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INTRODUCTION

The North American pawpaw [Asimina triloba (L.) 
Dunal] is a temperate member of the mostly tropical An-
nonaceae. In addition to being cultivated as an ornamen-
tal tree, Pawpaw is being developed as a specialty fruit 
crop and is a source for novel secondary products with 
insecticidal and anti-cancer properties (Layne 1996). 
Currently, seed germination and budding onto seedling 
understocks are the major methods of propagation. Reli-
ance on seeds is tenuous because seeds are recalcitrant 
and viability is lost within three years of cold moist 
storage (Finneseth et al. 1998). Pawpaw propagation 
from cuttings is difficult and current clonal propagation 
is by grafting (Geneve et al. 2003). The development of 
an efficient micropropagation protocol would facilitate 
clonal propagation for commercial production and also 
present an alternative for germplasm preservation. 

Tissue culture of pawpaw has proven difficult 
especially from mature donor plants (Finneseth et al. 
2000).  Micropropagation from seedlings was possible, 
but explants from mature sources failed to proliferate. 

One clonal mature accession (RVT 10-11) was estab-
lished from explants from shoots rejuvenated via root 
cuttings (Finneseth et al. 2000). It continues to multiply 
as shoot-bud clusters for more than six years in culture. 
Shoot-bud cultures offer an efficient system for rapid 
micropropagation and can be amenable to cryopreserva-
tion for long-term storage of germplasm (Kohumura et 
al. 1992). In an attempt to elongate these shoot-buds and 
produce plantlets it was observed that cultures moved 
to a basal medium without plant growth regulators 
(PGR) continued shoot proliferation. The objective of 
this study was to evaluate autonomous shoot production 
observed in long term pawpaw cultures and develop a 
protocol to stimulate shoot elongation and rooting.

MATERIALS AND METHODS

The mature donor plants for this study were shoots 
initiated on root pieces taken from accession RVT 10-11 
from the pawpaw germplasm collection in Frankfort, 
Kentucky (Finneseth et al. 2000). Initial cultures were 
established from nodal explants on MS (Murashige and 
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Skoog 1962) medium with 3.0% sucrose and 0.7% agar 
(Difco Bacto) treated with 10 µM N6-benzyladenine 
(BA) plus 0.1 µM thidiazuron (TDZ). After two years, 
cultures were moved to a medium containing 8.9 µM 
BA + 2.3 µM α-naphthalene acetic acid (NAA) and 
subcultured every 6 to 8 weeks. Photoperiod was 16 h 
(40 µmol sec-1 m-2) provided by cool white fluorescent 
bulbs at 24°C. These cultures were maintained for 6 
years as proliferating bud clusters (Fig. 1). 

In the first experiment, single buds (~0.5 cm) were 
excised from proliferating bud clusters and transferred 
to single 25 x 150-mm test tubes with 20-ml MS me-
dium without plant growth regulators (PGR). After six 
weeks, single 1.5 cm shoots were serially subcultured 
to basal medium three times. 

Two experiments were conducted to induce shoot 
elongation. First, single buds from proliferating cultures 
were moved to a basal media containing filter sterilized 
gibberellic acid (GA3) at 0, 5 and 10 µM. Secondly; sin-
gle buds were moved to a basal medium containing 1% 
activated charcoal (Sigma). In addition, buds on basal or 
charcoal media were overlaid with liquid basal or basal 
plus charcoal for 3-days before overlay removal. 

In the final experiment, elongated shoots (1.5 cm) 
from the activated charcoal medium were subcultured 
to basal or PGR (8.9 µM BA + 2.3 µM NAA) medium. 
After 6-weeks, 1.5 cm shoots developed on the basal 
or PGR media were serially subcultured on basal or 
PGR medium.

Shoot number and elongation was recorded after 
6-weeks and prior to each subculture. There were 10 
explants per treatment and experiments were repeated. 
Culture conditions for all experiments were the same 
as for proliferating cultures. 

Shoots (> 2.0 cm) obtained from cultures on acti-
vated charcoal media were used in several rooting ex-
periments. In the first experiment, shoots were exposed 
to 0, 5, 10, and 50 µM indole-3-butyric acid (IBA). In a 
second experiment, microcuttings were treated with 50 
µM IBA or the potassium salt of IBA (K-IBA) for 1, 
2, or 3 weeks prior to moving them to IBA-free media 
with or without 0.25% activated charcoal. In the third 
experiment, microcuttings were treated with 250 µM 
IBA for 3 days in the dark then transferred to basal 
media plus 0.25% activated charcoal in the light. In 
the final experiment, microcuttings were treated with 
a constant exposure of 50, 100, 500, or 1000 µM IBA. 
For all rooting experiments, 10 to 20 microcuttings 
were used per treatment. Microcuttings were placed 
in individual 25 x 150-mm test tubes with 20-ml of 
half strength MS salts medium with 3.0% sucrose and 
0.7% agar. Environmental conditions were the same as 
described for shoot culture experiments.

RESULTS

Single buds subcultured to basal medium averaged 
5.6 shoots per explant over three subcultures but less 
than 15% of those shoots elongated beyond 2.0 cm 
(Table 1). There was no appreciable reduction in shoot 
initiation during the three subcultures on the PGR-
free medium. In contrast, single shoot explants from 
6-month-old cultures derived from seedlings failed to 
initiate more than one shoot per explant on PGR-free 
medium (data not shown). 

Single buds from bud cluster cultures showed an 
increase in shoots greater than 2.0 cm when subcultured 
to media with increasing concentrations of GA3 (Table 
2). However, elongation was still less than 30%. The 
treatment that promoted the greatest shoot elongation 
was the combination of PGR-free medium plus acti-
vated charcoal in either the agar medium alone or in 
a 3-day liquid overlay containing activated charcoal 
(Table 3, Fig. 2). Shoot elongation reached 49% for 
both treatments. Charcoal in the medium with either a 
charcoal or charcoal-free overlay significantly reduced 
shoot initiation.

Single shoots elongated on PGR-free medium con-
taining charcoal and subcultured repeatedly to PGR or 
PGR-free media again showed that explants moved 
to PGR-free medium continued to initiate new shoots 
(Table 4, Fig. 3). It also showed that moving elongated 
explants grown on PGR-free back to the PGR medium 
increased the number of shoots per culture with a cor-
responding reduction in shoot elongation reinstituting 
the shoot-bud cluster phenotype. 

Numerous attempts were made to root elongated 
shoots including combinations of etiolation with auxin 
concentration and duration as well as including charcoal 
in the media. However, no rooting was observed (data 
not shown).

Fig. 1. Bud clusters in long-term pawpaw cultures on MS 
medium with 8.9 µM BA + 2.3 µM NAA.
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DISCUSSION

It appears that these long term pawpaw cultures 
have become habituated for shoot initiation on a me-
dium without PGR. Habituation has been described 
as autotrophic growth in cultures that had previously 
required auxin or cytokinin for growth (Meins 1989). 
Habituation was first described in carrot by Gautheret 
(1942) and has since been observed in numerous other 
crops including tobacco, sunflower and corn (Meins 

and Binns 1977, Henderson 1954, Hawes et al. 1985). 
In all these cases, habituation resulted in autotrophic 
callus growth. 

Habituated pawpaw cultures formed more than five 
shoots per explant on PGR-free medium after three 
subcultures (Table 1). Cytokinin independence in tis-
sue culture could be attributed to increased endogenous 
cytokinin production, reduction in cytokinin turnover, 
alteration in cytokinin signal transduction or persistent 

Table 1. Shoot initiation and elongation in single pawpaw shoots (1.5 cm) subcultured every six weeks onto a medium 
without growth regulators.

Subculture Shoots per culture Shoot length (cm) Shoot number > 2.0 cm

1
2
3

  5.4 ± 1.0 ab
4.8 ± 0.7 b
6.7 ± 0.5 a

1.2 ± 0.2 a
1.3 ± 0.2 a
1.2 ± 0.1 a

0.9 ± 0.4 a
0.6 ± 0.2 a
0.9 ± 0.3 a

Means in a column followed by the same letter were not different by Tukey’s test (α = 0.5).

Table 2. Shoot initiation and elongation in single buds from pawpaw bud cluster cultures subcultured to a PGR-free 
medium with gibberellic acid.

GA3 (µM) Shoots per culture Shoot length (cm) Shoot number > 2.0 cm

  0
  5
10

 5.1 ± 0.7 b
   6.2 ± 1.1 ab
 7.2 ± 1.5 a

1.5 ± 0.1 a
1.6 ± 0.1 a
1.7 ± 0.1 a

0.9 ± 0.2 b
1.2 ± 0.1 b
2.1 ± 0.8 a

Means in a column followed by the same letter were not different by Tukey’s test (α = 0.5).

Table 3. Shoot initiation and elongation in single buds from pawpaw bud cluster cultures subcultured to PGR-free 
media with combinations of activated charcoal in the agar and overlay.

Agar medium Overlay medium Shoots per culture Shoot length (cm) Shoot number > 2.0 cm

No charcoal
No charcoal
No charcoal
Charcoal
Charcoal
Charcoal

No overlay
No charcoal
Charcoal
No overlay
No charcoal
Charcoal

5.9 ± 1.8 b
8.8 ± 1.1 a
9.4 ± 0.7 a
7.8 ± 1.2 a
3.0 ± 0.7 c
1.8 ± 0.6 d

 1.9 ± 0.4 ab
1.4 ± 0.1 b
2.1 ± 0.2 a
2.4 ± 0.3 a
1.8 ± 0.3 b
1.1 ± 0.4 c

1.2 ± 0.1 b
1.3 ± 0.5 b
4.6 ± 0.7 a
3.8 ± 0.6 a
1.7 ± 0.5 b
1.0 ± 0.7 b

Means in a column followed by the same letter were not different by Tukey’s test (α = 0.5).

Table 4. Shoot initiation and elongation in single shoots (1.5 cm) produced on either a medium with or without plant 
growth regulators (PGR; BA 8.9 µM + NAA 2.3 µM) for 6 weeks prior to subculture to a medium with or without 
PGRs.

1st subculture 2nd  subculture Shoots per culture Shoot length (cm) Shoot number > 2.0 cm

PGR-free PGR
PGR-free

6.8 ± 1.5 c
8.3 ± 1.0 b
6.9 ± 1.1 c 

1.8 ± 0.2 a
0.5 ± 0.1 c
1.7 ± 0.2 a

1.3 ± 0.3 b
0.1 ± 0.1 c
2.4 ± 0.6 a

PGR PGR
PGR-free

8.5 ± 1.1 b
9.7 ± 0.9 b
8.3 ± 0.9 a

0.6 ± 0.1 c
0.7 ± 0.1 c
1.2 ± 0.1 b

0
0

0.5 ± 0.2 c
Means in a column followed by the same letter were not different by Tukey’s test (α = 0.5).
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epigenetic changes (Pischke et al. 2006).
Autonomous shoot production in pawpaw has a 

similar phenotype to the hoc mutant in Arabidopsis 
(Catterou et al. 2002). This mutant has a bushy pheno-
type with short internodes and numerous basal meris-
tems. It over produces cytokinin up to seven times the 
level found in wild type and confers autonomous shoot 
production on PGR-free medium. Similarly, tobacco 
cultures that over express the ipt gene for cytokinin 
biosynthesis (Medford et al. 1989) and those that ec-
topically express the maize knotted1 gene (Hewelt et al. 
2000) also show autotrophic shoot production attributed 
to increased cytokinin production. 

Alternatively, cytokinin independence could be at-
tributed to altered sensitivity in signal transduction for 
cytokinin. Even short term treatment of explants with 
cytokinin has increased subsequent tissue sensitivity to 
cytokinin during subculturing. For example, castor bean 
(Ricinus communis) embryo axis explants pre-exposed 

to TDZ showed more shoot production when transferred 
to a lower BA-containing medium compared to those 
never treated with TDZ (Sujatha and Reddy 1998). 
They concluded that there was a carryover effect from 
the TDZ that they termed TDZ habituation. However, 
they did not test autotrophic shoot proliferation on a 
PGR- free medium. 

Overexpression of cytokinin signaling genes [such 
as Arabidopsis response regulator genes (AAR2, Hwang 
and Sheen 2001; ARR4, Osakabe et al. 2002] produced 
in vitro shoot and callus growth in Arabidopsis that was 
independent of cytokinin. Pischke et al. (2006) used a 
global gene expression approach to compare habituated 
and non-habituated Arabidopsis callus cultures and ob-
served over 800 differentially expressed genes. These 
included numerous cytokinin-response genes includ-
ing a 19-fold increase in the cytokinin receptor gene 
CRE1. In contrast, there was no correlation with genes 
responsible for regulating (increasing) endogenous 

Fig. 2. Shoot initiation and elongation in pawpaw shoots subculture to media with growth regulators and containing charcoal 
in an overlay. A) Initial explant on basal medium without charcoal, B) Initial explant with charcoal overlay, C) Growth on 
basal medium after 6-weeks, D) Growth on basal medium with charcoal overlay after 6-weeks.

Fig. 3. Shoot initiation and elongation in pawpaw shoots subcultured to basal or PGR (µM BA 8.9 + 2.3 µM NAA) medium 
after 6-weeks. A) Subcultured from PGR to PGR medium, B) Subcultured from PGR to PGR-free medium, C) Subcultured 
from PGR-free to PGR medium, D) Subcultured from PGR-free to PGR-free.

A B C D

A B C D
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cytokinin levels. They concluded that de-regulation of 
the cytokinin response pathway may play a key role in 
cytokinin habituation.

Cytokinin habituation has been shown to be rever
sibly inherited (both mitotically and meiotically) in 
tobacco (Meins and Thomas 2003). This suggests that 
the mechanism for habituation can be epigenetic rather 
than a mutation. In Arabidopsis (Pischke et al. 2006), 
habituated callus showed up-regulation of several genes 
associated with epigenetic change, such as DNA meth-
ylation and histone deacetylation. Brand and Kiyomoto 
(1997) attributed the in vitro-induced phenomenon of 
tissue proliferation in Rhododendron to epigenetics. 
Gall-like growths in sensitive Rhododendron species 
were shown to produce numerous adventitious shoots 
even on PGR-free medium. Except for the gall-like 
growth, pawpaw cultures show a similar phenotype.

Shoot elongation in pawpaw was substantially im-
proved by activated charcoal in the media or in a short 
term double-phase overlay (Table 3). Charcoal has 
been shown to promote shoot elongation in a number 
of species (Datta et al. 2006, Quoirin et al. 2001). Dou-
ble-phase overlays are usually used to promote shoot 
initiation but have also had a positive effect on shoot 
elongation (Rodríguez et al. 1991, Maene and Debergh 
1985). In pawpaw, activated charcoal appeared to 
reverse the habituated phenotype by promoting shoot 
elongation and reducing autonomous shoot initiation 
(Table 3). In the extreme case, cultures with charcoal 
in both the medium and overlay produced less than 2 
shoots per culture with 50% shoot elongation. It could 
be that charcoal had a direct effect on shoot elongation 
by absorbing substances from the explant/media or an 
indirect effect on reduced growth such as the release 
of growth inhibitors by sucrose hydrolysis during 
autoclaving (Weatherland et al. 1978). However, it is 
unlikely that charcoal treatment directly reversed the 
habituated state because elongated shoots subcultured 
to PGR-free or PGR media showed similar shoot pro-
duction (Table 4).

The habituated state could explain the recalcitrant 
nature of microcuttings from elongated pawpaw shoots 
to root. Cytokinins are generally inhibitory to rooting 
and in some cases cultures must be transferred to an 
intermediate medium between shoot proliferation and 
rooting presumably to wean shoots from cytokinin car-
ryover (Huetteman and Preece 1993). Alternatively, the 
epigenetic changes presumed to be an active cause of 
habituation (Pischke et al. 2006) may have silenced the 
genes required for root initiation in a similar way that 
natural plant maturation reduces rooting competency. In 
pawpaw, the ability to root from cuttings was strongly 
reduced as stock plants aged. Cuttings from 2-month-
old seedlings rooted at high percentages (~70%), but 
this was reduced to less than 10% after seven months 
of seedling growth (Geneve et al. 2003). Also, in a sys-

tematic study using over 1200 stem cuttings taken from 
mature flowering pawpaw trees throughout the growing 
season, only one cutting produced an adventitious root 
(Geneve et al. 2003). 

 CONCLUSION

Long-term pawpaw cultures produced shoot-bud 
clusters that could be an efficient means of clonal 
propagation. Unfortunately, microcuttings from elon-
gated shoots induced on an activated charcoal PGR-free 
media failed to initiate roots using typical treatments 
employed for difficult-to-root cuttings (i.e. high auxin, 
etiolation, activated charcoal). Pawpaw cultures dis-
played habituation producing adventitious shoots on 
PGR-free media. This is one of the few examples of 
cultures becoming habituated for shoot proliferation 
rather than callus production. The same mechanism that 
makes pawpaw cultures habituated for PGR probably 
contributes to the inability of microcuttings to root.
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