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Abstract

Sorghum bicolor is a recalcitrant species for tissue culture regeneration and genetic transformation. Browning of explants is one
of the factors limiting organ and tissue cultures. To overcome this, callus tissue was initiated from the shoot tips of in vitro
germinating seeds (S. bicolor cv. Rona 1), and then cultured on modified MS media (Murashige and Skoog in Physiol Plant
15:473-497, 1962). In the first experiment, we tested callus induction on several media supplemented with casein hydrolysate,
polyvinylpyrrolidone, honey, and sucrose. The best callus induction was recorded for the medium with honey and sucrose
(80.0%) and for control medium (79.8%). Shoot regeneration was tested on the MS medium with 6-benzylaminopurine
(BAP) supplemented with honey and sucrose at a 1:1 ratio (by weight) or with sucrose only. The highest percentage of calluses
regenerating shoots was noted for those induced on the medium with sucrose and honey—approx. four times higher when
compared to the control. Rooted plantlets were acclimatized with a 92% survival rate. In the second experiment, we analyzed
culture responses to various ways of honey application to the induction media: honey (autoclaved or filtered) in presence or
absence of sucrose. Supplementation of the medium with fructose, glucose, and maltose at a proportion typical for honey was
also investigated. The explant and callus survival rates were similar to those of the honey—sucrose combination in the first
experiment. Only presence of both sucrose and honey in the induction medium improved the total regeneration rate to 37.9% over
the control (18.8%). Sucrose and honey appear to act synergistically for shoot regeneration in callus cultures of sorghum.
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Introduction

Sorghum bicolor (L.) Moench (Poaceae) is one of the most
important cereal crops. Due to high temperature and drought
tolerance, sorghum is considered as one of the most successful
crops in the semi-arid regions of Africa and Asia (Rao ef al.
2015). S. bicolor is a C4 plant, highly efficient in water use
and biomass production. It is well adapted to water-deficient
environments and thus is one of the crops capable of adapting
to climate changes. Sorghum is also used as feedstock for
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biofuel production. Ethanol produced from sweet sorghum is
cheaper, quicker to produce, and poses little risk to the envi-
ronment compared to maize or sugarcane (Rao ef al. 2015).
However, sorghum is considered as one of the most resistant
species for tissue culture regeneration and genetic transforma-
tion. Genotype-dependent polyphenol production and tissue
browning are the main limitations to in vitro propagation of
S. bicolor. This results in poor response of the explants and a
low regeneration rate. Efficient and reproducible regeneration
protocols are essential for successful genetic transformation in
crop yield improvements. Nevertheless, there are a number of
reports on Sorghum regeneration via embryogenic callus from
different explants: immature inflorescence (Elkonin et al.
1995; Raghavendra Rao ef al. 2000), immature embryos
(Hagio 2002; Grootboom et al. 2008; Sudhakar Pola et al.
2008), shoot tips, or meristem (Cai et al. 1987; Seetharama
et al. 2000; Zhong et al. 1998; Maheswari et al. 2006).
Generally, immature inflorescences and immature embryos
are considered as the first choice explants because they have
the highest regenerative capacity. However, production and
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availability of these types of explants are usually limited by a
narrow time window—a short time before (inflorescence) or
after pollination (embryos). Moreover, fresh plant material is
not suitable for storage. Therefore, explants derived from
seeds are definitely more convenient and suitable (Zhong
et al. 1998; Maheswari et al. 2006; Liu et al. 2015).
Although significant progress has been made in studies on
Sorghum tissue culture, a simple and efficient regenerative
system is still needed.

There are two main strategies to improve the response
of callus and its regenerative capacity: genotype selection
of explant donors and media modifications. Genotype se-
lection has been mainly focused on the cultivars and ge-
notypes which show high ability of plant regeneration and
low or non-tannin accumulation. Hagio (2002) chose two
genotypes, C. Kafir and PE932025, among 11 varieties
due to the highest ability of callus formation and plant
regeneration. The non-tannin T % 430 inbred line has usu-
ally been chosen for tissue culture and genetic transfor-
mation (Howe et al. 2006; Liu and Godwin 2012; Wu
et al. 2014). A number of media modifications have been
reported as efficient in improvement of callus regenera-
tion ability. A beneficial effect of the amino acids: proline
and asparagine on embryogenic callus proliferation was
reported by Elkonin et al. (1995). The levels of NO5; ™
and the NO;~ to NH," ratio in the media supplemented
with L-asparagine and L-proline were also found to be
critical factors for embryonic callus formation (Elkonin
and Pakhomova 2000). An advantageous effect of
CuSO4 5H,O L-asparagine and L-cysteine on callus
growth and shoot production was reported by Liu ef al.
(2015). The authors also highlighted that callus age plays
a key role in growth and shoot regeneration capacity.

The carbon source also plays an important role in plant
in vitro organogenesis. Exogenously added sugars into media
might be influential on organ differentiation and efficiency of
in vitro regeneration. Honey is a natural source of sugars,
enzymes, amino acids, organic acids, vitamins, and minerals.
A beneficial effect of honey as a medium additive was earlier
reported for callus induction and plant regeneration in
Miscanthus x giganteus (Ptazek and Dubert 2010), and also
for in vitro plantlet formation in an orchid, Encyclea cordigera
(Mantovani and Fernandes Lopes Pivetta 2016).

Hence, the aim of this study was to improve callus induc-
tion and plant regeneration of the sorghum cultivar Roéna 1,
which is commonly used in Europe as a feedstock for biofuel
production (energy plant) as well as feed crop. The regenera-
tion protocol was developed for seedling shoot apices, which
are easily available and suitable for callus formation. In two
independent experiments, media supplements were tested:
Experiment 1—honey, polyvinylpyrrolidone (PVP), and ca-
sein hydrolysate; Experiment 2—various sugar forms includ-
ing honey. The optimized regeneration protocol for S. bicolor

L. cv. Réna 1 was developed using honey as the medium
additive. The combination of sucrose and honey in the callus
induction medium significantly improved the regenerative ca-
pacity of the callus, which is reported here for the first time in
sorghum.

Materials and Methods

Plant material In this study, Sorghum bicolor seeds (cv. Rona
1) were used. The seeds were provided by Cereal Research
Non-profit Ltd. (Szeged, Hungary). Due to the best callus
formation, Rona 1 was chosen out of four cultivars
(Hercules, Santos, Sucrosorgo 506, Rona 1) in the preliminary
tests for in vitro callus induction and shoot regeneration (data
not shown).

Testing of various media supplements (Experiment 1) Seeds
were surface sterilized with 70% ethanol and commercial
bleach (ACE, Fater SpA, Pescara, Italy) and then washed
3—4 times in autoclaved water. Sterilized seeds were ger-
minated on petri dishes containing full-strength MS basal
medium (Murashige and Skoog 1962) with no plant
growth regulators. Shoot tips derived from two-day old
seedling were used as explants for callus induction
(Fig. la). Shoot tips (0.1-0.2 cm) including shoot meri-
stem, leaf primordia, coleoptile, and a small part of the
mesocotyl were cut off from the seedlings and placed on
an induction medium in the vertical orientation. The con-
trol medium was full-strength MS basal medium supple-
mented with 2,4-dichlorophenoxyacetic acid (2,4-D) at
concentration 2.0 mg L', kinetin (0.2 mg L"), proline
(1.0¢g L"), vitamin C (0.1 g L1, sucrose (30 g L"), and
Bacto™ Agar (8 g L™"). Casein hydrolysate (1.0 g L"),
polyvinylpyrrolidone (1.0 g L"), honey (15.0 g L"), and
additional sucrose (15.0 g L") were added into the con-
trol medium to test the effect of medium composition on
the induction and regenerative potential of calluses
(Table 1). Multifloral honey was derived from a commer-
cial apiary and stored in a fridge. All the chemicals were
supplied by Sigma-Aldrich Ltd., Co., St. Louis, MO ex-
cept Bacto™Agar (BD, Becton, Dickinson and Company,
Sparks, MD) and vitamin C (POCH S. A., Gliwice,
Poland). The pH of the media was adjusted to 5.8 before
autoclaving at 121°C at 0.1 MPa for 20 min. Seed germi-
nation and callus induction proceeded in darkness at 25 +
2°C. For each treatment, 100 explants were planted on 10
petri dishes as replicates (10 explants per dish). Each
treatment was done at least in triplicate. After 3 wk. of
incubation, non-fragmented calluses were subcultured on
the fresh regeneration media (R1 and R2; Table 1). Then
the survival rates, percentages of callus-forming explants,
and percentages of shoot-forming calluses (regeneration
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Figure 1. Callus induction and
plant regeneration of S. bicolor:
(a) germinating seeds; (b)
browning explants on S45
medium after 5 d of incubation,
note phenolic substances released
by the explants into the medium
(black color); (¢) developing
callus on SH medium after 10 d of
incubation; (d) callus
(arrowheads) on SH medium
after 3 wk. of incubation; (e)
callus regenerating shoots on R2
medium; (f) regenerated plants
after 3 wk. of acclimatization in
soil.

rates) were calculated. Calluses forming shoots were
transferred into Magenta vessels containing the rooting
medium: half-strength MS medium with indole-3-acetic
acid (IAA; 0.5 mg L") and vitamin C (0.1 mg L.
Shoots formed on the calluses derived from the individual
explants were counted after 4 wk. of culture, and the
average numbers of shoots per explant were calculated.
The total number of explants was 93 (31 explants for each
replicate). Plant regeneration and rooting proceeded at
25°C £2°C with a 16 h photoperiod under a photosynthet-
ic flux of 120 umol m? s™' (daylight fluorescent tubes).
Regenerated shoots on the R1 and R2 media were rooted.
Regenerants were transferred into sterile soil in pots
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covered with glass cups and acclimatized under the same
conditions. After 2 wk., the cups were removed. The per-
centage of acclimatized plants was counted after 3 wk. of
acclimatization.

Optimization of media supplementation with honey
(Experiment 2) Callus was induced as described in
Experiment 1. Five induction media were investigated in
order to improve the callus regeneration rate (Table 1).
Control and SH (containing sucrose 30.0 g L™ and honey
15.0 g L', Table 1) media were used as in Experiment 1.
Three other media were also tested: FH medium with
addition of sterile filtered honey (0.22 pum; Corning®,
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Table 1.  Composition of media used in experiments

Media Composition

Callus induction media

C MS medium, 2,4-D (2.0 mg L' kin (0.2 mg LY, vitamin C (0.1 g LY, proline (1.0 g L) 30 g L ! sucrose, 8 g L! agar

S45 C medium with additional 15 g L' sucrose (total 45 g L")

SH C medium plus 15 g L™" honey (autoclaved)

PVP C medium with PVP (1 g L")

CH C medium with casein hydrolysate (1 g L")

FH C medium plus 15 g L' honey (filter-sterilized)

H30 C medium with honey (30 g L") instead of sucrose

M C medium with fructose (16.2 g L, glucose (13.1 g L), and maltose (0.8 g L) instead of sucrose
Regeneration media

R1 MS medium, BAP (2.0 mg L"), 30 g L™" sucrose

R2 MS medium, BAP (2,0 mg L") with sucrose (15 g L"), and honey (15 g LY

Rooting medium

RT 14 MS medium with IAA (0.5 g L™"); vitamin C (0.1 g L™"), 15 g L™" sucrose, 8 g L™' agar

MS MS basal medium (Murashige and Skoog 1962), 2,4-D dichlorophenoxyacetic acid, kin kinetin, PVP polyvinylpyrrolidone, BAP 6-

benzylaminopurine, /AA indole-3-acetic acid

Keiserslauten, Germany), H30 medium with honey instead of
sucrose (30.0 g L"), and IM medium with predominant honey
sugars (fructose, glucose, and maltose), as presented in Table 1.
Regeneration and rooting were proceeded as described in
Experiment 1. For each treatment, 70 explants were put on petri
dishes as replicates (10 explants per dish). Each treatment was
done in triplicate.

Microscopic preparation of explants and callus The explants,
i.e., the shoot tips dissected directly from in vitro germi-
nated seedlings, and the callusing explants cultured for
4 wk. on a callus-inducing medium, as well as 3-wk old
calluses cultured for 7 or 10 d on the regeneration medi-
um, were collected and fixed in FAA (ethanol 70%/for-
malin 40%/glacial acetic acid as 90:5:5 by vol.) for 48 h.
The fixed material was dehydrated in an ethanol series
(70-80-90-96% 1 h each, and absolute ethanol 2 x
30 min), then cleared in absolute ethanol + butanol solu-
tions (3:1, 1:1, 1:3 by vol.) for 1 h each, followed by two
30-min rinses in butanol. Samples were stored in butanol
overnight, and then infiltrated by Paraplast® (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) at 55°C
(three changes for 3 h, one change overnight, one change
for 48 h). The embedded samples were cut on a rotary
microtome (Leica Biosystems Nussloch GmbH,
Nussloch, Germany), and the slides with 12 um-thin se-
rial sections were stained in safranin and fast green ac-
cording to Jensen (1962). Stained sections were mounted
in Entellan® (Merck KGaA, Darmstadt, Germany) for
permanent slides. Microphotographs were made with the
ZEISS setup of MRC5 camera and Axioscope.

Analyses of honey Honey samples were analyzed at the
Research Institute of Horticulture in Putawy (Poland) ac-
cording to the Polish standard (PN-88/A-77626) and to
the Regulation of the Ministry of Agriculture and Rural
Development (Dz.U.09.17.94). The assays of honey
sugars were run using HPLC with a refractometer detector
(HPLC RI). The content of sugars in samples (5.0 g) was
quantified as grams of sugar per 100-g dry weight
(g 100 g~' DW) (Table 2). The retention times, UV spec-
tra, and ion mass spectra of the sugars were compared
with those of authentic standards. The content of proline
in samples (2.5 g) was quantified using the colorimetric
method and expressed as fresh weight (g 100 g~ FW).

Table 2. Standard

parameters measured in Content of Value

honey samples
Water 15.1%
Fructose 37.0 g100 g ' DW
Glucose 37.02 g 100 g ' DW
Sucrose Not detected
Turanose 1.7 g100 g ' DW
Maltose 15100 ¢g' DW
Trehalose 15g100 g ' DW
Isomaltose 0.6 g100 g”' DW
Melezitose <0.5g100 g' DW
Erlose 12 g 100 g ' DW
Raffinose Not detected

80.7 g 100 g ' DW
44.0 mg 100 g ' FW
20.7 Schade units

Total sugars
Proline
Diastase number
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Table 3. Species participation in pollen content of honey

Species Average number of pollen grains %o
Phacelia sp. 125.0 39.7
Brassica napus 114.0 36.2
Trifolium pratense 13.0 4.1
Frangula sp. 11.5 3.7
Centaurea cyanus 8.5 2.7
Malus sp. 8.0 2.5
Salix sp. 7.5 24
Prunus sp. 7.5 24
Acer sp. 7.5 24
Vicia faba 4.0 13
Others 8.0 2.5
Total 3145 100.0

Content of water in honey was expressed as % (w/v) and
determined in the refractometric assay (Table 2). Diastase
activity (diastase number) was calculated in Schade units
(Schade ef al. 1958) as a result of the spectrophotometric
assay (Phadebas). Microscopic examination of pollen was
performed, and content in percentage of pollen species
and average number of grains (average value of two anal-
yses) are presented in Table 3.

Statistical analyses The non-parametric Mann—Whitney U
test and the Kruskal-Wallis test were used since the dis-
tribution of variables was non-normal (which was verified
with the Shapiro—Wilk test). The Mann—Whitney U test
was performed for comparisons between the two groups,
while the Kruskal-Wallis test was used when the number
of compared groups was higher than two. The post hoc
analysis was evaluated by Dunn’s multiple comparison

test. The significance level was 0.05. All statistical anal-
ysis was performed using STATISTICA 10 (StatSoft Inc.,
Tulsa, OK; 2011).

Results

Callus induction and regeneration (Experiment 1) In this ex-
periment, addition of sucrose, honey, PVP, and casein hy-
drolysate into an induction medium was tested. Callus
was observed on all tested media except S45 with addi-
tional sucrose (total 0f45.0 g L) (Table 4). The explants
on the S45 medium darkened within 5 d and secreted
phenolics which were visible around the explants
(Fig. 1b). At the end of incubation, only 55% of them
survived, but no callus was observed. On the other four
media tested, only occasional darkening of explants was
noted, and creamy, compact callus developed at the base
of explants within the first 2 wks of incubation (Fig. lc,
d). Anatomical analysis of the explants (Fig. 2) revealed
that callus tissue was mainly induced from leaf primordia
and elongating mesocotyl where new meristematic centers
or regions were formed (Fig. 3). In some samples, also,
the shoot apical meristem became larger, which suggests
its possible participation in callus production. De novo
formation of shoots appeared on regeneration media, as
no structures growing on the callus met the criteria for
somatic embryogenesis (Haccius 1978).

The best response of explants (79—80%) was noted for
control medium (C) and medium with honey (SH),
followed by PVP and CH medium (Table 4). Calluses
induced on four media (named as C-, SH-, PVP-, and
CH-callus) were separately transferred onto two regener-
ation media (Table 5) for shoot induction. Although the

Table 4. Efficiency of callus

induction on tested media Medium

No of explants

Explant survival rate (%) Explants producing calluses (%)

Experiment 1

C 420
S45 320
SH 530
PVP 430
CH 440
Experiment 2
C 210
SH 210
FH 180
H30 210
M 210

97.1a 79.7a
55.3b 0.0b
97.2a 80.0a
98.6a 69.8a
98.00a 48.9¢
97.6a 81.4a
97.6a 79.1ab
97.8a 73.3ab
96.2a 73.3ab
98.6a 69.5bc

Means followed by different letters within the column were significantly different at the 0.05 significance level

according to the Kruskal-Wallis test
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Figure 2. Explant after 5 d of incubation on SH medium; sam shoot
apical meristem, /p leaf primordia, col coleoptile, mes mesocotyl.

survival rate was relatively high (96—79%), only a small
percentage of calluses regenerated shoots (Table 5). The

Figure 3. Explant forming callus
from leaf primordia (Ip) after
4 wk. on SH medium.

SH-callus achieved the best regeneration rates: 34% and
39% on R1 and R2 media, respectively, and it was signif-
icantly higher than other callus-regeneration rates
(Table 5). The total regeneration rate (counted as RI +
R2) for SH-callus (36.7%) was almost four times higher
(statistically significant) in comparison to the control
(9.4%). There was no statistically significant difference
between regeneration rates recorded for R1 and R2 media.
The average number of shoots per explant was 4.23 (=
2.50 SD). Shoots regenerated from the SH-calluses were
transferred into rooting medium (RT, Table 1, Fig. le).
Approximately, 90% of the shoots developed roots and
92% of the regenerants survived after acclimatization

(Fig. 1.

Optimization of media supplementation with honey
(Experiment 2) In this experiment, five induction media were
tested. We used medium with honey and sucrose (SH) and the
C as previously described, and three other media: H30—
medium with honey instead of sucrose, FH—with filtered
honey (15.0 g L"), and IM—with sugars imitating the com-
position of natural honey. The percentage of explants produc-
ing callus was in the range of 81.4—69.5% (Table 4).
Although the explants’ response varied between induction
media, a statistically significant difference was noted only
for the C (81%) and IM medium (69.5%). SH- and FH-
calluses displayed the best response, and the regeneration rates
recorded on both R1 and R2 media ranged from 32% to 39%
(Table 5). Although, there were no statistically significant dif-
ferences between two regeneration media, both SH and FH
total regeneration rates (counted for R1+R2) were signifi-
cantly higher in comparison to other calluses.
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Table 5. Regeneration

characteristics of calluses on R1 Callus induction medium

Callus survival rate (%)

Callus regeneration rate (%)

and R2 media
R1 R2 Total + SD R1 R2 Total + SD
Experiment 1
C 96.3ab 87.5abc  91.9xyz+10.33  8.1b 10.6bcd  9.4x+11.90
SH 96.3a 91.0abc  93.6x+9.59 34.2ac 39.0a 36.7y £20.82
PVP 88.6abc  81.7bc 85.4y+11.74 2.9bd 0.8bd 1.9x +4.02
CH 89.2abc  79.2° 84.4z+11.21 11.5bcd  10.0bcd  10.8x+10.77
Experiment 2
C 91.3a 90.0a 90.6x +8.54 12.5a 25.7a 18.8x+15.44
SH 95.0a 96.3a 95.6x+8.14 36.7a 39.2a 37.9y+19.70
FH 98.6a 95.5a 96.8x +5.29 324a 34.1a 33.2xy+18.05
H30 97.4a 92.5a 94.9x +6.39 15.3a 18.8a 17.0x £20.00
M 95.0a 90.4a 92.7x+£7.43 16.3a 21.7a 19.0x £12.81

Means followed by different letters (a, b, ¢, d) within the R1 and R2 columns, and by different letters (X, y, z)
within total columns were significantly different at the 0.05 significance level according to the Kruskal-Wallis test

Results of honey analysis Examination of pollen composition
revealed the multifloral origin of honey. Phacelia sp. and
Brassica napus pollen grains were the most abundant
(Table 3). Sugar composition was typical for multifloral hon-
ey. The main components—fructose and glucose—were pre-
dominant, while the content of the other sugars was less than
7% (Table 2). Total sugar content was about 81%, which is an
average value for multifloral honey from Poland (Ke¢dzia and
Holderna-Kedzia 2008). Contents of proline (44.0 mg
100 g ') and diastase number were within the Polish standard
ranges (PN-88/A-77626)).

Discussion

In Experiment 1, C and the medium with sucrose and honey
(SH) were the most efficient for callus induction. Regarding
the percentage of explants forming callus, casein hydrolysate
supplementation was the least efficient of all media. We found
that composition of induction medium had an influence on the
callus regeneration capacity. Addition of honey significantly
improved the frequency of callus regeneration. The regenera-
tion rate of SH-calluses on both regeneration media was al-
most four times higher compared to the control. The beneficial
effect of honey and banana pulp on Miscanthus *x giganteus
callus and plant regeneration was reported by Plazek and
Dubert (2010). Miscanthus, like Sorghum, is a C4 plant grown
as raw material for biofuel production. Tissue cultivation of
Miscanthus also faces the problem of intensive production of
phenolic compounds, which affects callus growth and shoot
regeneration. Plazek and Dubert (2010) improved the callus
induction and regeneration rate of Miscanthus * giganteus by
replacing sucrose (30.0 g L™") with honey (30.0 g L") and
banana pulp (65.0 g L") in the induction medium. The
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efficiency of plant regeneration was lower when calluses were
induced on the medium with sucrose and transferred to regen-
eration medium with honey. The authors suggested that the
carbon source should remain unchanged from callus initiation
through the regeneration process. In our experiments on sor-
ghum, the effect of the carbon source change was not suffi-
ciently pronounced. Calluses successively obtained on vari-
ous induction media were always divided into two equal
groups and transferred to regeneration media containing su-
crose only (R1) or supplemented with sucrose and
honey (R2). There were no significant differences in survival
rates and regeneration rates between those groups. It appears
that presence of honey and sucrose in the induction medium
(SH, FH) was crucial for a more efficient regeneration rate. In
Experiment 2 the beneficial effect of honey in combination
with sucrose appeared only for total regeneration rates.
However, total regeneration rates for the C medium varied
between our two experiments. This results mainly from the
record on R2 medium (25.7% Experiment 2, Table 5). The
shift in the carbon source from callus induction (C medium,
sucrose only) to shoot regeneration (R2 medium, SH) could
possibly give a positive result in this case. This is opposite to
the effect described earlier in Miscanthus (Ptazek and Dubert
2010). Experiment 1 was performed in late autumn, and
Experiment 2 in late spring. The various response of callus
on the R2 medium could be a result of the time separation of
our experiments (approx. 6 mo). Subtle physiological differ-
ences between the autumn and spring plant material could
have some influence on the regeneration rate. The seasonal
variation in plant regeneration frequency was reported earlier
for in vitro cultures with the explants derived from donor
plants, which were grown under standardized and controlled
environment. In barley, Sharma ef al. (2005) observed such a
variation when donor plants were grown in the growth
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chambers. In petal cultures of chrysanthemum, the seasonal
effect on shoot regeneration appeared when donor plants were
kept exclusively in vitro (Zalewska et al. 2011) or in an environ-
mentally controlled greenhouse (Naing and Kim 2014). Various
periods of honey storage have rather little effect on our results.
The honey we used in both experiments met the Polish standard
for multifloral honey, and all honey samples—stored at 4°C—
were taken from the same production batch. It is known that
honey compounds’ stability decreases at higher temperatures
(da Silva et al. 2016). It is also assumed that the formation of
new compounds and the loss of some volatile components can
appear over honey storage (Kaskoniené et al. 2008).

Combination of sucrose and honey gave a better effect than
the use of these supplements separately. This finding is in
agreement with previous results obtained by Plazek and
Dubert (2010) for Miscanthus. The beneficial effect of honey
might be partially related to limited browning of explants;
although, we did not observe evident reduction of tissue brow-
ning. The browning of tissue is linked with enzymatic activity,
mainly attributed to peroxidase (POD) and polyphenol oxi-
dase (PPO) (Whitaker and Lee 1995). It is known that honey
contains flavonoids and phenolic acids, which display antiox-
idant activity and prevent tissue browning (Oszmianski and
Lee 1990; Holderna-Kedzia and Kedzia 2006; da Silva et al.
2016). In Experiment 1, tissue browning was minimal, except
S45 medium with increased concentration of sucrose (Fig.
1b). The positive effect of honey was mainly expressed in
the improved regenerative potential of calluses.

Honey contains more than 200 compounds (da Silva
etal. 2016). It is a natural source of sugars, enzymes, amino
acids, organic acids, vitamins, and minerals. Amino acids
represent 1% (w/w) of honey composition, and their pro-
portion depends on the origin of honey (da Silva et al.
2016). Analysis of the tested honey revealed its multifloral
origin and typical composition for commercial honey from
Poland. Content of proline (440.0 mg kg ') represented the
lower average value, which was in the range 311-
1232 mg kg~ ' for Polish nectar honey (Kedzia and
Hotderna-Kedzia 2008). Enzymatic activity expressed as
Schade units of diastase number was mediocre and within
the normal range. It is worth noting that during media prep-
aration, the enzymatic activity of honey was inactivated by
the sterilization process at high temperature. The heating of
honey changes its composition and can lead to reduction of
the nutritional value (da Silva et al. 2016). Furfural (5-
hydroxymethylfurfural) or Maillard reaction products are
formed, which are markers of the deterioration process
(Iglesias et al. 2006; da Silva et al. 2016). Keeping in mind
the improvement of plant regeneration from callus tissue,
we filtered honey (FH medium, Experiment 2) to avoid
heating of honey and exclude formation of undesirable
products. Even though we use FH, the effect was compara-
ble to SH-calluses. The fact that microfiltration did not

improve the effect of honey can be explained by the effects
of microfiltration on enzyme activity, amino acids abun-
dance, and the vitamin content in honey. Rejection of the
enzymes at the level of 26-66% depending on the size of
pores was recorded by Barhate ef al. (2003). The majority
of amino acids, such as aspartic acid and proline, are con-
centrated in pollen grains and during microfiltration their
loss is significant—up to 90% (Wilczynska 2014). Proline is an
amino acid which displays a multifunctional role in plants, in-
cluding antioxidant capacity, osmoprotection, regulatory func-
tion, and cellular homeostasis controlling redox status
(Szabados and Savouré 2010; Signorelli 2016). Vitamin content
might also be reduced during the filtration process due to re-
moval of pollen (da Silva ef al. 2016). All these possibilities
might contribute to the lack of improvement by FH. However, it
does not explain which constituents of honey are responsible
for its effect on regeneration. In Experiment 2, we used honey
instead of sucrose (H30 medium) and the prepared sugar com-
bination with fructose, glucose, and maltose (IM medium), but
their effects were similar to the control. Only the combination
of SH gave a synergistic effect and gained an improved regen-
eration rate.

Honey is not only a source of nutrients, hormones, poly-
phenols, and peptides of plant and animal origin. Also min-
erals are found in various types of honey (Kedzia and
Hotderna-Kedzia 2008; da Silva et al. 2016). Potassium, so-
dium, calcium, and magnesium are the most abundant min-
erals in Polish honey (Kedzia and Hotderna-Kedzia 2008).
Macroelements, microelements, and trace minerals present
in honey might have a key role in morphogenesis of plant
cells, tissues, and organs in vitro. In sorghum, complementary
addition of nitrate ions and some amino acids to the media
improved callus growth and proliferation (Elkonin and
Pakhomova 2000; Liu et al. 2015).

Conclusions

A regeneration protocol for the sorghum cultivar Rona 1 using
multifloral honey as a medium additive was developed.
Combination of sucrose and honey in the callus-induction
medium significantly improved regenerative capacity of cal-
lus. This is the first report on the beneficial effect of honey on
the in vitro regeneration of sorghum. Further research on var-
ious sorghum genotypes and the effects of honey on plant
in vitro regeneration are needed for assessment of the applica-
bility of this protocol to mass propagation. One could expect
high variation in the in vitro regeneration responses of sor-
ghum (or other plants) to honeys of various geographical or
seasonal origin. Therefore, a wide screening of honey types is
worth considering. However, it will be a serious challenge to
elucidate the most active compounds of honey due to high
variability even in honeys of the same origin.
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