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Abstract A protocol was established for plant regeneration
from leaf protoplasts of guava (Psidium guajava L.) using
mixture-amount (concentration) experiments. A protoplast
yield of 3.7 x 10° (viability >90 %) was obtained when 1 g
leaf strips were digested in a solution of ~0.75 M osmoticum
with 6 % (w/v) enzyme containing cellulase: macerase:
hemicellulase as proportion of ~0.4: 0.5: 0.1. Protoplasts
developed the maximum number of microcalli using
1.0 mg I™" o-naphthaleneacetic acid (NAA). Maximum
shoot formation (>12) via organogenesis from resulting calli
was obtained using >3.4 mg 1~' PGRs containing kinetin
(K): 6-benzylaminopurine (BAP) at a ratio of 0.6:0.4. Shoots
were rooted in medium containing indole-3-butyric acid and
plantlets were successfully acclimatized. Results of polyno-
mial response models revealed that: (1) Osmolarity was the
primary determinant for protoplast yield and viability, irre-
spective of osmoticum type; (2) Most of the variation in
protoplast yield was driven by macerase concentration; (3)
Protoplast viability was driven mainly by cellulase concen-
tration; (4) NAA was superior to BAP for callus induction, an
antagonistic proportional effect was observed when they were
blended; and (5) K was more effective than BAP in shoot
regeneration, but due to synergistic blending the response was
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highest when both were present. Overall, guava was amen-
able to protoplast culture and the mixture-amount design ef-
fectively characterized this protoplast system.
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Abbreviations

2iP 6-(y,y-Dimethylallylamino) purine

BAP 6-Benzylaminopurine

CPW Cell and protoplast wash solution
(Frearson et al. 1973)

IBA Indole-3-butyric acid

K Kinetin

MS Murashige and Skoog medium (1962)

NAA a-Naphthaleneacetic acid

OFAT One-factor-at-a-time

PGRs Plant growth regulators

Ppg! Protoplasts per gram (of leaf tissue)

Pp ml~'  Protoplast per ml (of culture medium)

Key message

Guava proved amenable to leaf protoplast culture. Proto-
plast yield of 3.7 x 10° Pp g_1 and satisfactory callus and
shoot regeneration were obtained in optimal condition
identified by mixture-amount experiments.

Introduction
Developing an efficient protoplast-to-plant system is a

prerequisite to the application of protoplast-based plant-
improvement technologies such as somatic hybridization,
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electroporation, microprotoplast-mediated chromosome
transfer, and organelle or DNA microinjection. Protocols
for protoplast culture of many fruit species have been de-
veloped (Patat-Ochatt et al. 1988; Ochatt 1992; Grosser
and Gmitter 1990; Witjaksono and Grosser 1998; Ara et al.
2000; Yu et al. 2000; Haicour et al. 2009; Rezazadeh et al.
2011). In the case of guava (Psidium guajava L.), despite
several published protocols for in vitro culture through
embryogenesis (Chandra et al. 2004) and shoot culture
(Amin and Jaiswal 1987; Liu and Yang 2011; Usman et al.
2012) there are no reports on protoplast isolation and cul-
ture. Guava is a commonly known fruit crop and is widely
cultivated throughout tropics and subtropics. The fruit is
either consumed fresh or processed and is an excellent
source of vitamin C (200 mg 100 g~ ') and dietary fiber.
Developing an efficient guava protoplast system requires
two crucial steps—i(1) isolation of high yields of viable
protoplasts and, (2) efficient plant regeneration from pro-
toplast-derived calli. These steps are strongly affected by
the osmolarity of the digesting and culture solutions, di-
gesting enzyme concentrations and composition, and media
addenda such as plant growth regulators (PGRs). Different
osmotic stabilizers (osmoticum) such as mannitol (Hidaka
and Omura 1992; Niedz 1993; Qiao et al. 1998; Witjaksono
and Grosser 1998; Da Gloria et al. 2000; Guo et al. 2000;
Matsumoto et al. 2002; Wakita et al. 2005) and sorbitol
(Jumin and Nito 1996; Ortin-Parraga and Burgos 2003) or
combinations of both (Frearson et al. 1973; Myers et al.
1989; Ara et al. 2000) have been frequently used to provide
the required osmolarity for isolation and culture. Pectinases
and cellulases in different proportions and concentrations
are typically used for plant protoplast isolation (Patat-
Ochatt et al. 1993; Ara et al. 2000; Da Gloria et al. 2000;
Ortin-Parraga and Burgos 2003; Fiuk and Rybczynski
2007; Meyer et al. 2009; Castelblanque et al. 2010; Sheng
et al. 2011; Grzebelus et al. 2012). For development of
protoplast calli and shoot regeneration PGRs such as auxins
and cytokinins have been widely included in culture media
in a wide range of concentrations at different stages
(Revilla et al. 1987; Patat-Ochatt et al. 1988; Ochatt 1992;
Kuchuk et al. 1998; Assani et al. 2001; Nassour et al. 2003;
Du and Bao 2005; Wakita et al. 2005; Borgato et al. 2007;
Meyer et al. 2009; Castelblanque et al. 2010; Prange et al.
2010; Sheng et al. 2011; Grzebelus et al. 2012).

The proportion and concentration of the above men-
tioned factors are highly likely to influence the efficiency of
a protoplast system. Optimization of factors affecting pro-
toplast isolation and culture have mostly used factorial
experimental designs (Ochatt 1992; Qiao et al. 1998; Wit-
jaksono and Grosser 1998; Nassour et al. 2003; Ortin-Par-
raga and Burgos 2003; Duquenne et al. 2007; Rezazadeh
et al. 2011) or one-factor-at-a-time (OFAT) (Park and Son
1992; Qiao et al. 1998; Nassour et al. 2003; Ortin-Parraga
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and Burgos 2003; Wakita et al. 2005; Castelblanque et al.
2010) experiments which examine the main effects of the
factors and/or their interactions. The factorial design has the
limitation that proportional and concentration effects are
confounded (Anderson and Whitcomb 2002) or when
separate effects of proportion and total concentration are
sought (Evens and Niedz 2010). A strategy to overcome
these limitations is using a mixture-amount design, a class
of response surface designs (Niedz and Evens 2011a) in
which effects of proportion and concentration and their
interactions can be determined (Cornell 2002). Further-
more, mixture-amount designs are more efficient than
OFATSs or factorial designs for identifying useful formula-
tions in tissue culture, and can discover desirable combi-
nation of components within the experimental space (Niedz
and Evens 2011a).The simple design of this category,
known as a mixture design, has been applied to food (Deka
et al. 2001) and agricultural research such as intercropping
(Dhekale et al. 2003), formulation of fertilizers (Schrevens
and Cornell 1993; Batra et al. 1999) and entomology (La-
pointe et al. 2008). In this design one total mixture amount
is used and response is a function of proportion of different
components in the mixture. Mixture-amount designs, in
addition to quantifying the proportional effects of the
components, are able to detect the effects of concentration
and if proportion and concentration interact by adding it as
an additional factor (amount) to design; this type of design
has recently been used for in vitro experiments of citrus
(Niedz and Evens 2008, 2011a, b).

In this study, we set up guava protoplast experiments
using mixture-amount designs to determine the propor-
tional and amount effects for osmotica, digesting enzymes,
and PGRs. A natural result of clearly quantifying these
effects is the identification of the best combination of
factors for an efficient guava protoplast system. The ranges
of components and concentrations were based on our pre-
vious experience and the review of the literature.

Materials and methods
Protoplast isolation

Leaves were collected from axenic shoot cultures (Fig. 1a)
of guava cv. Beaumont maintained on MS (Murashige and
Skoog 1962) containing 1.5 mg 1~ 6-benzylaminopurine
(BAP). 250 mg of leaf strips (<0.5 mm) were transferred
to a 100-ml Erlenmeyer flask containing 5 ml of enzyme
solution that included enzyme, cell and protoplast washing
(CPW) salts (Frearson et al. 1973), and osmoticum. The
flask containing the leaf strips and enzyme cocktail was
then incubated in darkness at 27 °C on a rotary shaker at
45 rpm. Enzyme concentrations used were representative
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Fig. 1 Plant regeneration from leaf-derived protoplasts of guava. a In
vitro-derived shoot cultures as protoplast donor; b purified proto-
plasts; ¢ protoplast stained with fluorescein diacetate (FDA), viable

of published protocols and all enzyme solutions were ad-
justed to pH 5.8 and filter-sterilized with 0.22 pm Milli-
pore (Millex®) filter. After 10 h incubation, suspensions
were passed through a 75-pm sterile stainless steel sieve
and 40-pm nylon sieve, respectively. The filtrate was
transferred to a 15-ml Falcon tube and centrifuged at
100x g for 5 min. After discarding the supernatant, proto-
plast pellets were washed twice with the same media of the
corresponding osmolarity excluding enzymes and re-sus-
pended in CPW salts with osmoticum. Protoplasts were
purified through density gradient centrifugation by placing
2 ml of crude protoplast suspension on the top of a 4 ml of
25 % sucrose pad. After centrifugation at 80x g for 3 min,
protoplasts were collected by cut-tip Pasteur pipette (from
intermediate density) and re-suspended in fresh medium
(Fig. 1b). Protoplast yield was determined using a
haemocytometer and expressed as the number of proto-
plasts per gram of leaf tissue (Pp g~ '). Viability was
measured by fluorescein diacetate (FDA) staining

protoplasts appear in bright green; d, e regenerated microcalli; f,
g microcalli on shoot regeneration medium; h, i shoot regeneration; j,
k rooted shoots; 1 potted plants (bars in b, ¢ 20 pm, d—g 1 cm)

(Widholm 1972) immediately after isolation (Fig. 1c). For
yield and viability responses, sterile techniques were not
used since the protoplasts were observed 10 h after
incubation.

Protoplast culture

The basal medium was MS salts without NH4,NO; plus
20 mg 17" thiamine—HCI, 10 mg 1" pyridoxine, 2 mg 17"
nicotinic acid, 5 mg1~' pantothenic acid, 30 mg 1™’
ascorbic acid, 1.5 mg 17" L-glutamine, 100 mg 1~" myo-
inositol, 50 mg 17! proline, 30 g 17" sucrose plus osmotica
(sorbitol and/or mannitol based on the formulations of
treatment points). The pH was adjusted to 5.8 and the
media were filter sterilized. Protoplast culture was per-
formed in two steps under aseptic condition: alginate bead
culture, described below, and spread culture.

Sodium alginate (Sigma) was dissolved in osmoticum at
concentration of 4 % (w/v) (twice the final concentration)
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by stirring for 4 h then filter sterilized. Protoplasts were re-
suspended at 1 x 10 protoplast per ml (Pp ml™") [(twice
the final initial plating density (i.e., 5 x 10* Pp ml1™')] in
calcium-free culture medium then mixed with alginate
solution by gently swirling the tubes. The mixture was then
dropped (40 pl droplets) into medium containing the same
composition minus Na-alginate and plus 50 mM CaCl,.
After 1 h, the solidified Ca-alginate beads were washed
twice x 10 min with the culture medium and 10 beads
were suspended in 10 ml of culture medium containing
different proportion and concentrations of oa-naphthalene
acetic acid (NAA) and BAP (described later) in a 100-ml
Erlenmeyer flask and then incubated on a rotary shaker at
30 rpm. Cultures were maintained at 27 °C under a 4-h
photoperiod provided by cool-white fluorescent lamps at
15 pmol m~2 s~'. Dilution was carried out by replacing
15 % of the liquid phase (culture minus alginate beads)
with mannitol-free medium every 4 days.

After 3 weeks, cell colonies were released from Ca-al-
ginate beads according to the method described by Scheur-
ich et al. (1980) with some modifications. Three alginate
beads were incubated for 30 min in a 2-ml Eppendorf tube
containing 1.5 ml 20 mM sodium citrate buffer at pH 7.4,
and included 10 gentle inversions every 5 min. Released
microcolonies were pelleted by slow centrifugation (45 x g),
and after removing supernatant, microcolonies were washed
once more with citrate buffer and then with liquid culture
media and re-suspended in 0.5 ml liquid culture media
containing different amounts of NAA and BAP. The content
of each tube was spread on the surface of solidified medium
(8 % agar w/v, Sigma) in 65 mm x 10 mm Petri dishes
containing NAA and BAP. The concentration of NAA and
BAP were the same in both bead culture and spread culture.
The number of visible microcalli (Fig. 1d, e) per cm? of
culture surface per single bead was determined.

After 4 weeks, 3 microcalli (~3 mm3) (Fig. If, g) were
picked up and placed onto each 65 mm x 10 mm Petri
dishes containing shoot regeneration media supplemented
with kinetin (K) and BAP as design points formulated.
Cultures were kept at 27 °C under 16 h photoperiod of
~40 pmol m~2 s~ !, After 8 weeks, the number of shoots
(Fig. 1h, 1) of 4 or more leaves per each callus was mea-
sured and compared. Shoots were rooted (Fig. 1j, k) on MS
medium containing 0.1 mg 17" indole-3-butyric acid (IBA)
for 4 weeks and plantlets were transferred ex vitro into
potting mixture consisting (v/v) of 10 % perlite, 70 % peat
moss and 20 % vermiculite and irrigated with 1/8 MS salts
for 4 weeks (Fig. 11).

Experimental design and data analysis

A set of design points were selected from the design space
to satisfy the D-optimal criteria sufficient for fitting up to
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the quadratic polynomials for mixture-amount designs
through crossing component mixture (proportion) with to-
tal amount (concentration). To examine the goodness of
model fit the following tests were conducted. The nor-
mality and constant variance assumptions were examined
using normal probability plots of residuals and plots of
residuals versus fitted values, respectively. The Box—Cox
plots were used to identify and perform the required
transformation (the best estimate of the lambda) for cor-
recting the nonnormality (Box and Cox 1964).The influ-
ence of each observation on the fitted values in the
regression and ANOVA model was identified with DFITS
and DFBETAS plots (Belsley et al. 1980). Adequate pre-
cision of the model was determined by comparing the
range of the predicted values at the design point (¥)
(maximum predicted response — minimum predicted re-
sponse) to the average variance (V-bar) of the predicted
responses (desire values >4) (Anderson and Whitcomb
2005). Potential outlier points were checked with exter-
nally studentized “outlier-¢ test” (Weisberg 1985; Myers
1990) and Cook’s distance (Cook and Weisberg 1982)
graphical plots. The R? statistics were estimated for each
selected model (Myers and Montgomery 2002). The
PRESS was estimated to determine how well the model
predict the new experiment (small values are desirable).
Regression coefficients were expressed in coded forms;
coding normalizes the factor range by linear transforma-
tions of their actual units through centering them at zero
with a range of —1 to +1, this can directly reveal the
relative impacts of variables on the model response. Where
the lack-of-fit test was not significant the model proved to
accurately fit the data, and different models did not remove
additional variation in the residuals. The software appli-
cation Design—Expert® ver 9 (Stat-Ease, Inc, Minneapolis,
MN, USA) was used for the experimental design con-
struction, model evaluation, and analyses. For each ex-
periment the design points and data collection method are
described as follows:

Effect of osmolarity on protoplast yield and viability The
experiment was set up as a two-component mixture-
amount design to determine the optimum osmolarity for
protoplasts. The design included two mixture compo-
nents, mannitol and sorbitol, and one numeric factor,
amount (concentration) [mannitol + sorbitol]. Compo-
nents proportions ranged from O to 1 and total concen-
tration ranged from 0.6 to 1.2 M. To assure the release of
enough yield of protoplast to judge the effect of
osmoticum, cellulase “Onuzuka’’ R-10 (Yakult Honsha,
Tokyo, Japan) and macerase (macerozyme® R-10)
(Yakult Honsha, Tokyo, Japan) were included in the
digesting solution each at 0.5 % (w/v). The experiment
included 9 model point, 8 lack-of-fit points, and 7 points
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to estimate pure error as 24 design points. Protoplast
yield (Pp g~') and viability (%) at each design point
were estimated from three 100-ml Erlenmeyer flasks,
each containing 250 mg leaf strips in 5 ml digesting
solution.

Effect of digesting enzymes on protoplast isolation The
experiment to find the optimum formulation of enzyme
solution for protoplast isolation was conducted as a
constrained mixture-amount design and included three
mixture components, cellulase, macerase and hemicllu-
lase (from Aspergilus niger (Sigma)) crossed by a
numeric factor, total concentration of enzymes. The
enzyme cocktail was prepared in CPW with 0.75 M
mannitol obtained from the osmolarity experiment.
Component proportions ranged from 0.25 to 0.625 for
cellulase and macerase and from 0.0 to 0.375 for
hemicellulase, and total concentration ranged from 2 to
6 % (w/v). The experiment had 29 design points and
included 18 model points, 5 lack-of-fit points and 6
points to estimate pure error. Protoplast yield and
viability were estimated as previous experiment.

Effect of NAA and BAP on protoplast callus regen-
eration The experiment was arranged as a mixture-
amount design, and included two mixture components
NAA and BAP and a numeric factor, concentration
[NAA + BAP] to find the best formulation for callus
regeneration. Protoplasts were prepared in a solution of
0.75 M osmoticum with 6 % (w/v) enzyme containing
cellulase:macerase:hemicellulase as 0.4:0.5:0.1. NAA
and BAP proportions ranged from O to 1 and total
concentration ranged from 1 to 3 mg1~' The ex-
periment consisted of 21 design points and included 9
model points, 6 lack-of-fit points and 6 points to estimate
pure error. The same formulation for each design point
was used in both consecutive stages of bead culture and
spreading. The average number of visible microcallus
per cm? of culture surface per bead was calculated for
each design point in three 65 mm x 10 mm Petri dishes
4 weeks after spreading.

Effect of K and BAP on shoot regeneration A mixture-
amount design with two components of K and BAP and
a numeric factor, concentration [K + BAP], was per-
formed to find the best formulation for shoot regen-
eration. Component proportion ranged from 0 to 1 and
concentration ranged from 1 to 4 mg1~'. The ex-
periment consisted of 28 design points including 9
model points, 11 lack-of-fit points and 8 points to
estimate pure error. Three clumps of callus were picked
up and placed on the culture media and the number of
shoots with more than two leaves was assessed after
8 weeks. Each point represents three 65 mm x 10 mm
Petri dishes.

Results

Effect of osmolarity on protoplast yield and viability
Protoplast yield ranged from 0.116 to 1.283 x 10 ¢ Pp g™*
(Table 1). A summary of the ANOVA, selected polynomial
(reduced quadratic sorbitol:mannitol mixture x quadratic
osmoticum concentration) and model information are pre-
sented in Table 2. A base 10 log transformation of the data
was performed as suggested by Box—Cox procedure. The
model was highly significant (»p < 0.0001) and the lack-of-
fit test was not significant (p = 0.1299). Five significant
terms were revealed by ANOVA (Table 2). Insignificant
linear mixture suggested that there were no differences in
protoplast yield between equal concentration of osmoticum
(two extreme ends of the design space) where sorbitol:-
mannitol was 0.0:1.0 and 1.0:0.0. Significant mixture*con-
centration indicated that protoplast yield varied between
different levels of each osmoticum. The osmoticum*con-
centration” revealed a curvature in response, a trend of initial
increase in protoplast yield along with increase in os-
moticum concentration (up to 0.8 M) then a decrease (above
0.8 M). The range of protoplast yield in concentration range
(0.6-1.2 M) for mannitol (0.125-1.283 x 10 ® Pp g~ ') was
wider than that of sorbitol (0.215-1.010 x 10°Ppg~") as F
values suggest (~ 950 for mannitol and ~ 230 for sorbitol).
This shows that changing the mannitol concentration could
change the protoplast yield more than that of sorbitol con-
centration. The effect of osmoticum type and the propor-
tional effect of sorbitol*mannitol on protoplast yield was not
significant. However, the proportion of sorbitol*mannitol
(the quadratic mixture) showed a weak interaction with
concentration (F = 5.59, p = 0.0321) on yield which was
not influential. The region of the design space that resulted
in the highest protoplast yield (>1 x 10° Pp g~') was a
band from approximately 0.7-0.85 M of osmoticum (the
optimal point was 0.75 M of either sorbitol or mannitol) in
the direction of concentration (Fig. 2a).

Protoplast viability ranged from 85 to 94 % (Table 1). A
summary of ANOVA, selected polynomial (reduced linear
sorbitol:mannitol mixture x linear osmoticum concentra-
tion) and model information are presented in Table 3. The
model was highly significant (p < 0.0001) and the lack-of-
fit test was not significant (p = 0.0627). The ANOVA
contained two significant terms (p < 0.0001) (Table 3).
The insignificant linear mixture term showed that viability
at equal concentration of each osmoticum when used alone
is not different. Insignificant term, removed from the
model, of the sorbitol*mannitol showed that changing the
proportion of two osmotica in a certain concentration re-
sulted in the same viability (no blending effect). These
results suggest that changes in protoplast viability are
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Table 1 Mixture-amount (concentration) design points to determine the effects of mannitol and sorbitol on the yield and viability of guava

protoplasts

Design points

Proportion of mixture components

Factor

Responses

Sorbitol Mannitol [Mannitol + Sorbitol] (M) Yield x 10° (Pp gf') Viability (%)
1 1.00 0.00 0.90 1.080 88.3
2 1.00 0.00 0.90 0.998 89.7
3 0.00 1.00 0.90 0.897 89.0
4 0.00 1.00 0.90 0.923 87.8
5 1.00 0.00 0.60 0.650 93.2
6 0.25 0.75 0.75 1.120 93.6
7 0.25 0.75 1.05 0.436 86.2
8 0.75 0.25 0.75 1.240 94.3
9 0.50 0.50 0.60 0.828 93.1
10 0.50 0.50 0.60 0.810 94.2
11 0.50 0.50 0.75 1.260 94.8
12 1.00 0.00 0.75 1.010 94.1
13 0.00 1.00 0.60 0.858 93.0
14 0.00 1.00 0.60 0.834 94.5
15 0.50 0.50 1.20 0.160 88.7
16 0.50 0.50 1.20 0.152 86.8
17 0.00 1.00 1.20 0.116 87.3
18 0.00 1.00 1.20 0.132 85.0
19 1.00 0.00 1.20 0.223 86.1
20 1.00 0.00 1.20 0.208 87.3
21 0.75 0.25 1.20 0.180 87.0
22 0.50 0.50 0.90 0.978 88.4
23 0.75 0.25 1.05 0.485 86.7
24 0.00 1.00 0.75 1.283 95.2

Mixture components ranged from 0.0 to 1.0 and concentration [Mannitol + Sorbitol] ranged from 0.6 to 1.2 M. The experiment included 9

model point, 8 lack-of-fit points, 7 points to estimate pure error as 24 design points

Pp g~ ', protoplast per gram

largely due to changes in osmoticum concentration. The
region of the design space that resulted in the highest
protoplast viability (>92 %) was a band from ap-
proximately 0.6—-0.75 M of osmoticum (the optimal point
was 0.6 M) (Fig. 2b).

Overall, the region of the design space that resulted in
the highest protoplast yield (>1 x 10° Pp g~') and viabi-
lity (>92 %) was a band across the design space where the
osmoticum concentration was between 0.70 and 0.75 M.
Therefore, the optimal point that satisfies responses of yield
and viability was at 0.75 M osmolarity.

Effect of digesting enzymes on protoplast isolation

Protoplast yields ranged from 1.399 to 3.723 x 10° Pp g~
(Table 4; Fig. 3a—c). A summary of the ANOVA, selected
polynomial model (reduced quadratic cellulase:mac-
erase:hemicellulase mixture x quadratic enzyme concen-
tration) and model information are presented in Table 5. A
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base 10 log transformation of the data was performed as
suggested by Box—Cox procedure. The model was highly
significant (p < 0.0001) and the lack-of-fit test was not
significant (p = 0.4058). The ANOVA contained twelve
significant terms (Table 5). Significant linear mixture
showed differences in protoplast yield between all equal
concentration of enzymes (vertices of the design space)
when one enzyme is in its highest proportion. Due to the
presence of constraints on components of enzyme mixture
in this experiment, however, it is difficult to clearly com-
pare the components singly. The proportional effects of
enzymes on protoplast yield were significant and the effect
of the double blends of macerase*hemicellulase
(F = 502.18) and cellulase*macerase (F = 423.32) were
higher than the effect of either of them. For cellu-
lase*hemicellulase (F = 85) however the term was sig-
nificant but regression coefficients shows that relatively
small differences occur when only these two enzyme exists
in a mixture. The non-linear changes along high number of
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Table 2 ANOVA table [partial sum of squares—type III] for the effects of mannitol and sorbitol on the yield of guava protoplasts
Source Sum of squares df Mean F value p value Regression
square Prob > F coefficients®
Model® 3.01 7 0.43 535.77 <0.0001
Linear mixture 1.109E—-005 1 1.109E—-005 0.014 0.9079
Sorbitol 8.220E — 003
Mannitol —0.034
Sorbitol*Mannitol 2.051E—-004 1 2.051E—-004 0.26 0.6201 0.026
Sorbitol*Concentration (Conc.) 0.18 1 0.18 227.26 <0.0001 —0.24
Mannitol*Conc. 0.76 1 0.76 952.69 <0.0001 —0.42
Sorbitol*Mannitol*Conc. 4.421E-003 1 4.421E—003 5.51 0.0321 —0.16
Sorbitol*Conc.> 0.29 1 0.29 367.11 <0.0001 —-043
Mannitol*Conc.> 0.37 1 0.37 465.66 <0.0001 —0.45
Residual error 0.013 16 8.025E—004
Lack-of-fit 9.705E—-003 9 1.078E—003 241 0.1299
Pure error 3.135E-003 7 4.479E—-004
Cor total 3.02 23
SD 0.028 R? 0.99
Mean —-0.27 R? adjusted 0.99
CV% 10.63 R? predicted 0.99
PRESS 0.026 Adeq precision 60
Model type® Reduced quadratic mixture x quadratic amount (Conc.)
Transformation Base 10 log (per Box—Cox plot)

Model statistics and estimated coefficients for regression are included

* Jog _10(Yield x 10°) = — 3.15982*Sorbitol — 2.84728*Mannitol + 0.49429*Sorbitol*Mannitol
+ 7.84978*Sorbitol*Conc. 4+ 7.65850*Mannitol*Conc. — 0.52010*Sorbitol*Mannitol*Conc.
— 4.81082*Sorbitol*Conc.? — 5.03611*Mannitol*Conc.>

° Expressed in coded forms. Mixture component coding is L_Pseudo

¢ Forced terms: Mannitol, Sorbitol; Removed: Sorbitol*Mannitol*Conc.%; hierarchical terms added after all hierarchical search:

Sorbitol*Mannitol

contour line between two vertices (on double blend axis) of
macerase and hemicellulase and macerase and cellulase
further shows these effect (Fig. 3a—c). The proportion of
cellulase*macerase significantly interacted with concen-
tration (F = 144.41), the highest effect in low enzyme
concentration obtained by the blend in which a wider range
of cellulase were needed while, at higher enzyme con-
centration a higher proportion of macerase (for example
0.48) produced highest response. The proportion of 50:50
at low concentrations increased the yield from 1.8 to
2.3 x 10° Pp g~ ' between 2 and 4 % while; from 4 to 6 %
it increased from 2.35 to 3.5 x 10° Pp g~'. The blending
effect of cellulase*hemicellulase and cellulase*macerase
had interaction with quadratic concentration; synergistic
effect is increased as concentration increased. The effect of
component*concentration on protoplast yield was sig-
nificant; macerase*concentration (F = 2975.88,
p < 0.0001) showed that most of variation in protoplast
yield is driven by macerase concentration. By increasing

the enzyme concentration the macerase showed a nonlinear
increase in the protoplast yield and it tends to increase the
number of protoplast at higher rate as the concentration is
increased. However the macerase*concentration® was sig-
nificant but its effect was low. Significant hemicellu-
lase*concentration term (F = 765.5, p < 0.0001) revealed
that in the case of increasing the enzyme concentration
from 2 to 4 %, hemicellulase could slightly increase the
yield while at 4-6 % it largely increased the yield. Sig-
nificant cellulase*concentration (F = 741.67, p < 0.0001)
showed that cellulase concentration could affect protoplast
yield. The regions with highest response are moving to-
ward the vertex of macerase, and demands higher con-
centration of hemicellulase instead of cellulase. It seems
that hemicellulase works at higher enzyme concentration.
The high yield (>3.7 x 10° Pp g~') was obtained when
enzyme concentration of 6 % containing macerase:cellu-
lase:hemicellulase as 0.4-0.56:0.27-0.36:0.08-0.24 was
used (Fig. 3c).
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Fig. 2 Contour plots of protoplast yield (x10°%) (a) and viability
percentage (b). The design space is a sorbitol:mannitol mixture
crossed with total osmoticum amount [concentration (sor-
bitol + mannitol)]. The proportional effects of sorbitol and mannitol
are captured along the x-axis and their concentration effects are
captured along y-axis; this design structure separates the effect of
proportion and effect of concentration. The similar response of the
two osmotica at the same concentration is evident by the lack of a
gradient in contour lines across the plane in the x-axis direction. The
lack of curves in the contour lines shows non-significant blending
effect of sorbitol and mannitol. The curvature in response across the
plane in the y-axis direction for yield, an initial increase then decrease
in protoplast yield, along with increase in osmoticum concentration
resulted in the significant term osmoticum*concentration®. The range
of protoplast yield along the y-axis for mannitol was wider than that
of sorbitol

Protoplast viability ranged from 86 to 92.6 % (Table 4).
A summary of the ANOVA, selected polynomial model
(reduced linear cellulase:macerase:hemicellulase mix-
ture x quadratic enzyme concentration) and model infor-
mation are presented in Table 6. The model was highly
significant (p < 0.0001) and the lack-of-fit test was not
significant (p = 0.4364). The ANOVA contained five sig-
nificant (p < 0.05) terms (Table 6). The non-significant
linear mixture term suggested that there were no differ-
ences in protoplast viability between all equal amounts of
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enzymes where they are at their highest proportions. The
proportional effects of the enzymes on protoplast viability
were not significant and were not included in the model.
The cellulase*concentration term (F = 25.61, p < 0.0001)
had the greatest effect on protoplast viability (Fig. 3d).
Cellulase*concentration® was the next term with the largest
effect and shows a curvature in the viability response re-
lated to cellulase concentration. A concentration of 6 %
enzyme with the proportion of cellulase >0.3 resulted in
>90 % viability.

Overlaid contour plot showed a protoplast yield of >3.7 and
>90 viability with 6 % enzyme concentration in the region of
cellulase:macerase:hemicellulase as 0.3-0.5:0.4-0.6:0.09-0.16
(Fig. 3e). Therefore, the optimal concentration of enzymes
that satisfies responses of yield and viability is 2.4 % cellulase,
3 % macerase and 0.6 % hemicellulase.

Effect of NAA and BAP on protoplast callus
regeneration

The number of visible microcalli per cm? of culture surface
per bead ranged from 4.3 to 18.33 (Table 7; Fig. 4). A
summary of the ANOVA, selected polynomial (reduced
quadratic NAA:BAP mixture x linear PGR concentration)
and model information are presented in Table 8. An in-
verse square root transformation of the data was performed
as suggested by Box—Cox procedure. The model was
highly significant (p < 0.0001) and the lack-of-fit test was
not significant (p = 0.1372). The ANOVA contained three
significant terms (Table 7). The significant linear mixture
term (F = 221.55, p < 0.0001) had the greatest effect on
number of microcalli produced and indicated a difference
between NAA and BAP where their proportions are as
0.0:1.0 and 1.0:0.0 (two extreme ends of the design space)
(Fig. 4). For example, at concentration of 1-3 mg 1" the
number of microcalli with NAA alone was 15-19 while it
was ~4 with BAP alone. The proportional effect of
NAA*BAP was also significant (F = 17.47, p = 0.006),
and revealed an antagonistic blending effect. BAP*con-
centration was significant (F = 8.34, p = 0.0102) on the
number of microcalli with slight influence. The highest
number of microcalli (18) was obtained in a medium
containing 1.0 mg 1~' NAA (Fig. 4).

Effect of K and BAP on shoot regeneration

Number of shoots from single callus ranged from 3.0 to
13.8 (Table 9; Fig. 5). A summary of the ANOVA and
selected polynomial (reduced quadratic K:BAP mix-
ture x quadratic PGRs concentration) and model infor-
mation are presented in Table 10. A base 10 log
transformation of the data was performed as suggested by
Box—Cox procedure. The models was highly significant
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Table 3 ANOVA table [partial sum of squares—type III] for the effects of mannitol and sorbitol on the viability of guava protoplasts
Source Sum of squares df Mean F value p value Regression
square Prob > F coefficients®
Model® 217.54 3 72.51 24.19 <0.0001
Linear mixture 1.04 1 1.04 0.35 0.5619
Sorbitol 90.41
Mannitol 90.12
Sorbitol*Concentration (Conc.) 65.39 1 65.39 21.81 0.0001 —3.72
Mannitol*Conc. 94.35 1 94.35 31.47 <0.0001 —4.24
Residual error 59.96 20 3.00
Lack-of-fit 51.41 13 3.95 3.24 0.0627
Pure error 8.55 7 1.22
Cor total 277.50 23
SD 1.73 R® 0.78
Mean 90.19 R? adjusted 0.75
CV% 1.92 R? predicted 0.71
PRESS 81.03 Adeq precision 11.99

Model type©

Transformation None

Reduced linear mixture x linear amount (Conc.)

Model statistics and estimated coefficients for regression are included

* Viability(%) = 101.56027*Sorbitol + 102.82862*Mannitol — 12.39049*Sorbitol*Conc. — 14.12449*Mannitol*Conc.

° Expressed in coded forms. Mixture component coding is L_Pseudo

¢ Forced terms: Mannitol, Sorbitol

(p < 0.0001) and the lack-of-fit test was not significant
(p = 0.124). The ANOVA contained seven significant
terms (Table 10). The significant linear mixture term
showed that cytokinin types in equal amount where their
proportions are 0.0:1.0 or 1.0:0.0 (two extreme ends of
design space) could produce different numbers of shoots.
For example, with K or BAP alone shoot number at con-
centration of 1 mg 17! were 3.8,2.9; at 2 mg 17! were 5.9,
3.9, at 3 mg 17! were 7.8, 4.5, and at 4 mg 17! were 9.8,
5.4, respectively. Component*concentration terms sig-
nificantly affected shoot number; K*concentration was
more effective than BAP*concentration, as the range of
shoot production for K (3.8-9.8) (F = 71.29) was higher
than that of BAP (2.9-5.4) (F = 33.37). The term com-
ponent*concentration” showed that increasing K and BAP
concentration after a certain level could either slowly in-
crease the shoot number or decrease it. For example, for K
the speed of increasing shoot number is decreased to a level
of plateau (within the space captured); at first it increased
up to 3 mg 17! then this increase was slow. However BAP
concentration® was significant but the rate of increase was
slow after 1.6 mg 17! and it was almost unchanged.

The single largest effect was the K*BAP term
(F = 80.87, p < 0.0001) which revealed a strong blending
effect on shoot number. The greatest number of shoots
produced by K or BAP alone was 8 and 5, respectively
(Fig. 5). However, the region of the K and BAP blend of

approximately 0.6 and 0.4 produced the greatest number of
shoots (>12). The second largest effect was the K*Con-
centration term (F = 71.29, p < 0.0001) which revealed
that the proportion of K was interacting with concentration.
The reason the K*Concentration term was large was be-
cause K was the dominant cytokinin at 0.6 proportion in
the most effective blend. The BAP*Concentration term
was also significant, though less so then K*Concentration
(F of 33.37 vs. 71.29) (Table 10). Because shoot number
increased as the concentration increased and was maximal
at the highest concentration of 4 mg 17" (Fig. 5), the con-
centration that maximizes shoot number may not have been
reached and lies outside of the concentration range exam-
ined. Nevertheless, the optimal point within the present
design space that satisfies the highest number of shoots
included 2.4 mg 17" kinetin and 1.6 mg 17" BAP,

Discussion

To our knowledge this is the first report of guava protoplast
isolation and culture. Young plants derived from protoplasts
in this study showed no detectable morphological variation.
The optimum formulations for osmoticum, digesting en-
zymes and PGRs were determined. Furthermore, the effect
of some features of media formulation including proportion,
concentration and their interaction were quantified using
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Table 4 Constrained mixture-amount (concentration) design points to determine the effects of cellulase, macerase, and hemicellulase on the

yield and viability of guava protoplasts

Design points Proportion of mixture components

Factor
concentration (%)

Responses

Cellulase Macerase Hemicellulase Yield x10° (Pp gfl) Viability (%)
1 0.521 0.396 0.083 2 1.825 86.0
2 0.417 0.417 0.167 6 3.723 89.6
3 0.250 0.375 0.375 4 2.331 86.7
4 0.625 0.375 0.000 6 3.052 91.2
5 0.625 0.375 0.000 6 3.011 91.5
6 0.375 0.625 0.000 2 1.651 87.2
7 0.250 0.625 0.125 4 2.150 88.0
8 0.250 0.375 0.375 2 1.620 86.8
9 0.375 0.250 0.375 2 1.568 87.3
10 0.250 0.625 0.125 6 3.552 88.9
11 0.625 0.375 0.000 2 1.580 86.8
12 0.625 0.375 0.000 2 1.610 87.2
13 0.375 0.250 0.375 6 3.010 89.6
14 0.375 0.250 0.375 6 3.050 90.0
15 0.625 0.250 0.125 6 2.980 90.5
16 0.625 0.250 0.125 4 2.050 86.0
17 0.625 0.250 0.125 4 2.033 88.0
18 0.250 0.625 0.125 2 1.422 86.5
19 0.250 0.625 0.125 2 1.399 88.0
20 0.250 0.375 0.375 6 3.250 90.8
21 0.417 0.417 0.167 4 2.552 88.5
22 0.333 0.521 0.146 2 1.811 87.5
23 0.625 0.375 0.000 4 2.220 86.8
24 0.375 0.250 0.375 4 2.110 87.0
25 0.375 0.250 0.375 4 2.120 86.1
26 0.521 0.396 0.083 6 3.560 92.6
27 0.521 0.333 0.146 4 2.350 86.9
28 0.396 0.521 0.083 4 2471 88.8
29 0.417 0.417 0.167 2 1.894 88.0

Mixture components ranged from 0.250 to 0.625 for cellulase and macerase and from 0.0 to 0.375 for hemicellulase and total amount
(concentration) of enzymes [Cellulase + Macerase + Hemicellulase] ranged from 2 to 6 % (w/v). The experiment had 29 design points included

18 model points, 5 lack-of-fit points and 6 point to estimate pure error

Pp g, protoplast per gram

mixture-amount experimental designs. Protoplast yields

>3.7 x 10°Pp g can provide enough protoplasts for
4-75 ml of culture media, as protoplasts are generally cul-
tured at an initial plating density of 5 x 10*-1 x 10°
Pp ml~! (Davey et al. 2005). Protoplast callus production
and subsequent shoot regeneration demonstrated that guava
is amenable to protoplast culture. Therefore, the procedure
developed here will enable us to utilize plant improvement
technologies that require protoplasts to develop improved
guava cultivars. Isolated protoplasts can also be used as an
important and versatile tool in studying whole-plant
physiological responses through cell-based experiments
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involving gene expression regulation, signal transduction
and protein targeting. The findings of this study for each
experiment are separately discussed below.

Effect of osmolarity on protoplast yield and viability

The model showed that osmoticum molarity was the pri-
mary determinant of protoplast yield and viability rather
than sorbitol and mannitol. The literature describes similar
responses by inclusion of different osmotica singly (Perales
and Schieder 1993; Qiao et al. 1998; Witjaksono and
Grosser 1998; Guo et al. 2000; Matsumoto et al. 2002;
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Fig. 3 Contour plots of protoplast responses from mixture-amount
design of cellulase:macerase:hemicellulase crossed with enzyme
concentration. a—c protoplast yield at 2-6 % enzyme concentration:
the 3 plots are the 3 concentrations testes, 2, 4, and 6 %, and the
values on each base (side) and opposite vertex (apex) are the lowest
and highest proportion of each component, respectively. The propor-
tion of each component for each point is found where the perpen-
dicular from that point intersects the axis of each component;
d interaction of cellulase*concentration on viability: the proportional
effects of cellulase and macerase are captured along the x-axis and the
concentration effects of cellulase alone, macerase alone or their
blends are captured along the y-axis. A non-linear response (note the

Ortin-Parraga and Burgos 2003; Wakita et al. 2005) or in
combination (Frearson et al. 1973; Myers et al. 1989; Ara
et al. 2000). In a comparative study using mango proto-
plasts, and an OFAT experiment, mannitol was superior to
sorbitol or a mixture of both (Rezazadeh et al. 2011). In

Viability I

D: Amount (%)

A: Cellulase 0.250
B: Macerase 0.583

X1 = A: Cellulase

X2 = B: Macerase

X3 = D: Amount

(C: Hemicellulase = 0.166)

Design-Expert® Software
Component Coding: Actual
Factor Coding: Actual
92.6333

6 86.0333 Viability (%)

5
a4
3
2

0.333 0.417 0.500 0.583

0.500 0.417 0.333 0.250

Proportion of cellulase and macerase
e Cellulase
0.75
6 %

Yield > 3.7 Pp g"'
Viability > 90%

Viability: <90%

0.75 0.25 0.5
Macerase

Hemicellulase

distance between the contour lines as concentration increased) across
the y-axis for cellulase shows the interaction of cellulase*concentra-
tion on yield.; e overlaid optimization plot of protoplast yield and
viability: yellow region stretching from center down to the corner of
maximum macerase and least cellulase represents the optimal region
for protoplast yield and viability which shows that the peak yield and
viability are obtained when all 3 enzymes are used. Within this region
all points would satisfy the specifications such as the preference of
one component or the desired values of responses. For example, if the
macerase is relatively expensive, it could be replaced by higher
proportion of hemicellulase. (Color figure online)

terms of the influence of mannitol and sorbitol on the cell,
it is known that mannitol is an inert sugar alcohol with
more stability than sorbitol (Evans 1976), while sorbitol is
subjected to uptake by cells (Warren 1991) which in turns
could cause an interruption in the solute balance and bring
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Table 5 ANOVA table [partial sum of squares—type III] for the effects of cellulase, macerase, and hemicellulase on yields of guava protoplasts

Source Sum of squares df Mean square  F value  p value Prob > F Regression
coefficients”
Model® 0.46 15 0.030 1570.51  <0.0001
Linear mixture 0.021 2 0.010 531.23  <0.0001
Cellulase (Cel) 0.25
Macerase (Mac) 0.22
Hemicellulase (Hemi) 0.28
Cel*Mac 8.220E—003 1 8.220E—003 42332 <0.0001 0.57
Cel*Hemi 1.671E—003 1 1.671E—-003 86.05 <0.0001 0.28
Mac*Hemi 9.751E—-003 1 9.751E—003 502.18  <0.0001 0.52
Mac*Concentration (Conc.)  0.058 1 0.058 2975.88  <0.0001 0.23
Cel*Conc. 0.014 1 0.014 741.67  <0.0001 0.19
Hemi*Conc. 0.015 1 0.015 765.30  <0.0001 0.12
Cel*Mac*Conc. 2.804E—003 1 2.804E—-003 14441 <0.0001 —-0.32
Cel*Hemi*Conc. 7.845E—006 1 7.845E—006 0.40 0.5360 0.013
Cel*Conc.? 7.013E—004 1 7.013E—004 36.12  <0.0001 —0.061
Mac*Conc.? 2.350E—004 1 2.350E—004 12.10 0.0041 0.026
Hemi*Conc.? 8.033E—005 1 8.033E—005 4.14 0.0629 —0.015
Cel*Mac*Conc.> 4.224E—-004 1 4.224E—-004 21.75 0.0004 0.18
Cel*Hemi*Conc.” 5.885E—004 1 5.885E—-004 30.31 0.0001 0.20
Residual error 2.524E—004 13 1.942E—005
Lack-of-fit 1.491E—004 7 2.130E—005 1.24 0.4058
Pure error 1.033E—-004 1.722E—005
Cor total 0.46 28
SD 4.407E—-003 R? 0.99
Mean 0.35 R? adjusted 0.99
CV% 1.25 R? predicted 0.99
PRESS 2.591E—-003 Adeq precision 130
Model type® Reduced quadratic mixture x quadratic amount (Conc.)
Transformation Base 10 log (Box—Cox plot)

Model statistics and estimated coefficients for regression are included

a

log _10 (Yield x 10%) = — 1.985%Cel — 1.44515%Mac — 0.87823*Hemi + 7.71978*Cel*Mac

+ 4.16015*Cel*Hemi + 0.684439*Cel*Conc. + 2.06593*Mac*Hemi + 0.370688*Mac*Conc.
+ 0.303422*Hemi*Conc. — 2.06676*Cel*Mac*Conc. — 1.55165*Cel*Hemi*Conc.

— 0.0594389*Cel*Conc.? — 0.0161279*Mac*Conc.? — 0.041238*Hemi*Conc.>
+0.177812*Cel*Mac*Conc.? + 0.19731*Cel*Hemi*Conc.?

b Expressed in coded forms. Mixture component coding is L_Pseudo

¢ Forced terms: Cel, Hemi, Mac, Hemi*Conc.z, Mac*Conc.? and Cel*Hemi*Conc

about protoplast rupture or shrinkage. Our results showed
that at the same range of concentration, mannitol caused
more variation in protoplast yield than sorbitol, which
means that yield is more sensitive to mannitol than sorbitol.
These properties along with the fact that protoplasts from
different plant sources differ in their osmotic regulation,
could to some extent explain the different range of re-
sponses with osmotica. Our results, however, clearly sug-
gest that the use of mannitol and sorbitol in a guava
protoplast system could be based on availability or price.
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Effect of digesting enzymes on protoplast isolation

A wide range of enzyme proportions have been used in the
digestion solution; the concentration of cellulase was two-
fold of macerase for Chamelaucium uncinatum (Ratana-
sanobon and Seaton 2013), macerase was one-third of
cellulase for Musa acuminate cv. Mas (AA) (Xiao et al.
2007), or the same (1.5 %) for Gentiana kurroo (Royle)
(Fiuk and Rybczynski 2007). Our findings along with other
protocols using a wide range of enzyme concentrations
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Table 6 ANOVA table [partial sum of squares—type III] for the effects of cellulase, macerase, and hemicellulase on the viability of guava

protoplasts
Source Sum of squares df Mean F value p value Regression
square Prob > F coefficients”
Model® 75.53 10.79 14.71 <0.0001
Linear mixture 1.71 0.85 1.16 0.3320
Cellulase (Cel) 87.11
Macerase (Mac) 88.74
Hemicellulase (Hemi) 86.50
Cel*Concentration (Conc.) 18.78 1 18.78 25.61 <0.0001 2.52
Mac*Conc. 3.20 1 3.20 4.36 0.0491 1.26
Hemi*Conc. 3.77 1 3.77 5.14 0.0341 1.20
Cel*Conc.? 5.22 1 5.22 7.11 0.0144 2.13
Hemi*Conc.? 3.65 1 3.65 4.98 0.0366 1.88
Residual Error 15.40 21 0.73
Lack-of-Fit 11.56 15 0.77 1.20 0.4364
Pure error 3.85 6 0.64
Cor total 90.94 28
SD 0.86 R® 0.83
Mean 88.25 R? adjusted 0.77
CV% 0.97 R? predicted 0.67
PRESS 29.98 Adeq precision 10.4

Model type©

Transformation None

Reduce linear mixture x quadratic amount (Conc.)

Model statistics and estimated coefficients for regression are included

* Viability (%) = + 92.794*Cel + 84.038*Mac + 94.8152*Hemi — 4.8264*Cel*Conc. + 2.4466*Mac*Conc.
— 5.1257*Hemi*Conc. + 0.8005*Cel*Conc.? — 0.2668*Mac*Conc.? — 0.6721*Hemi*Conc.?

® Expressed in coded forms. Mixture component coding is L_Pseudo
¢ Forced terms: Cel, Mac and Hemi

with different composition and proportions (Mills and
Hammerschlag 1994; Witjaksono and Grosser 1998; Da
Gloria et al. 2000; Ortin-Parraga and Burgos 2003; Xu
et al. 2006; Ratanasanobon and Seaton2013) suggest that
specific formulations are required for protoplast isolation
of any species.

The proportion of macerase*hemicellulase and mac-
erase*cellulase, were effective on protoplast yield. This
could be due to the fact that macerase as a pectinase en-
zyme not only provides cellulose digesting enzymes (cel-
lulase and hemicellulase) with detached cells through
digesting intercellular pectic cements but also boosts their
cell wall degradation activities by digesting pectin sub-
stances within the cell walls. Comparatively, the propor-
tional effect of the two cellulose digesting enzymes,
cellulase and hemicellulase, was significant but weaker.
Nevertheless, such proportional effects seems reasonable
as each enzyme breaks down different substrates in the cell
wall and a proper proportion is required, however such
proportion depends on the total concentration of enzyme
(cellulase*hemicellulase*concentrationz); the  higher

proportion of hemicellulase is needed as total concentration
increased. The concentration-dependent proportional effect
of hemicellulase with other components in our mixture -
amount experiment shows the variation in protoplast re-
sponses of different plant species. For example, hemicel-
lulase had no effect in apricot protoplasts (Ortin-Parraga
and Burgos 2003) while by increasing its concentration
(from 1 to 2 %) in presence of pectinase the protoplast
yield of mango decreased from 11.86 to 2.54 x 10° (Ara
et al. 2000).

The term component*concentration was significant and
revealed that macerase concentration is the main determi-
nant factor in protoplast yield. Separation of intact cells by
digestion of intercellular pectin by macerase is central to
protoplast isolation of guava and any changes in this stage
would affect the final stage of cell wall degradation. Sev-
eral reports are available on the effects of different levels
of enzymes on protoplast yield. Ochatt (1992) found that
the concentration of macerase could significantly affect
protoplast yield of some Prunus clones. For poplar
(Populous alba L.), increasing cellulase from 1 to 2 %
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Table 7 Mixture-amount (concentration) design points to determine
the effects of o-naphthalene acetic acid (NAA) and 6-benzy-
laminopurine (BAP) on the number of microcalli produced from
guava protoplasts

Design Proportion of mixture Factor Response
points  components
NAA BAP NAA + BAP No. micro-
(mg 171 callus®

1 0.25 0.75 3 6.33
2 1.00 0.00 1 17.20
3 0.25 0.75 1 8.70
4 0.50 0.50 1 11.70
5 0.25 0.75 1 6.70
6 0.00 1.00 2 4.70
7 1.00 0.00 3 14.30
8 0.25 0.75 3 6.33
9 0.00 1.00 1 5.30
10 1.00 0.00 2 17.30
11 0.75 0.25 2 18.33
12 0.50 0.50 3 8.00
13 0.25 0.75 2 9.30
14 0.75 0.25 2 17.70
15 0.50 0.50 2 12.50
16 0.75 0.25 1 15.66
17 0.00 1.00 3 4.30
18 0.75 0.25 3 12.70
19 0.75 0.25 3 14.70
20 0.25 0.75 2 8.70
21 0.75 0.25 1 16.70

Component proportion ranged from 0 to 1 and amount (concentration)
[NAA + BAP] ranged from 1 to 3 mg 1", The experiment consisted
of 21 design points included 9 model points, 6 lack-of-fit points and 6
point to estimate pure error

 Number of microcallus per bead per cm? of culture

decreased the protoplast yield, the activity of cellulase
however was dependent on pectolyase (Qiao et al. 1998).
Increasing cellulase from 0.5 to 1.5 % and macerase from
0.1 to 0.5 % increased protoplast yield of Spathyphyllum
wallisii, with no effect on protoplast yield of Anthurium
scherzerianum (Duquenne et al. 2007). In another study,
protoplast yield of Helianthus annuus was significantly
different between the cellulase concentrations of 0.5, 1.0,
and 1.5 % (Kativat et al. 2012).

Protoplast viability was determined by the enzyme
concentration predominantly by cellulase concentration.
Contrary to our finding, increasing enzyme concentration
decreased protoplast viability in mango (Ara et al. 2000)
and Pleargonium x Hortorum, nonetheless, in the latter
case high yield was accompanied by high viability (Nas-
sour et al. 2003). Different reports on the effect of enzymes
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Fig. 4 Contour plot of the number of microcalli per cm? of culture
surface per bead from guava protoplast using mixture-amount
(concentration) design of o-naphthalene acetic acid (NAA):6-benzy-
laminopurine (BAP). The proportional effects of NAA and BAP are
captured along the x-axis and the concentration effects of NAA alone,
BAP alone or NAA + BAP are captured along the y-axis. The
contour lines show a sharp gradient along the x-axis shows the
differences between the same concentration of two PGRs. Antagonis-
tic blending effect of NAA and BAP was evident by non linear
response across the proportionality axis. This antagonistic effect is
increased as concentration increased (along the y-axis) this is evident
by the gradients of lines, for example, at a proportion of 0.5:0.5 and
up to a concentration of 1.5 mg 17" the value for number of microcalli
is above 12 while above the 1.5 mg 17" the values tend to decline as
concentration rises. There was no significant differences in number of
microcalli between the lowest and highest concentration of each PGR,
which is evident by the contour lines, where this is <6 for BAP and
>16 for NAA along the y-axis

concentration on protoplast viability are available. Ortin-
Parraga and Burgos (2003) working with apricot proto-
plasts found that the inclusion of hemicellulase doubled the
viability from 43 to 83 %, while Ara et al. (2000) noticed
that a two-fold increase in hemicellulase decreased the
viability of mango protoplasts by 25 %. No significant
differences in viability between the cellulase concentra-
tions of 0.5, 1.0, and 1.5 % were observed for Helianthus
annuus L. (Kativat et al. 2012), whereas increasing cellu-
lase from 1 to 2 % sharply decreased the protoplast via-
bility of poplar (Qiao et al. 1998). Protoplast viability for
Spathyphyllum wallisii increased then declined with in-
creasing cellulase concentration; but little change was ob-
served with increasing macerase concentration (Duquenne
et al. 2007), while high concentrations of cellulase and
pectinase reduced the protoplast viability of Pelargoni-
um x hortorum (Nassour et al. 2003). The increased pro-
toplast viability of guava was accompanied by high yield
which was brought about by high concentrations of en-
zymes. This phenomenon is probably due to the fact that
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Table 8 ANOVA table [partial sum of squares—type I1I] of the effects of o-naphthalene acetic acid (NAA) and 6-benzylaminopurine (BAP) on
the number of microcalli per cm?® of culture surface per bead of guava protoplasts

Source Sum of squares df Mean F-value p value Regression
square Prob > F coefficients”
Model® 0.12 3 0.039 82.45 <0.0001
Linear mixture 0.10 1 0.10 221.55 <0.0001
NAA 0.24
BAP 0.46
NAA*BAP 8.250E—003 1 8.250E—003 17.47 0.0006 —0.21
BAP*Concentration (Conc.) 3.940E—-003 1 3.940E—-003 8.34 0.0102 0.028
Residual error 8.030E—003 17 4.723E—-004
Lack-of-fit 6.586E—003 11 5.987E—-004 2.49 0.1372
Pure error 1.444E—-003 6 2.406E—004
Cor total 0.12 20
SD 0.022 R? 0.93
Mean 0.32 R? adjusted 0.92
CV% 6.76 R? predicted 0.91
PRESS 0.011 Adeq precision 25.7
Model type® Reduced quadratic mixture x linear amount (Conc.)
Transformation Inverse square root

Model statistics and estimated coefficients for regression are included

* 1/[Sqrt(Microcallus #)] = +0.24410*NAA + 0.40362*BAP — 0.21361 *NAA*BAP + 0.028071*BAP*Conc.

° Expressed in coded forms. Mixture component coding is L_Pseudo

¢ Forced terms: NAA, BAP

increase in protoplast releasing rate in the presence of
higher concentration of enzymes is higher than the rate of
protoplast death. Similar trends have been reported for
protoplast isolation of apricot (Ortin-Parraga and Burgos
2003) and P. cerasifera (Ochatt 1992). Our results also
showed that viability is not affected by many properties of
digesting solution such as linear mixture (the differences
between enzymes alone) or proportional effects (an-
tagonistic or synergistic blending effects of enzymes).

Effect of BAP and NAA on protoplast callus
regeneration

Protoplast culture is initially judged by plating efficiency in
terms of cell division and/or microcolony formation. A
large number of microcalli were obtained for guava using
NAA alone. NAA was superior to BAP in microcalli pro-
duction, but increasing the NAA concentration above
1 mg 17" had an adverse effect. Inhibitory effects of high
concentration of NAA in protoplast culture of Asparagus
officinalis L. has been previously reported (May and Sink
1995). Proportion of NAA*BAP also influenced microcalli
formation of guava and showed antagonistic blending ef-
fects in our study. Auxins and cytokinins are essential for
protoplast culture (Davey et al. 2005) and protoplast cul-
ture of several plant species such as Solanum virginianum
L. (Borgato et al. 2007), Alnus firma (Wakita et al. 2005),

and poplar (Populus alba L.) (Qiao et al. 1998) and hybrid
poplar (Populus nigra x P. maximowiczii) (Park and Son
1992) were dependent on auxin and cytokinin. In this study
we found that NAA was necessary to support the cell di-
vision up to microcallus formation, while BA was not re-
quired. Our results are in line with those of Dovzhenko
et al. (2003) who reported 30 % protoplast plating effi-
ciency for Arabidopsis thaliana in presence of auxin alone.
No microcolony formation in the absence of auxin has been
reported for apricot (Ortin-Parraga and Burgos 2003). In
another study, Perales and Schieder (1993) reported that
different concentrations or combinations of BA, NAA and
zeatin had no major influence on protoplast regeneration
frequency of some apple cultivars; nevertheless, no mi-
crocallus was observed when NAA was absent from the
culture media.

In this study increasing the concentration of BAP alone
did not change the formation of microcalli formation, while
in some studies the cytokinin alone or in combination with
auxin have been reported to initiate cell colony formation.
Dovzhenko and Koop (2003) found that the presence of
either cytokinin or auxin in the media could initiate colony
formation from protoplasts of Beta vulgaris (L.). Suc-
cessful application of cytokinin have been reported for
mango leaf protoplast culture (BAP + kinetin) (Rezazadeh
et al. 2011) and peach (Prunus persica L.) (BA + zeatin)
(Mills and Hammerschlag 1994), while for protoplast
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Table 9 Mixture-amount (concentration) design points to determine
the effects of kinetin (K) and 6-benzylaminopurine (BAP) on shoot
regeneration from protoplast-derived calli of guava

Design Proportion of mixture Factor Response
points components (K + BAP)
(mg 17")
K BAP No. shoots
per callus

1 1.00 0.00 1 3.10
2 0.50 0.50 1 3.50
3 0.00 1.00 1 3.00
4 0.75 0.25 1 3.80
5 0.25 0.75 1 3.00
6 0.75 0.25 1 4.30
7 0.25 0.75 1 3.65
8 1.00 0.00 2 5.50
9 0.50 0.50 2 6.30
10 0.00 1.00 2 4.20
11 0.75 0.25 2 8.00
12 0.25 0.75 2 5.50
13 0.75 0.25 2 7.80
14 0.25 0.75 2 5.10
15 1.00 0.00 3 8.00
16 0.50 0.50 3 10.20
17 0.00 1.00 3 5.50
18 0.75 0.25 3 11.20
19 0.25 0.75 3 8.00
20 0.75 0.25 3 10.51
21 0.25 0.75 3 9.00
22 1.00 0.00 4 9.10
23 0.50 0.50 4 12.90
24 0.00 1.00 4 5.00
25 0.75 0.25 4 13.80
26 0.25 0.75 4 10.80
27 0.75 0.25 4 12.80
28 0.25 0.75 4 11.20

Component proportion ranged from 0 to 1 and amount (concentration)
[K 4+ BAP] ranged from 1 to 4 mg 17", The experiment consisted of
28 design points included 9 model points, 11 lack-of-fit points and 8
point to estimate pure error

culture of apple (Patat-Ochatt et al. 1988), Populus Alba
and Alnus firma (Wakita et al. 2005), and chicory (Nenz
et al. 2000) both cytokinin and auxin were essential.
While we observed an antagonistic effect of BAP and
NAA on guava protoplasts, combinations of a relatively
high concentration of NAA to BA for Pelargoni-
um x hortorum (Nassour et al. 2003), Prunus spss. (Ochatt
1992), apple (Patat-Ochatt et al. 1988), banana (Assani
et al. 2001), Nicotiana (Draget et al. 1988), primrose
(Kuchuk et al. 1998), apricot (Ortin-Parraga and Burgos
2003) and chicory (Nenz et al. 2000), and a high ratio of
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Fig. 5 Contour plot for the number of shoot regenerated from
protoplast-derived callus of guava using mixture-amount (concentra-
tion) design of kinetin:6-benzylaminopurine (BAP). The proportional
effects of kinetin and BAP are captured along the x-axis and the
concentration effects of kinetin alone, BAP alone or kinetin + BAP
are captured along y-axis. Cytokinin types in equal amount when used
alone produced different numbers of shoots which is evident by
contour lines (along x-axis). A strong positive blending effect of K
and BAP on shoot number is evident by curvature in the contour lines
along the x-axis. For example, the greatest number of shoots produced
by K or BAP alone was 8 and 5, respectively. However, the point
which had a blend of K and BAP as proportion of 0.6:0.4 produced
the greatest number of shoots (>12)

cytokinin to auxin in peppermint (Jullien et al. 1998) and
sugar beet (Beta vulgaris L.) (Dovzhenko and Koop 2003)
have been reported to be effective in protoplast culture.
Two major PGRs, auxin and cytokinin, control plant cell
division (Das et al. 1956; Pasternak et al. 2000; Hopkins
and Huner 2008) through complicated pathways depending
on species, genotypes and tissues (Coenen and Lomax
1997). The complexity of hormonal responses could be due
to different cell types in tissues containing different levels
of endogenous PGRs (Pasternak et al. 2000). Leaf me-
sophyll protoplasts of fully expanded leaves are believed to
have relatively low level of endogenous auxin (Bhalerao
et al. 1999) and probably cytokinin (Pasternak et al. 2000),
which might fail to regenerate since protoplasts division
requires auxin and cytokinin (Cooke and Meyer 1981;
Bergounioux et al. 1988; Takahashi et al. 1994; Carle et al.
1998; Trehin et al. 1998; Schell et al. 1999). During the cell
cycle, cytokinin levels significantly increase before mitosis
(Redig et al. 1996). It is believed that auxin could induce
DNA synthesis and cytokinin could accomplish mitosis in
tobacco cell (John et al. 1993; Laureys et al. 1998; Valente
et al. 1998) and protoplasts (Jouanneau and Tandeau de
Marsac 1973) culture. The key role of PGRs in protoplast
regeneration does not necessarily imply the inclusion of
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Table 10 ANOVA table [partial sum of squares—type III] of the effects of kinetin and BAP on the number of shoots from protoplast-derived

calli from guava

Source Sum of squares df Mean F value  p value Regression
square Prob > F  coefficients”

Model® 1.18 7 0.17 101.84 <0.0001
Linear mixture 0.086 1 0.086 51.92 <0.0001

Kinetin 0.86

BAP 0.67
Kinetin*BAP 0.13 1 0.13 80.87 <0.0001 0.74
Kinetin*Concentration (Conc.)  0.12 1 0.12 71.29 <0.0001 0.21
BAP*Conc. 0.055 1 0.055 33.37 <0.0001 0.14
Kinetin*BAP*Conc. 0.026 1 0.026 15.64 0.0008 0.44
Kinetin*Conc.> 0.020 1 0.020 12.00 0.0025 -0.11
BAP*Conc.” 8.530E—-003 1 8.530E—003 5.16 0.0343 —0.072
Residual error 0.033 20 1.654E—003

Lack-of-fit 0.026 12 2.133E—003 2.28 0.1240

Pure error 7.477E—-003 8 9.346E—004
Cor total 1.21 27
SD 0.04 R® 0.97
Mean 0.82 R? adjusted 0.96
CV% 4.97 R? predicted 0.92
PRESS 0.09 Adeq precision ~ 31.7
Model type Reduced quadratic mixture x

quadratic amount (Conc.)

Transformation Base 10 log

Model statistics and estimated coefficients for regression are included

* log _10 (Shoot #) = + 0.20612*Kinetin + 0.23005*BAP + 0.012354*Kinetin*BAP + 0.25416*BAP*Conc.
+ 0.29298*Kinetin*BAP*Conc. — 0.0486601*Kinetin*Conc.> — 0.031867*BAP*Conc.>

® Expressed in coded forms. Mixture component coding is L_Pseudo

exogenous PGRs in culture media. In some citrus proto-
plast cultures (Vardi et al. 1982; Sim et al. 1988) and
petunia tumor protoplast culture (Phillips and Darrell 1988)
the PGR free media have been reported to support growth.
In our experiment, BAP was not required for callus pro-
duction; this may be because adequate levels of endoge-
nous cytokinin are present.

Effect of K and BAP on shoot regeneration

Shoot production was satisfactory in the media containing
a blend of K and BAP. In protoplast culture, shoot regen-
eration from callus is predominantly induced by the use of
either cytokinin singly (Qiao et al. 1998) or in combination
with low (Ochatt and Power 1988; Patat-Ochatt et al. 1988;
Ochatt 1992; Park and Son 1992; Perales and Schieder
1993; Jullien et al. 1998; Dorion et al. 1999; Borgato et al.
2007; Castelblanque et al. 2010; Verma and Mathur 2011)
or in rare cases a high (Umate et al. 2005) auxin

concentration. Therefore, we included two cytokinins, K
and BAP, to find if each singly or in combination as dif-
ferent proportions of different concentrations are influential
on shoot regeneration from protoplast-derived calli. When
applied singly, K was superior to BAP in shoot regen-
eration. Cytokinin type and concentration have been re-
ported to be determinant in shoot regeneration from
protoplast culture. In protoplast culture of sugar beet (Beta
vulgaris L.), thidiazuron failed to induce shoot regen-
eration, whereas BA induced shoot regeneration; BAP at
2 mg 1" was effective while at 4 mg 1~! had an inhibitory
effect (Dovzhenko and Koop 2003). In contrast, Perales
and Schieder (1993) demonstrated that in protoplast culture
of some apple cultivars thidiazuron is more effective than
BA in shoot induction. In protoplast culture of poplar, BA
was found ineffective in shoot regeneration, whereas
thidiazuron and kinetin were effective; kinetin was superior
to thidiazuron; K at 10 pM and thidiazuron at 1 uM were
effective while thidiazuron at 10 pM had no effect (Qiao
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et al. 1998). Leaf protoplast culture of Solanum virgini-
anum L. resulted in shoot regeneration when zeatin was
included in the media (Borgato et al. 2007). For protoplast
culture of hybrid poplar zeatin was more effective than BA
and 6-(7y,y-dimethylallylamino) purine (2iP); BA below
4.4 pM and above 6.7 uM failed to produce shoots while
2iP and zeatin at a wide range of concentrations
(2.5-20 uM) produced a wide range of shoot regeneration;
zeatin (1.3-8.1 shoots), BA (0.3-0.9 shoots) and 2iP
(0.3-3.3 shoots) (Park and Son 1992).

The most shoots were produced from K and BAP blends
at the highest concentration. Because factorial or OFAT
experiments cannot detect blending effects, the K and BAP
synergy identified would not have been found without us-
ing mixture amount design. The reason that factorial de-
signs cannot detect blending effects is because the effects
of proportion and concentration are confounded. If we had
used a mixture-design without including amount, such
concentration dependency and concentration-dependent
proportional shift could not have been detected. Such in-
teraction between the proportional effects of two cy-
tokinins and concentration on shoot regeneration of sweet
orange (Niedz and Evens 2011b) and between the pro-
portional effect of auxin and cytokinin on shoot regen-
eration of grapefruit (Niedz and Evens 2011a) have been
previously detected using such designs. Overall, our find-
ings showed that cytokinin type and also their blends and
total concentration could significantly affect the shoot
production response. This means that one can produce a
result beyond the potential of each cytokinin by simply
using the proper blend.
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