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Abstract. The influences of indole-3-butyric acid (IBA) concentrations of 0–30 mg·gL1 on
the success and speed of adventitious root development of Zamia furfuracea L.f. and
Zamia integrifolia L.f. stem cuttings were determined. Root formation success for both
species was greater than 95%. The IBA concentrations did not influence the speed of root
development for Z. furfuracea, but the Z. integrifolia cuttings that received IBA
concentration of 3 mg·gL1 generated adventitious roots more slowly than the cuttings
in the control group. The ending dry weights of the stems, leaves, and roots were not
influenced by IBA concentration for either species. Our results indicated that adventitious root formation on stem cuttings of these two Zamia species is successful without
horticultural application of IBA. Additional IBA studies are needed on the other 300+
cycad species, especially those that are in a threatened category.

Since the introduction of IBA more than 70
years ago, it has been the subject of hundreds
of publications. A greater ability of IBA to
promote AR compared with indole-3-acetic
acid may in part be to its greater stability
(Hartmann et al., 1990).
Several propagation studies with cycad
species have employed the use of IBA. For
example, Z. integrifolia plants that had the
zygotic taproot severed and dipped in 2–4
mg·g–1 IBA usually produced two or more
roots to replace the severed section of the
taproot (Dehgan, 1983; Dehgan and Johnson,
1987; Dehgan et al., 1994). Large C. micronesica stem cuttings from unhealthy trees
exhibited moderate rooting success, and large
stem cuttings from healthy trees exhibited
100% success when the cut end was dipped in
a commercial 3 mg·g–1 IBA product (Marler
and Cruz, 2017a; Marler, 2018c). Pups of
three Cycas species exhibited AR formation
of 75% to 92% with the use of 3 mg·g–1 IBA
(Marler et al., 2020).
These studies on asexual propagation of
cycads illuminate the success and relative
ease of propagation using commercial IBA
products. However, to our knowledge there
have been no published IBA dose response
studies for any cycad species. Moreover,
most of the 356 described cycad species
(Calonje et al., 2020) have not been represented in the asexual propagation literature.
Our objective was to determine the influence
of IBA concentrations of 0 to 30 mg·g–1 on
the success and speed of adventitious root
formation on Z. furfuracea and Z. integrifolia
stem cuttings.
Materials and Methods

The role of horticulture in the conservation programs of rare plant species and habitat restoration has become increasingly
important in recent years (Marler, 2017).
The skills of horticulturists are uniquely
suited for plant conservation work (Kay
et al., 2011). Proficient horticultural practices
may particularly benefit plant species that are
threatened with extinction or nearing extirpation in the wild. Cycads are the most
endangered group of plants worldwide, with
more than 63% of described taxa listed under
one of the threatened categories (Brummitt
et al., 2015; Fragniere et al., 2015). Cycads
are a geologically primitive extant group of
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seed plants whose origins have been traced
back to the late Paleozoic era (270–250 mya),
reaching their maximum worldwide diversity
during the Jurassic era (193–136 mya)
(Jones, 1993; Mamay, 1969; Norstog and
Nicholls, 1997). Due to their ancient origins
and attractive forms, cycads have become
more popular in the horticulture trade and are
becoming more commercially available.
Sexual and asexual methods of cycad
propagation have been used in the horticulture industry. Both methods were reviewed
by Dehgan (1983, 1999) outlining the advantages and disadvantages of each method.
Some cycad species produce adventitious
stems especially near the base of the main
stem, and these are known as ‘‘pups’’
(Norstog and Nicholls, 1997; Stopes, 1910;
Tang, 1985). Adventitious roots (AR) are
often induced on these detached pups during
successful asexual propagation protocols.
Additionally, some cycad species such as
Cycas micronesica K.D. Hill that are adapted
to frequent tropical cyclones may form natural vegetative propagules after falling,
where they subsequently form adventitious
roots at the points of soil contact with the
stems (Marler and Cruz, 2017b).
The synthetic auxin IBA was among the
first plant hormones used for enhancing root
formation on plant stems (Cooper, 1935).
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Seedlings aged six years old of the Mexican cycad Z. furfuracea in 210-mL tubes
were used to make stem cuttings for a replicated propagation study at the University of
Guam. The experiments were repeated with
seedlings aged six years old of Z. integrifolia,
a related species native to the southeastern
United States. These model species were
chosen based on local availability, abundance
in the nursery trade, and relative ease of
horticultural care.
Plants without noticeable active leaf expansion were used. All leaves were pruned at
the base of each petiole, and the zygotic
taproot was cut at the base of each stem to
remove all root tissue and expose a clean cut
at the base of each stem. This is an unambiguous endeavor because vascular tissue arrangement differs in stem and root tissues and
can be easily observed on the open wound
(Marler et al., 2010). Water pressure was
used to clean the stems, then they were air
dried for 30 min. The fresh weight of each
stem cutting was recorded.
Each stem cutting was first dipped in 10%
bleach solution (The Clorox Company, Oakland, CA), then in a 0.13% Daconil fungicide
solution (Techpac LLC, Atlanta, GA), then
surface water was allowed to air-dry. The
Hormex root stimulant powder (Brooker
Chemical Corp., Chatsworth, CA) was used
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as our source of IBA. The cut end of each
stem was dipped into one of the concentrations: 0, 3, 8, 16, or 30 mg·g–1. The exposed
parenchyma was then covered with a commercial tree sealant and air dried for 24 h.
Clear 2.84-L Cambro containers (Cambro
Manufacturing Company, Huntington Beach,
CA) were used for the study. One container
was designated as a replication that contained
one cutting per IBA dose level, with five stem
cuttings per replication, for a total of 25
replications. Similarity in stem diameter
was used to select the five cuttings for each
replication. The containers were prepared
with drainage holes drilled 5.5 cm apart to
ensure that each stem cutting was positioned
with equal spacing from each other and at a
homogeneous distance to drainage holes.
Perlite (Therm-O-Rock West, Inc, Chandler, AZ) was filled to the 2.37 L level, with
5.5 cm between the bottom of each stem
cutting and the bottom of each container.
Each cutting was placed in a diagonal pattern
so that each cutting had access to two drainage holes, with a total of twelve drainage
holes per replication. The cuttings were
assigned to each available position in a random manner. After placing the cuttings directly on the perlite, the containers were then
filled with additional perlite to the 2.84-L
level and watered, with only the bottom of the
stem cuttings submerged in perlite (Fig. 1).
The date of planting for each replication was
recorded. The start date for the Z. furfuracea
study was 15 Dec. 2017, and for the Z.
integrifolia study was 4 July 2018. Containers were placed under 50% shade, positioned in a Randomized Complete Block
design with each container treated as a block,
and maintained under plexiglass rain exclusion.
The high and low temperatures were
recorded daily throughout the experiment
using an AcuRite outdoor thermometer (Chaney Instrument Company, Lake Geneva, WI)
covered with a radiation shield. Containers
were watered three times weekly. The bottom surface of the experimental pots was
inspected daily until adventitious roots made
first contact with the bottom surface. This
approach enabled the determination of speed

for the control and 16 mg·g–1 plants, and
100% for the 3, 8, or 30 mg·g–1 plants.
The Z. integrifolia IBA study lasted 356 d,
from July 2018 to June 2019. The mean high
temperature during this study was 33.9 ±
2.4 °C, while the mean low temperature was
26.0 ± 1.2 °C. The days to first root contact
differed among the dose levels (P = 0.033),
and the control group (0 mg·g–1 IBA) required an average of 56 d to root, compared
with the 3 mg·g–1 IBA treatment, which
required an average of 77 d (Fig. 2). The 8,
16, and 30 mg·g–1 plants did not differ from
the 0 or 3 mg·g–1 plants in speed of root
formation. The IBA treatments did not influence root dry weight, stem dry weight, leaf
dry weight, coralloid root cluster number, or
initial leaf emergence (Table 1). The percent
rooting success (not subjected to ANOVA)
was 100% for the control and 30 mg·g–1
plants, 96% for the 3 mg·g–1 plants, and
92% for the 8 and 16 mg·g–1 plants.
The radial sections of the rooted stem
cuttings revealed similar behavior for the two
Zamia species (Fig. 3). For the base of every
cutting, the adventitious roots were initiated
within the radial space occupied by the vascular cylinder. The vascular tissues within the
adventitious roots exhibited integrity with the
pre-existing vascular tissues in the stem cuttings.

of root formation without disturbing the perlite or cuttings.
Each individual rooted cutting was removed from the perlite at the time of root
contact with the container’s bottom surface,
then was planted into 2.6-L containers filled
with a medium consisting of 50% sunshine
mix #4: 25% #16 sand: 25% field soil. This
medium had about equal volumes of peat,
perlite, sand, and soil. Other nondestructive
variables were also recorded throughout the
duration of the experiment. These included
factors such as the date of first leaf emergence, the date of cutting death (if mortality
occurred), and the overall appearance of the
AR system at the time of removal from
perlite. Photographs were used to aid in this
endeavor.
The plants were maintained until the final
cutting in each experiment produced AR or
was identified as dead. On this date, all plants
were bare rooted, then separated into roots,
stems, and leaves. The fresh weight of each
organ was recorded, and the number of coralloid root clusters was counted for each
plant. Each stem was cut in half with a radial
section to reveal the precise location that
adventitious roots were initiated at the base of
each cutting. Each plant organ was placed
into a forced draft oven at 75 °C for 48 h, then
the dry weight was recorded.
Statistical analyses were performed using
R commander (R package version 2.6-0).
Response variables were subjected to an
analysis of variance (ANOVA) with IBA
dose as the single factor. For each significant
response variable, a Tukey’s post hoc test
was used for means separation.

Discussion
The use of IBA in asexual propagation of
plants has become commonplace in the horticulture trade. A significant response to our
IBA concentrations was expected based on
results from studies on various angiosperm
species and the gymnosperm Ginkgo biloba
(e.g., Azad and Matin, 2015; Brondani et al.,
2012; Ky-Dembele et al., 2011; Purohit et al.,
2009; Shirzad et al., 2012). Specific IBA
concentrations promoted the most robust
AR systems and aided in more successful
propagule establishment in these studies. In
contrast to these studies, AR formation in the
stem cuttings of these two Zamia species
exhibited similar speed (64 d for Z. furfuracea and 67 d for Z. integrifolia) and extremely high success rates (98% for Z.
furfuracea and 96% for Z. integrifolia) regardless of IBA dose. The single response
variable that exhibited a significant response
was speed of root formation for Z. integrifolia. However, the difference between the
fastest dose and the slowest dose was only
21 d, and we consider this of minimal horticultural significance. These cuttings required
no intermittent mist or other highmaintenance horticultural input, and our
maintenance procedures were limited to irrigation three times per week.
Our study is unparalleled for several reasons. First, all past reports on the use of IBA
in cycad asexual propagation did not include
a control group with no exogenous IBA, so
attempts to attribute the documented AR
formation to IBA was ambiguous. Second,
these past reports did not include more than
one IBA dose, so conclusions about optimal

Results
The Z. furfuracea study lasted 266 d, from
Dec. 2017 to Sept. 2018. The mean high
temperature during this study was 36.1 ±
3.1 °C, while the mean low temperature was
26.8 ± 1.5 °C. The IBA treatments did not
influence the days to first root contact, root
dry weight, stem dry weight, leaf dry weight,
number of coralloid clusters, or initial leaf
emergence (Table 1). The percent rooting
success (not subjected to ANOVA) was 96%

Fig. 1. Zamia furfuracea stem cuttings in perlite in clear 2.84-L Cambro containers.
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Table 1. The response of Zamia furfuracea and Zamia integrifolia stem cuttings to indole-3-butyric acid concentrations of 0, 3, 8, 16, or 30 mg·g–1. N = 25.
Response variable

Minimum

Days to first root contact (days)
Days to leaf emergence (days)
Coralloid root clusters (clusters)
Root dry weight (g)
Stem dry weight (g)
Leaf dry weight (g)

36
25
0
0.15
10.78
0

Days to first root contact (days)
Days to leaf emergence (days)
Coralloid root clusters (clusters)
Root dry weight (g)
Stem dry weight (g)
Leaf dry weight (g)

40
24
0
0.52
3.93
0.03

Maximum
Zamia furfuracea
136
188
25
74.37
64.3
43.7
Zamia integrifolia
215
272
32
22.90
28.34
19.27

Mean

SE

F

P

64
73
6
8.48
26.04
11.81

1.75
1.98
0.33
0.78
0.91
0.57

1.55
0.62
0.30
1.19
0.76
0.46

0.19
0.65
0.88
0.32
0.55
0.77

77
75
10
7.23
12.90
9.30

2.24
1.92
0.60
0.29
0.38
0.32

2.72
2.24
0.98
0.94
0.05
0.83

0.03
0.06
0.50
0.43
0.99
0.50

Fig. 2. The influence of indole-3-butyric acid (IBA) concentrations on the number of days required for root
contact with the base of the container for Zamia integrifolia stem cuttings. Mean ± SE, N = 25. Markers
with the same letter are not different according to Tukey post hoc test, P < 0.05.

dosage were not possible. Third, we used an
unprecedented number of replications to improve credibility (25 per study), while the
number of replications was not reported for
most of the past reports. Fourth, our use of
destructive sampling to obtain dry weights to
quantify plant growth has never been used in
any prior cycad horticultural study. Fifth, our
highest dosage included more active ingredient than any previous cycad study. We note
that the commonly available retail products
that lay horticulturists can procure from retail
markets are limited in concentrations below 3
mg·g–1. Therefore, we included an IBA dose
that was 10-fold greater than these products.
These traits of our methods lend credibility to
our results.
Our results suggest that Zamia stem cuttings do not benefit from the use of commercial IBA products. These findings are also
likely for stem cuttings from other cycad
genera, based on our collective experiences.
Our results highlight the relative ease and
high survivability when propagating cycad
plants asexually if hygienic conditions are
adhered to, cuttings are obtained from
healthy plants (Marler, 2018c), the cut surfaces are covered with a sealant to prevent
desiccation (Marler et al., 2020), the medium

exhibits adequate aeration and drainage capacity, and underwatering during the propagation phase is followed (Whitelock, 2002).
Some cycad stem cuttings have been
known to ‘‘sit’’ for many months before AR
initiation and stem growth resumption
(Dehgan, 1999; Marler and Cruz, 2017b).
Some of the Zamia cycad stem cuttings used
in our studies exhibited this behavior, in that
they required up to 11 months to exhibit root
or stem growth. The reasons that some cycad
cuttings exhibit this behavior despite excellent horticultural care is unknown and requires further research, as our substantial
range in IBA dose did not eliminate this
undesirable behavior.
Why would exogenous IBA with such an
extreme range in concentration garner minimal AR response from these two Zamia
species? We consider several issues related
to auxin dosage. First, Zamia stem cuttings
may require minimal auxin concentration for
AR formation. Second, Zamia stems may
produce a copious amount of endogenous
indole-3-acetic acid (IAA) that is greater than
the auxin dose needed for maximum AR
formation, and additional exogenous IBA is
unnecessary. Plants employ several mechanisms for maintaining auxin homeostasis,
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including inactivation of excess auxin by
oxidation or conjugation (Woodward and
Bartel, 2005). Recent research on conifers
suggest oxidation is minimally used but conjugation is employed to inactivate excessive
levels of IAA when auxin is applied exogenously (Brunoni et al., 2020). Although cycads and conifers are both gymnosperms, the
branching process that initiated the cycad
lineage began millions of years before conifers (Norstog and Nicholls, 1997). Therefore,
cycads as a group may not behave in a similar
manner to exogenously applied auxin. However, our results indirectly suggest that cycads may inactivate exogenously applied
auxin, as our high dose of 30 mg·g–1 caused
no negative responses. Further research is
required to determine the extent of these
behaviors in cycad plants. This could begin
with quantifying baseline IAA levels in
healthy stem cuttings of a range of cycad
species.
The unexpected results may also be
explained by factors that indirectly influence
plant responses to auxin. First, the concentrations of various nonstructural carbohydrates interact with auxin to influence AR
formation and growth (Calamar and de Klerk,
2002; Jackson, 1986; Pawlicki and Welander,
1995; Qi et al., 2020; Veierskov, 1988).
Healthy cycad stems are composed of living
parenchymatous tissue containing copious
amounts of nonstructural carbohydrates
(Marler, 2018a,c; Norstog and Nicholls,
1997). Reduced success of AR formation in
C. micronesica has been reported for stem
cuttings obtained from unhealthy trees
(Marler, 2018c), and the reduced carbohydrate concentrations in the unhealthy cuttings
may have been causal. Second, the concentrations of stem nutrients may also interact
with auxin and carbohydrates to influence
AR formation and growth (Dick and Dewar,
1992; Druege et al., 2004; Jackson, 1986).
The manoxylic stems of cycads contain an
abundance of plant nutrients (Marler, 2018b),
and this relative abundance of nutrients may
maximize the AR initiation of cycad stem
cuttings in the presence of auxin. Third, auxin
exerts its influence on stem AR formation by
interacting with other hormones (Agull
oAnt
on et al., 2014). To our knowledge, the
cycad literature does not contain any mention
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Fig. 3. Sections of rooted (A) Zamia furfuracea and (B) Zamia integrifolia stem cuttings revealing vascular
tissues within adventitious roots. The adventitious roots were connected to pre-existing vascular
tissues within the stem cuttings.

of endogenous hormone concentrations in
cycad stem cuttings used for asexual propagation. The influences of relevant hormones,
carbohydrates, and minerals on the auxin
dose response during AR formation in stem
cuttings are not fully understood. Further
research is required to determine if cycad
stems maximize the benefits of non-auxin
hormones and all nonstructural resources
such that exogenous IBA is not required for
AR initiation and growth.
The Z. integrifolia plants exhibited more
coralloid root clusters than the Z. furfuracea
cuttings (10 per plant vs. 6 per plant). Cycad
coralloid roots contain nitrogen-fixing endosymbionts (Norstog and Nicholls, 1997). The
reasons for this species difference are unknown, but the observation indicates the
relative construction and dependence on coralloid root nitrogen may be greater for Z.
integrifolia. This suggests that Z. integrifolia
plants may require more fixed nitrogen to
grow in their native habitats. Further research
on species specific differences on coralloid
root dependence could shed more light on the
role of cycad root endosymbionts on their
growth.
Our results may benefit rural cycad nursery operations in countries with threatened
cycad species. For example, Vovides et al.
(2006) detailed efforts by rural plant nurseries in Mexico to propagate cycads from wild
source material, thus reducing the pressure on
illegal collecting of cycads in their natural
habitats. Farmers were encouraged to propagate cycads as a means of additional income
and to protect the habitats as their seed
source. The authors also reported reintroduction of nursery-produced seeds into their
respective habitats. These sorts of community programs would benefit from expanded
horticultural research to support decision
making. In many countries, commercial
IBA products may be difficult to obtain.
Our results are of great importance to cycad
horticulturists in these geographic locations.
If exogenous IBA is not needed to improve
the asexual propagation of cycad by stem
cuttings, then no effort is required to find a
commercial source of IBA.
In conclusion, cycads have existed on
Earth for over 200 million years, living
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alongside the dinosaurs and surviving their
extinction. Their slow growth habit and often
limited natural distributions have made them
especially vulnerable to anthropogenic influences such as deforestation and poaching
(Norstog and Nicholls, 1997). The time to
produce new cycad plants asexually is often
constrained by the time the ‘‘pups’’ spend in
the nursery. We have shown that a range of
exogenous IBA dosage did not increase success or shorten the time required for cuttings
of two Zamia species to produce adventitious
roots. Additional cycad genera and species
should be included in future studies, as
the results from these studies may not be
comparable to the other 9 genera and 350+
species.
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