similar to that described in this work. According to Guerra et al.
(1999), the pattern of development of a SE is characterized by the differentiation of a
bipolar structure consisting of stem and root apex, passing through the stages of pre-
embryonic and embryonic development, globular, cordiform, torpedo and cotyledonary
in eudicotiledonea.

Our data show that a positive correlation was observed with the increase of 2,4-
D concentrations with the levels of global methylation in ASE regeneration. Probably,
the addition of 2,4-D increased the levels of global methylation and, consequently,
silenced the genes involved in embryonic development metl (DNA methyltransferase
1), cmt 2 and 3 (chromomethylase 2 and 3), drm 1 and 2 (domain rearranged
methyltransferase 1 and 2), kyp (kryptonite, histone H3 lysine 9 methyltransferase),
jmj14 (jumonji 14, histone H3 lysine 4 demethylase), wus (wuschel), lec 1 and 2 (leafy
cotyledon 1 and 2), fus3 (fusca3), tirl (transport inhibitor response 1), cucl (cup-
shaped cotyledon 1) and windl (wound-induced dedifferentiation 1), serk (somatic

embryogenesis receptor like kinase), bbm1 (baby boom 1) and agl15 (agamous-like 15),
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that control in vitro induced morphogenic processes (Karim et al. 2016), causing
physiological disturbances and malformations. According to Garcia et al. (2019), the
abnormalities of the SE are associated with physiological disorders and/or somaclonal
variations, where mutations or epigenetic changes influence the embryonic development
and, consequently, the morphology of the resulting plants.

To assess and understand the abnormalities present in the SE of C. arabica and
C. canephora, in addition to quantifying the levels of global methylation, comet assays
were carried out to check the DNA degradation caused by the in vitro environment,
mainly by adding 2,4-D. Our data show that C. canephora is more sensitive to 2,4-D
and C. arabica has a certain tolerance in the concentration of 9.06 uM since the ASE
exhibited lower mean values of nucleoids with DNA damage. Therefore, it is observed
that each species of Coffea reacts differently to the environment in vitro, and that the
genetic characteristics, as well as the evolution of the species, influence the response in
vitro (Sanglard et al. 2019). C. arabica probably showed a certain tolerance to 2,4-D
because it is a recent polyploid from an evolutionary point of view and its genome is
still unstable. C. canephora is a diploid, progenitor of C. arabica and its genome is
more stable and, therefore, for the preservation of the genetic content, cells with
abnormalities, regardless of their degree of severity, present in ASE entered the
apopitotic path more quickly.

In general, our data show that the condition of tissue culture in vitro alters DNA
methylation/demethylation patterns in C. arabica and C. canephora, since global
methylation levels decrease in friable callus and increase in embryogenic callus and,
later, demethylation occurs in MCSE and ASE. In addition, the explant donor's inherent
predisposition can also affect DNA methylation and consequently the in vitro response.
Similar results were reported by De-la-Pena et al. (2012), showing that the conditions in
vitro alter the methylation patterns in Agave angustifolia and Agave fourcroydes, and
that this change depends on the species studied and the environmental conditions.
Therefore, it is observed that to establish the somatic embryogenesis requires complex
cellular, biochemical and molecular processes. Epigenetics has a fundamental role in
somatic embryogenesis, since it is a mechanism of genetic regulation that influences in

vitro morphogenetic processes.

Conclusion
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The addition of 2,4-D to the culture medium stimulates the induction and
proliferation of friable calluses in C. arabica and C. canephora and consequently
increases the regeneration of SE. However, high concentrations of 2,4-D promote
morphological and epigenetic changes and furthermore cause genetic disorders in cells,
compromising the development of SE. C. canephora is more sensitive to the action of
2,4-D and, therefore, requires greater attention and care with in vitro conditions. As
observed in this study, DNA methylation is a susceptible, dynamic and variable
mechanism to the in vitro environment. For the establishment of ISE to occur,
epigenetic variations are necessary during the induction and proliferation of friable

corns and SE regeneration in Coffea.
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CONSIDERACOES FINAIS

As abordagens in vitro permitiram, pela primeira vez, a regeneracao de plantulas
em larga escala do acesso alotriploide HT 'CIFC 4106' em sistema liquido. Esse hibrido
é relevante para programas de melhoramento por ser fonte de genes de resisténcia. O
protocolo de embriogénese somatica indireta em sistema liquido é seguro, eficaz e
reprodutivel, uma vez que todas as plantulas regeneradas apresentaram cariotipo estavel
como alotriploides, preservando a fidelidade genética. Além disso, por ser restrito, esse
protocolo foi eficaz e contornou os problemas relacionados a propagacdo seminal em
HT 'CIFC 4106'".

Com o estabelecimento da embriogénese somaética indireta em HT 'CIFC4106'
alotriploide verdadeiro e autoalohexaploide sintético, as abordagens in vitro permitiram
analisar a consequéncia da poliploidia induzida a curto prazo e, além disso,
possibilitaram a propagacdo de novos autoalohexaploides sintéticos. Desse modo, foi
possivel observar que a origem, o tempo de formacdo dos poliploides e o nivel de
ploidia influenciam a resposta in vitro. A adicdo de carvdo ativado em altas
concentracdes no meio de regeneracdo altera os padrdes de metilagcdo global das células
vegetais e, consequentemente, resulta em embrifes somaticos anormais para 0 HT
'CIFC4106' autoalohexaploide sintético.

Desde os primeiros estudos de embriogénese somatica indireta em Coffea,
abordou-se que as respostas in vitro sdo influenciadas por aspectos genéticos,
epigenéticos e pelo ambiente in vitro, sendo o geno6tipo mencionado como um fator
determinante. No presente estudo, observou-se que as linhagens de C. arabica
apresentam respostas distintas in vitro. 'Catuai Vermelho' exibe a melhor resposta a
condicdo de cultura de tecidos proposta, mostrando que o aumento da metilacdo global
esta associada com a regeneracdo e maturagdo de embrides somaticos. Como observado,
a metilagdo do DNA é um mecanismo dindmico e variavel que interfere no
estabelecimento de embriogénese somatica indireta em linhagens de C. arabica. O meio
de cultura foi eficaz, reprodutivel e viavel, pois manteve a fidelidade genética,
regenerando plantulas idénticas as plantas doadoras de explantes e, portanto, nenhuma
variagdo do caridtipo foi identificada.

O regulador de crescimento acido 2,4-diclorofenoxiacético desempenha um

papel crucial na embriogénese somatica indireta, uma vez que esta auxina sintética
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promove inducdo e proliferacdo de calos friaveis em C. arabica e C. canephora,
aumentando a regeneracdo de embriGes sométicos. A adicdo de acido 2,4-
diclorofenoxiacético promove mudancas nos padrdes de metilacdo do DNA, mostrando
que a metilacdo do DNA é um mecanismo suscetivel, dindmico e variavel ao ambiente
in vitro. VariacOes epigenéticas ocorrem para o estabelecimento de embriogénese
somatica indireta em Coffea. Altas concentragdes de acido 2,4-diclorofenoxiacético no
meio de inducdo tém acdo fitotdxica, uma vez que causa alteracbes morfologicas,

epigenéticas e genéticas nos embrides somaticos de Coffea.



