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A B S T R A C T

Commercial pomegranate production area has increased substantially in the western hemisphere due to
increased consumer interest in the fruit. Low nursery inventory has caused many growers to propagate
vegetatively their own trees and the availability of only a few cultivars is believed to have played a role in a lack
of diversity in the developing market. ‘Wonderful,’ the industry standard for pomegranate in several countries,
has been propagated in the United States for over 100 years, yet there is limited scientific information regarding
how to most effectively propagate ‘Wonderful’ and other important cultivars. This research included two
experiments. Experiment 1 evaluated rooting percentages and vegetative growth attributes of hardwood cuttings
of twelve cultivars (‘Ambrosia,’ ‘Desertnyi,’ ‘Eversweet,’ ‘Golden Globe,’ ‘Green Globe,’ ‘Haku Botan,’ ‘Ki Zakuro,’
‘Loffani,’ ‘Nochi Shibori,’ ‘Parfianka,’ ‘Phoenicia,’ and ‘Wonderful’) utilizing a basal dip in a gel formulation of 3
g·L−1 indole-3-butyric acid (IBA). Experiment 2 evaluated auxin treatments which consisted of basal dip in water
only (control) or a gel formulation of IBA (1.5 g L−1 or 3 g L−1) for hardwood cuttings of ‘Wonderful’ and two
cultivars that rooted poorly in Experiment 1: ‘Ambrosia’ and ‘Green Globe.’ Measured response attributes
included rooting success percentages, dry root mass, leaf area, plant height, number of shoots, apical shoot
growth, total shoot length, branching, stem diameter, and relative chlorophyll content (SPAD value).
‘Wonderful’ and nine other cultivars rooted over 84% of the time using cuttings treated with 3 g L−1 IBA.
Differences in plant height and branching could be detected early in production. The effect of IBA concentration
on rooting percentage and growth attributes varied among cultivars. Cuttings of ‘Ambrosia’ rooted best with
3 g L−1 IBA versus 0 and 1.5 g L−1 IBA, whereas rooting of cuttings of ‘Green Globe’ was similar among IBA
rates. Plants of ‘Wonderful’ had significantly greater leaf area compared to those of ‘Ambrosia’ and ‘Green
Globe.’ Stem diameter had no effect on rooting on any cultivar in either experiment. There were significant
differences among cultivars in terms of chlorophyll content, with ‘Haku Botan’ and ‘Loffani’ having greener
leaves than ‘Eversweet,’ ‘Ambrosia,’ and ‘Desertnyi.’

1. Introduction

Pomegranate is a woody, fruit-bearing tree crop belonging to the
family Lythraceae (Graham et al., 2005). Pomegranate has been
cultivated for thousands of years and is considered to be one of the
first fruit species to be domesticated (Still, 2006). Interest and produc-
tion of pomegranate has increased due to discovery and quantification
of various classes of polyphenolic compounds which have high
antioxidant activity (Gil et al., 2000) and are believed to have health
benefits for humans (Lansky and Newman, 2007). In California, land
use for pomegranate production increased from about 1000 ha in the
1990s to over 11,000 ha in 2009. Due to limited nursery stock, many

growers have clonally propagated their own trees (Day and Wilkins,
2009), which is believed to have led to a lack of diversity in the market
in the United States, with the vast majority of hectares planted in
California with ‘Wonderful,’ a single genotype.

Vegetative propagation of pomegranate can be accomplished
through air layering, softwood cuttings, dormant hardwood cuttings,
tissue culture, and grafting. However, commercial propagation is
typically performed via hardwood stem cuttings (Karimi, 2011; Polat
and Caliskan, 2006) because it shortens the duration of plant juvenility,
and growers and nurseries typically do not have access to tissue culture
(micropropagation) technologies. There are known to be differences in
propagation success using hardwood cuttings among pomegranate
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cultivars in national collections (Kennedy, 2010). There are also
differences in rooting percentages based on interactions among culti-
var, concentration of root-promoting compound, and cutting type
(Owais, 2010). The most common root-promoting compound in the
nursery industry is indole-3-butyric acid (IBA) (Hartmann et al., 2001).
Singh et al. (2011) reported highest rooting success (90%) using
2 g L−1 IBA when treating 20-cm-long hardwood cuttings. Owais
(2010) reported similar rooting percentage with 9 g L−1 IBA (92.6%)
compared to 0 or 3 g L−1 IBA (43.9% and 57.9%, respectively).
However, Polat and Caliskan (2006) reported a maximum rooting
percentage of 86.7% using 1 g L−1 IBA on 20–25-cm-long hardwood
cuttings. Although there have been various studies on pomegranate
propagation, no known experiments have focused on rooting from
dormant hardwood cuttings of Punica cultivars from the U.S. Depart-
ment of Agriculture National Clonal Germplasm Repository for Tree
Fruit and Nut Crops and Grapes, Davis, CA (USDA NCGR), which
contains approximately 300 pomegranate cultivars. For these experi-
ments, all plant material was sourced from mature trees at the same
national germplasm field site, serving as a common environment so that
all attributes could be compared across genotype. Although many of
these cultivars have been bred for commercial applications, limited
phenotypic horticultural information is available for this germplasm
material, including propagation methods.

The objectives of this research were: 1) to evaluate the effect of
cultivar on rooting success and vegetative growth; and 2) to evaluate
the effects of IBA concentrations on the rooting success and vegetative
growth attributes of difficult-to-root pomegranate cultivars.

2. Materials and methods

2.1. Plant material and experimental design

The pomegranate cultivars used in the following studies were:
‘Ambrosia,’ ‘Desertnyi,’ ‘Eversweet,’ ‘Golden Globe,’ ‘Green Globe,’
‘Haku Botan,’ ‘Ki Zakuro,’ ‘Loffani,’ ‘Nochi Shibori,’ ‘Parfianka,’
‘Phoenicia,’ and ‘Wonderful.’ All cultivars used in this experiment are
located at the USDA NCGR, but the cultivars conserved in this national
germplasm collection were originally sourced from different countries.
‘Ambrosia,’ ‘Eversweet,’ ‘Golden Globe,’ ‘Green Globe,’ ‘Loffani,’
‘Phoenicia,’ and ‘Wonderful’ originated in the United States. ‘Desertnyi’
and ‘Parfianka’ originated in Turkmenistan. ‘Haku Botan,’ ‘Ki Zakuro,’
and ‘Nochi Shibori’ originated in Japan, with ‘Haku Botan’ being a
fruiting edible ornamental cultivar with no red pigment and ‘Ki Zakuro,’
and ‘Nochi Shibori’ being sterile, producing no fruit. All three Japanese
cultivars have “double flowers” with up to hundreds of petals per flower
and an upright growth habit. ‘Eversweet’ and ‘Desertnyi’ have dwarf-like
growth characteristics in the field, with trees typically being approxi-
mately 20–30% shorter or less vigorous than ‘Wonderful’ as measured in
the University of California, Riverside pomegranate cultivar trials.
‘Parfianka’ has a canopy with a bushy growth habit and is thornier than
many other cultivars. Differences in bark characteristics were not
observable. The first experiment (Experiment 1) included all above-
mentioned cultivars, and the second experiment (Experiment 2) consisted
of the following cultivars: ‘Ambrosia,’ ‘Green Globe’ and ‘Wonderful.’
Cuttings were sourced from the USDA NCGR in Winters, CA.

Dormant stems were collected from basal suckers in February of
2013 and 2014 for Experiment 1 and Experiment 2, respectively, placed
in a plastic bag with a wet paper towel to keep them moist, driven to
Davis, CA, boxed, and shipped via private delivery service from Davis,
CA to Riverside, CA for second-day delivery. Upon arrival, the plant
material was unwrapped and rewrapped with new moistened paper
towels and stored at 5–6 °C in the dark for approximately 2 months
before preparation of cuttings.

All cuttings were sourced from one year old growth and mean
diameter ranged from 3.8–5.8 mm among cultivars. Cuttings were
prepared 10.5 ± 1.0 cm long with a minimum of two nodes (one

above ground, one below ground), treated with IBA or control, and
inserted 3–5 cm deep in 2.5 cm × 2.5 cm plastic pots containing #4
Sunshine potting mix (Sun Gro Horticulture, Agawam, MA, USA): 1
perlite (by volume). Treatments were separated by block in plastic flats.
Both experiments were conducted in a greenhouse at the University of
California, Riverside (33°58′20.21”N, 117°19′27.43” W) with mean
temperatures of 24.1 °C and 26.3 °C for Experiment 1 and Experiment 2,
respectively, and natural photoperiod. Cuttings were hand-watered
with deionized water every day for 5 weeks, then watered as needed
(every other day on average). Starting at week 10, water source was
switched to municipal water and all plants were treated with Plantex™
(Master Plant-Prod Inc., Brampton, ON, Canada) water soluble fertili-
zer, which contained 20–8.7–16.7% N-P-K plus micronutrients, at a rate
of 200 ppm nitrogen.

2.1.1. Design of Experiment 1: cultivar comparisons
This experiment was conducted to determine if differences in

rooting percentages and vegetative growth attributes exist among
cultivars. The experiment ran from 11 March until 09 August 2013
and consisted of a randomized complete block design (RCBD) with
eight blocks. Each block included four hardwood stem cuttings of each
cultivar, totaling 32 cuttings per cultivar. All cuttings were treated for
5 s to a depth of 2–4 cm in a gelatinous formulation of 3 g L−1 IBA
(Clonex Rooting Compound; Lansing, MI, USA) before insertion in the
rooting medium.

2.1.2. Design of Experiment 2: IBA comparisons
This experiment was conducted to test effects of IBA concentration

on rooting percentages and vegetative growth attributes of ‘Wonderful’
(which had nearly 100% rooting success in Experiment 1), ‘Green
Globe,’ and ‘Ambrosia’ (which both rooted less successfully than all
other cultivars in Experiment 1). Experiment 2 ran from 02 April until
28 December 2014 and used a RCBD with four blocks, each with four
cuttings per cultivar-IBA combination, totaling 48 cuttings for each of
the three cultivars. IBA was applied in the same manner as in
Experiment 1, except that cuttings were dipped in either DI water
(control) or IBA (Clonex) at 1.5 g L−1 or 3 g L−1 IBA (Clonex) before
insertion in potting mix.

2.2. Measured attributes

Attributes measured in both experiments included initial stem
diameter, rooting percentage, plant height, number of shoots, and total
shoot growth (length). Rooting percentages were based on cuttings that
successfully rooted and developed into plants. Plant height, number of
shoots, and total shoot growth were assessed at the end of each
experiment: day 154 (09 August 2013) for Experiment 1 and day 270
(28 December 2014) for Experiment 2. Experiment 2 was conducted
over a longer time to allow for assessment of growth after a full growing
season. Plant height was measured using the top of the potting
container as the reference point to determine if there were differences
among cultivar phenotypes for upright versus drooping growth habit.
‘Wonderful’ pomegranate grows in willowy tree form, but there are
cultivars with upright growth habit, so this growth habit trait was
assessed by measuring both apical shoot growth and plant height.
Number of primary shoots represented a count of shoots growing from
aboveground, lateral buds on the cutting. Total shoot growth was the
sum of lengths of all primary and lateral shoots.

Attributes measured at the end of Experiment 1 were apical shoot
growth (length of apically dominant shoot), branching (total number of
primary and lateral shoots), and relative chlorophyll content (SPAD
value). SPAD values (mean of three leaves per plant) were used to
assess plant health by quantifying leaf relative chlorophyll content
using a SPAD-502 chlorophyll meter (Minolta, Japan).

Attributes measured at the end of Experiment 2 were total leaf area
and root dry mass. Total leaf area was measured with a LI-COR Model
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3100 Area Meter (Lincoln, Nebraska, USA). Dry root mass (g) was
determined by removing the roots from the plant, drying the roots in a
forced air oven to constant weight, and weighing the dried roots.

2.3. Statistical analyses

Data were analyzed using linear mixed models and generalized
linear mixed models with the GLIMMIX procedure of SAS (version 9.4;
SAS Institute Inc., Cary, NC). The normal or log-normal distribution and
identity link function were used for continuous response data, the
Poisson distribution and log link function for count data, and the binary
distribution and logit link function for binary data. Inverse link
functions were used to transform predicted means back to the original
units of measure for presentation. P-values for multiple mean compar-
isons were adjusted with the Holm-Tukey method. Potential relation-
ships between vegetative and rooting attributes were analyzed using
linear regression (α= 0.05).

3. Results

Experiment 1. Rooting Percentages

Cuttings of most cultivars successfully rooted over 90%. Cuttings of
‘Green Globe’ and ‘Ambrosia’ exhibited the lowest rooting percentages
(21.9% and 62.5%, respectively) (Table 1). Although there were
significant differences among cultivars in initial stem diameter of the
cuttings, stem diameter did not have a significant effect on rooting or
any other attribute (based on assessment with regression analysis;
results not presented).

3.1. Vegetative growth

Plants of ‘Golden Globe’ and ‘Phoenicia’ grew taller than those of
‘Eversweet’ and ‘Haku Botan’ (27.3, 27.2, 20.0, and 19.4 cm, respec-
tively) (Table 1). Apical shoots were longer with ‘Golden Globe,’
‘Phoenicia,’ and ‘Wonderful’ (27.0, 26.3, and 25.8 cm, respectively)
than with ‘Ki Zakuro,’ and ‘Haku Botan’ (19.7 and 18.2 cm, respec-
tively). Total shoot growth, a measure of vigor, was greatest with
‘Wonderful’ (41.6 cm) and least with ‘Haku Botan’ (23.8 cm) (Table 1).

‘Parfianka’ had the most branching (3.7 branches per cutting)
(Table 1). A better branching habit, and thus more foliar coverage,
has the potential to influence yield and reduce sunscald of fruit. With
one exception, the number of primary shoots per plant was similar
among cultivars (Table 1), and new shoots developed from most
aboveground buds.

Relative chlorophyll content of plants across all cultivars had a
mean SPAD value of 34.0 (Table 1). ‘Wonderful’ plants had a mean

SPAD value of 33.7. There were significant differences among cultivars
in terms of chlorophyll content, with ‘Haku Botan’ and ‘Loffani’ having
greener leaves than ‘Eversweet,’ ‘Ambrosia,’ and ‘Desertnyi.’

Experiment 2. Stem diameter, rooting percentage, and root dry mass

Stem diameters of cuttings at the initiation of the experiment were
significantly different among cultivars, with ‘Wonderful’ having greater
stem diameter than ‘Green Globe’ and ‘Ambrosia’ (data not shown), but
these differences had no significant effect on rooting. Cuttings of
‘Wonderful’ rooted significantly better than those of ‘Ambrosia’ or
‘Green Globe.’ Cuttings of ‘Ambrosia’ had higher rooting percentage
with 3 g L−1 IBA versus 0 and 1.5 g L−1 IBA, whereas rooting of
cuttings of ‘Green Globe’ was similar among IBA rates (Table 2).
Cuttings of ‘Green Globe’ with no IBA application produced greater
root dry mass than other cultivar-IBA combinations.

3.2. Vegetative growth

The effect of IBA on plant height varied for cuttings of ‘Ambrosia’,
but not for ‘Green Globe’ or ‘Wonderful’ (Table 2). Plants of ‘Wonderful’
were typically taller than both plants of ‘Green Globe’ and ‘Ambrosia’
(except for plants of ‘Ambrosia’ not treated with IBA).

Plants of ‘Wonderful’ had significantly greater leaf area compared to
those of ‘Ambrosia’ and ‘Green Globe’ (Table 3). However, there were

Table 1
Mean rooting response and vegetative growth responses of hardwood cuttings of twelve pomegranate cultivars treated with a basal dip in a gel formulation of 3 g L−1 indole-3-butyric
acid and grown in a greenhouse environment for approximately six months (Experiment 1).

Cultivar Rooting (%) Plant height (cm)a Apical shoot growth (cm)a Primary shoots (no.)a Total shoot length (cm)a Branches (no.)a Relative chlorophyll (SPAD)a

Ambrosia 62.5abb 20.1abc 21.5ab 2.2ab 32.0abcde 3.0abc 31.2b
Desertnyi 96.9a 20.1bc 22.0ab 2.0ab 32.0bcde 2.1cd 30.7b
Eversweet 90.6a 20.0c 22.8ab 2.3ab 33.7abcd 2.5bcd 32.2b
Golden Globe 93.8a 27.3a 27.0a 1.8b 32.4bcde 1.8d 34.1ab
Green Globe 21.9b 22.0abc 22.0ab 2.4ab 29.3abcde 2.7abcd 35.2ab
Haku Botan 93.8a 19.4c 18.2b 2.2ab 23.8e 2.4bcd 37.6a
Ki Zakuro 100a 20.7bc 19.7b 1.9ab 29.0de 2.1cd 35.2ab
Loffani 84.4a 22.3abc 22.6ab 1.9ab 29.2cde 2.0cd 37.2a
Nochi Shibori 100a 20.7bc 21.4ab 2.5a 30.5cde 2.4bcd 34.0ab
Parfianka 100a 22.5abc 22.2ab 2.3ab 40.3ab 3.7a 32.2ab
Phoenicia 84.4a 27.2ab 26.3a 2.4ab 38.6abc 3.03ab 33.6ab
Wonderful 96.9a 24.9abc 25.8a 2.4ab 41.6a 2.80abc 33.7ab
p-value < 0.001 <0.001 <0.001 0.005 < 0.001 <0.001 <0.001

a Rooted cuttings only.
b Means within a column sharing a letter are not significantly different at P < 0.05 using the Holm-Tukey method.

Table 2
Simple effects means for rooting and vegetative growth responses of hardwood cuttings of
three pomegranate cultivars that were not treated (control) or treated with a basal dip in
a gel formulation of 1.5 or 3 g L−1 indole-3-butyric acid (IBA), then rooted and grown in a
greenhouse for nine months (Experiment 2). Means and groupings are separated within
cultivar.

Cultivar IBA Rooting (%) Dry root
mass (g)a

Plant height
(cm)a

Total shoot
length (cm)a

Ambrosia Control 13bb 0.25 8.2a 6.6a
1.5 g L−1 19b 0.08 2.6b 1.1b
3 g L−1 56a 0.21 6.2a 7.4a

P-values < 0.0001 NS <0.0001 <0.0001
Green Globe Control 13 0.47a 3.7 1.9

1.5 g L−1 31 0.03b 3.7 0.6
3 g L−1 31 0.15a 4.7 0.8

P-values NS 0.0255 NS NS
Wonderful Control 100 0.18 13.1 24.3

1.5 g L−1 94 0.21 10.2 18.8
3 g L−1 100 0.21 13.0 25.7

P-values NS NS NS NS

a Rooted cuttings only.
b Means within a column followed by a common letter are not significantly different at

P < 0.05 using the Holm-Tukey method.
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no differences among cultivars or IBA concentrations for number of
shoots (Table 3). Plants of ‘Wonderful’ had greater total shoot length
than plants of ‘Green Globe’, but similar to plants of ‘Ambrosia’ treated
with 0 or 3 g L−1 IBA (Table 2).

4. Discussion

4.1. Rooting percentages and dry root mass

The cultivars with high rooting percentage (> 80%) were
‘Desertnyi,’ ‘Eversweet,’ ‘Golden Globe,’ ‘Haku Botan,’ ‘Ki Zakuro,’
‘Loffani,’ ‘Nochi Shibori,’ ‘Parfianka,’ ‘Phoenicia,’ and ‘Wonderful.’
‘Ambrosia’ and ‘Green Globe’ had lower rooting percentages compared
to other cultivars in both experiments. These data are consistent with
other studies on rooting of pomegranate cuttings. Karimi et al. (2012)
reported significant differences among cultivars for several growth
attributes. Highest rooting percentages previously reported were 90%
by Singh et al. (2011), 86.7% by Polat and Caliskan (2006), and 96.8%
by Owais (2010). Hussain et al. (2012) reported a mean percentage of
75.55% for hardwood cuttings propagated under different environ-
mental conditions. Overall, research indicated that pomegranate is
readily propagated by hardwood cuttings, but there are exceptions,
with certain genotypes more difficult to root than others.

‘Green Globe’ rooted poorly in both experiments, with rooting
approximately 25% that of most other cultivars evaluated. According
to Kennedy (2010), ‘Mae’ is a cultivar in the USDA NCGR collection that
also roots poorly using hardwood cuttings, but no published data
confirm this report. Further studies are needed to understand why these
cultivars consistently root poorly. Dry root mass data are generally in
agreement with Owais (2010), who reported a maximum dry root mass
of 0.223 g for hardwood cuttings.

4.2. Rooting

In our experiments, a gel formulation of IBA rooting was used. Gel
formulations are used less commonly in commercial propagation than
liquid or powder formulations, but acceptable rooting was obtained
using 3 g L−1 IBA for all cultivars except ‘Green Globe.’ In contrast,
Owais (2010) utilized very high concentrations of IBA, up to 12 g L−1

IBA and found that cuttings treated with 6 or 9 g L−1 IBA had the
highest rooting percentages compared to control cuttings, 3 or 12 g L−1

IBA. Karimi et al. (2012) reported that rooting percentages of pome-
granate were lower for cuttings treated with 1 g L−1 IBA when
compared to nontreated cuttings. Some of these concentrations of IBA
are higher than what is typically used for pomegranate in commercial

practice. Our subsequent experiments with higher concentrations of
IBA (9 g L−1) did not increase rooting percentages of ‘Ambrosia’ and
‘Green Globe,’ with ‘Ambrosia’ and ‘Green Globe’ having rooting
percentages of 38.5% and 0%, respectively, for dormant hardwood
cuttings treated with 9 g L−1 IBA. If difficult-to-root cultivars are
chosen for nursery propagation, further research on propagation
methods will be needed.

The factors causing one pomegranate cultivar to be more successful
at rooting than another have not been confirmed. Some research
suggests that endogenous auxins explain cultivar differences in propa-
gation. Auxins can regulate gene expression in plant tissues and
endogenous auxins are under genetic control (Overvoorde et al.,
2010). According to Levin (2006), ‘Wonderful’ and ‘Desertnyi’ are
related, with ‘Wonderful’ being one of the parents used to hybridize
‘Desertnyi’, with the parentage being (‘Kazake’ × ‘Wonderful’) × ‘-
Wonderful.’ Cuttings of both ‘Wonderful’ and ‘Desertnyi’ rooted at
96.9%. Whether rooting success is a heritable trait in pomegranate is
unknown.

4.3. Vegetative growth

There were significant differences in vegetative growth attributes
between ‘Wonderful’ and other cultivars in both experiments. Owais
(2010) recommended hardwood cuttings of pomegranate be made
15–20 cm long and 6–7 mm in diameter. Our 10-cm cuttings rooted
better than the 20-cm hardwood cuttings used by Owais (2010),
indicating that cutting the longer cuttings in half not only produces
twice as many cuttings, but perhaps better rooting. In both of our
experiments, stem diameter had no effect on any attribute measured
and many cuttings were less than 6 mm in diameter. This indicated that
more cuttings of smaller diameter may be used, but with the same
propagation success.

5. Conclusion

‘Wonderful,’ the industry standard, and nine other fruiting and
ornamental cultivars of pomegranate rooted very well using hardwood
cuttings treated with a gel formulation of 3 g L−1 IBA. Also, differences
in certain vegetative growth attributes, such as plant height and
branching, could be detected early in the production of some cultivars.
This is the first known study to evaluate rooting and vegetative growth
of dormant hardwood cuttings of ‘Wonderful’ and other important
cultivars from the USDA NCGR pomegranate collection. Further
research is needed to discover methods to enhance the propagation
success of the cultivars with poor rooting.
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