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,------------------ Abstract ----------------------, 
Adventitious shoots (I cm and 2 cm long) from 10 clones of sweetgum (Liquidambar styraciflua L.) were rooted on rockwool­
supported Woody Plant Medium (WPM) and agar-solidified WPM in vitro. Shoots on rockwool-supported WPM had higher rooting 
frequency, shoot elongation, and leafchlorophyll content than those on agar-solidified WPM. The data are consistent with the hypothesis 
that rockwool supplies more oxygen to the rooting zone. Taller shoots had significantly greater rooting frequency, more shoot elongation, 
and larger average area per leaf than shorter shoots. Genotype significantly influenced rooting frequency, shoot elongation, average 
area per leaf, chlorophyll content. and shoot fresh weight. An in vitro auxin pretreatment significantly increased rooting frequency 
over shoots grown on either agar-solidified or rockwool-supported WPM without auxin. 

Index words: tissue culture, rockwool, auxin. 

Significance to the Nursery Industry 

Sweetgum has the potential to become a valuable hard­
wood tree species in the paper making industry. Its success­
ful clonal propagation through tissue culture has been lim­
ited at the rooting stage. A rooting frequency of 65% was 
achieved for adventitious shoots of two clones of average 
rooting potential by providing an auxin pulse pretreatment 
and placing shoots onto rockwool in liquid woody plant 
medium (WPM). The significant effect of physical support 
on rooting frequency was independent of genotype and ini­
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tial shoot length. The rooting of tissue culture shoots of other 
woody plants may be enhanced by applying this protocol 
and permit their practical clonal propagation for the nurs­
ery industry. 

Introduction 

Liquidambar styraciflua L. (sweetgum) is a major decidu­
ous tree species in the southern United States. Its economic 
value lies in its use for pulp blended with that of pine to 
make paper, core or chips for structural plywood and com­
posite board, and basketry veneer. It is valued as an urban 
shade tree. Sweetgum is broadly site'adapted and is highly 
resistant to pathogens and insects. In recent years, vegeta­
tive propagation methods, including tissue culture, have been 
developed in anticipation of the introduction of clonal for­
estry to operational plantings (l, 21, 25). Efficient tissue 
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culture methods are required for the development of gene 
transfer methods (2, 24). 

Inefficient rooting can limit success of in vitro plant pro­
duction. It is affected by environmental conditions such as 
culture medium pH, chemical constituents, growth regula­
tor concentrations, and oxygen availability. Williams et ale 
(27) showed that the in vitro rooting frequency for 10 Aus­
tralian woody species decreased when medium pH increased 
from 4.0 to 5.5. Soffer and Burger (20) found that increased 
oxygen concentration in the rooting medium reduced time 
to root formation and increased rooting percentages and root 
length in Ficus benjamina. 

Rockwool has been used in plant propagation soil mixes 
to increase soil porosity (20). Lee et al. (9) showed that root­
ing of sweetgum shoots is improved using filter paper-sup­
ported liquid medium. This study was based on the hypoth­
esis that rockwool would have the same, root-enhancing ef­
fect as filter paper but would be easier to use because it is 
rigid. Shoots rooted in rockwool could be transplanted di­
rectly to soil without releasing them from the solid support, 
thus facilitating in vitro to greenhouse transfer. Reduced root 
damage in a rockwool rooting system might also result in 
more rapid regrowth following transplanting. Thus, 
rockwool-supported medium was compared to agar-solidi­
fied medium for their influence on in vitro rooting and shoot 
morphology of adventitious sweetgum shoots. In addition to 
type of physical support, the influences of initial shoot length 
and clonal genotype were examined. 

Materials and Methods 

Adventitious shoots were produced from leaf pieces cul­
tured on Woody Plant Medium (WPM) (10) with 7.5 JlM 
benzyladenine and 0.5 JlM naphthaleneacetic acid (NAA) 
solidified with 0.490/0 (w/v) washed Gibco agar. Growth 
chamber conditions were: 23C (73F), 16-hour photoperiod, 
and illumination from Gro-Lux, wide-spectrum fluorescent 
lights providing 40 J..lmol/m2/sec. The genotypes used were 
a subset of superior selections made in an ongoing industry­
supported tree improvement program. 

Two physical support treatments were tested: 1) Grodan 
rockwool (Single Block System) with 70 ml liquid WPM 
and 2) 50 ml WPM solidified with 0.49% (w/v) washed agar. 
Rockwool was autoclaved dry for 40 minutes at 121C before 
it was placed into four-inch Magenta boxes. Boxes were 
autoclaved for another 20 minutes before sterile liquid WPM 
medium was added. The medium used in this experiment, 
regardless of its subsequent use with agar or rockwool, was 
adjusted to pH 6.0 prior to autoclaving. The pH of each treat­
ment was measured after autoclaving. 

Two initial size classes of shoots were rooted, 1 cm and 2 
cm. Shoots from 10 genotypes were used; l-cm shoots were 
supplied by all 10 genotypes while 2-cm shoots were avail­
able for 9 of the 10 genotypes. 

The bottom 0.4 cm of each shoot was submerged in agar­
solidified medium or was placed in the pre-formed hole in 
the rockwool surface. Shoots were maintained separately by 
size class and genotype within physical support treatments. 
Each size class/genotype/physical support treatment combi­
nation was represented by one culture vessel containing nine 
shoots. Shoots were maintained for 9 weeks under the same 
environmental conditions used for shoot production. 

Several variables were assessed for each shoot after 9 weeks 
ofculture: 1) yes/no for rooting, 2) root fresh and dry weights, 

3) shoot height, 4) average area per leaf (total leaf area + 
number of leaves) measured using a Licor area meter, 5) 
leaf chlorophyll content, and 6) shoot fresh and dry weights. 
Rooting frequencies and shoot elongation were determined 
from these data. Rooting frequency was calculated as the 
percentage of rooted shoots in each culture vessel. Root fresh 
and dry weights were analyzed using rooted shoots only. 
Shoot elongation was calculated as the absolute increase in 
shoot height. Four shoots per treatment combination were 
used for chlorophyll analysis. A Minolta chlorophyll meter 
was used to obtain a mean reading (relative numbers with­
out units) from three randomly-selected leaves from each 
sample shoot. Shoot fresh weights were determined prior to 
drying tissue at 65C (150F) for 36 hours to obtain dry 
weights. 

A completely randomized experiment design with two 
replicates was used. The first replicate (306 shoots) included 
10 genotypes, 7 that included 1- and 2-cm shoots and 3 that 
included l-cm shoots only. The second replicate (342 shoots) 
included 10 genotypes, 9 that included 1- and 2-cm shoots 
and 1 that included l-cm shoots only. Replicates were sepa­
rated by 14 days. Analysis of variance tables and Duncan's 
critical ranges were generated using SAS (PROC GLM). 
The model used to analyze each variable included the main 
effects of replicate, physical support, shoot length, and geno­
type and all one-way interactions. 

A separate experiment was done to test the effect of auxin 
combined with physical support on rooting of 2-cm sweetgum 
shoots in vitro. Two genotypes of average rooting perfor­
mance were used from the 10 tested in the first experiment. 
Four treatment combinations were tested: rockwool with 70 
ml of liquid WPM with or without an auxin pretreatment 
and 50 ml of WPM solidified with 0.49% (w/v) washed agar 
with or without an auxin pretreatment. Auxin pretreatment 
consisted of placing shoots into four-inch Magenta boxes 
containing agar-solidified WPM with 2 J.lM NAA for four 
days before transferring shoots to fresh auxin-free WPM 
supported by rockwool or agar. 

A completely randomized experiment design was used 
with three replicates with 72 shoots each (Le. 9 individuals 
per genotype in each treatment combination). Growth cham­
ber conditions were as described above. After 30 days of 
culture, four responses were measured for each shoot: 1) 
yes/no for rooting, 2) root length, 3) number of roots, and 4) 
height. Rooting frequencies and shoot elongation were cal­
culated from these data. Root length and number of roots 
were analyzed using rooted shoots only. Analysis of vari­
ance tables and Duncan's critical ranges were generated using 
SAS (PROC GLM). The model used to analyze each vari­
able included the main effects of replicate, auxin pretreat­
ment' physical support, and genotype and all one-way inter­
actions. 

Results and Discussion 

Adventitious sweetgum shoots were used in an in vitro 
experiment to test the effect of medium physical support, 
initial shoot length, and genotype on rooting as measured 
by rooting frequency and root fresh and dry weight. Rooting 
frequency was influenced by all three factors under investi­
gation (Table 1). The rooting frequency for shoots supported 
by rockwool in liquid WPM was greater than for those grown 
on agar-solidified WPM, that for shoots with an initial length 
of 2 cm was higher than for l-cm shoots, and genotypes 
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Table 1. Mean value for six in vitro rooting and shoot characteristics of adventitious sweetgum shoots (10 clones) after nine weeks rooting according 
to type of physical support used during rooting, initial shoot length, and clones ranked lowest and highest for a given variable. 

Physical support Shoot length Clone 

Rockwool' Agar' 1 cm' 2cm' LowestW Highestw 

Rooting frequency (%) 39 ** 26 26 ** 41 11 ** 65 
Root fresh weight (mg) 3.8 * 6.4 4.5 5.3 1.7 ** 12.3 
Shoot elongation (cm) 0.36 ** 0.26 0.28 ** 0.34 0.13 ** 0.50 
Area/leaf (cm') 0.38 0.37 0.33 ** 0.42 0.22 ** 0.47 
Chlorophyll content' 39.5 ** 37.3 38.5 38.4 35.0 ** 43.8 
Shoot fresh weight (mg) 69.4 63.6 47.8 ** 90.1 55.5 * 81.5 

'n =324. 

'n =360. 

'n =288. 

Wnumber ofobservations is variable with clone. 

'n =4/9 the number of shoots used in other parameters. 

*and ** denote a significant difference between means at the 0.05 and 0.01 levels, respectively. 

differed greatly in rooting frequency. The highest rooting 
frequency across genotypes (51 %) was obtained using 2-cm 
shoots supported by rockwool in liquid WPM (Fig. I). 

No significant one-way treatment interactions for rooting 
frequency were found. Thus, the influence of physical sup­
port and shoot length were relatively unaffected by each other 
and the influence of both variables were consistent across 
genotypes. 

Root fresh weight was influenced by physical support and 
genotype (Table I). Lower root fresh weight was obtained 
on rockwool-supported WPM as compared to agar-solidi­
fied medium. The range in root fresh weights by genotype 
was large. The influence of physical support, shoot length, 
and genotype on root dry weight followed the same pattern 
as root fresh weight. A significant physical support by geno­
type interaction was observed for root fresh weight indicat­
ing that genotype response to physical support was not uni­
form. 

Shoot elongation was influenced by physical support, ini­
tial shoot length, and genotype (Table I). Although the dif­
ference in elongation of shoots supported by rockwool in 
liquid WPM and those on agar-solidified medium was sta­
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Fig 1.	 Effect ofmedium physical support (agar or rockwool) and Ini· 
tial shoot length (l cm or 2 cm) on rooting frequency ofadven­
titious sweetgum shoots In vitro. Means are composed of 18 
shoots from each of nine genotypes. Bars with the same letter 
are not significantly different at 0.05 level. 
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tistically significant, the difference was not important in a 
practical sense. Likewise, shoots with an initial length of 2 
cm elongated significantly more than l-cm shoots, but the 
difference is probably not important practically. The influ­
ence of genotype on shoot elongation was evidenced by the 
wide range of values obtained. All 10 genotypes elongated 
more on rockwool than on agar. 

Differences in average area per leaf were observed in the 
initial shoot length treatment (Table 1). Taller shoots had 
greater average areas per leaf in all 9 genotypes that were 
represented by both shoot lengths. Genotypes differed greatly 
in average area per leaf (Table 1). 

Leaf chlorophyll content was influenced significantly by 
physical support and genotype (Table 1). Shoots supported 
by rockwool in liquid WPM had significantly higher chlo­
rophyll content than shoots grown on agar-solidified me­
dium. A significant physical support by genotype interac­
tion indicated that genotype responses as measured by chlo­
rophyll content were not uniform between physical support 
treatments. 

Shoot fresh weight differed significantly among genotypes 
(Table 1). As expected, 2-cm shoots weighed significantly 
more than I-cm shoots. 

The second experiment showed that auxin pretreatment 
enhanced rooting frequency whether shoots were rooted on 
rockwool or agar (Fig. 2a). Number of roots per shoot did 
not differ among treatments. The combination of auxin pre­
treatment followed by rooting on rockwool-supported WPM 
gave the greatest shoot elongation of the four treatment com­
binations (Fig. 2b). The two genotypes in the auxin pre­
treatment experiment were chosen because they were of av­
erage rooting ability in the first experiment; in the second 
experiment they exhibited rooting frequencies of 74% and 
56% when pretreated with auxin and supported by rockwool 
during rooting. 

Previously published studies help to provide possible ex­
planations for the results obtained in this work. Studies have 
shown that rooting efficiency can be improved by manipu­
lating the type of matrix used for root initiation. Lee et at. 
(9) showed that rooting of adventitious sweetgum shoots in 
filter paper-supported liquid media was better than rooting 
in agar in terms of rooting percentage, rooting rate, and 
number of roots per plantlet. Rockwool is an inert, rock­
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Fig 2.	 Effect of auxin combined with physical support (agar or 
rockwool) on rooting frequency (a) and shoot elongation (b) of 
adventitious sweetgum shoots in vitro. Means are composed of 
27 shoots from each of two genotypes. Bars with the same let­
ter are not significantly different at the 0.05 level. 

based fibrous material used as a growing medium in green­
house production that has been found useful in promoting 
rooting (13). We observed that rooting frequency was sig­
nificantly higher for shoots supported by rockwool in liquid 
medium than for shoots on agar-solidified medium. The 
superior performance of the rockwool-supported medium for 
rooting and growth of adventitious shoots could be related 
to: 1) higher oxygen tension in rockwool than in agar, 2) a 
pH shift in liquid medium supported by rockwool, or 3) in­
hibitory substances in the agar. 

Rooting media studies have shown that oxygen concen­
tration influences root formation and growth. Lowering the 
dissolved oxygen concentration was shown to increase the 
time required to form adventitious roots and to reduce root­
ing frequency, number of roots formed per cutting, and av­
erage root length (20). Rockwool is characterized by a large 
amount of pore space that can hold both nutrient solution 
and air. In this work, 70 ml of liquid medium was placed in 
Magenta boxes such that only 2h of the rockwool was sub­
merged in liquid allowing nutrient solution availability and 
good aeration at the top of the rockwool. The higher air 
content in the upper portion of the rockwool where shoot 
bases were inserted could provide a more favorable environ­
ment for root establishment and account for the higher root­
ing frequencies of shoots placed on rockwool. 

Root formation could be related to oxygen diffusion rate 
as well as air content. Gislerod (5) found that poinsettia cut­
tings developed fewer roots in Grodan rockwool compared 
to cuttings planted in another medium with lower air con­

tent. Gislerod reported that two of the media provided higher 
oxygen diffusion rates than rockwool at the same air con­
tent. Since air content and oxygen diffusion rates were not 
measured in this study, it is uncertain whether one, the other, 
or both determined the oxygen supply within the rooting 
zone. 

The observed enhanced rooting with rockwool relative to 
agar could have resulted from differential nutrient uptake 
due to differences in medium pH. Rockwool initially has a 
slightly basic pH (15) and has been observed to increase the 
pH of soil mixes (4). In this work the liquid medium with 
rockwool had a pH of 6.0 while the agar solidified medium 
had a pH of 5.3 after autoclaving. Rooting and shoot growth 
are known to be affected by pH differences in soil mixes and 
tissue culture media (7, 19, 23). Inhibition of nutrient up­
take and root growth have been associated with low pH (11, 
12), and it is known that availability of most plant nutrients 
decreases with increasing pH from 4.3 to 7.8 (14). Since pH 
changes can either inhibit or promote nutrient uptake, and 
nutrient uptake was not measured during this experiment, a 
conclusion can not be made concerning whether the higher 
pH or potentially higher oxygen tension of rockwool-sup­
ported medium relative to agar-solidified medium was re­
sponsible for the differences in rooting variables and shoot 
morphology. 

Alternatively, the lower rooting frequency on agar-solidi­
fied WPM could have been due to inhibitory compounds in 
the agar. Agar is a commonly used gelling agent in tissue 
culture. According to Pochet et al. (16) it is not a pure 
polysaccharide; it is a complex mixture of polysaccharides 
ranging from those that are heavily sulfated or pyruvated to 
those carrying little or no charge. The type of agar used to 
solidify culture media can markedly affect plant tissue cul­
tures (6, 16). It has also been shown with in vitro shoots of 
woody plant species that decreasing agar concentration can 
increase shoot dry weight (18) and shoot growth (26). Less 
highly purified agars may have detrimental effects (3, 18). 
The explanation for these effects is still lacking, but one 
explanation proposed by Kohlenback and Wernicke (8) is 
that some inhibitors are present in agar. The agar we used 
for these experiments was a commercial plant tissue culture 
agar that was rinsed repeatedly with distilled water before 
use to reduce soluble impurities. 

Rockwool has traditionally been described as a totally in­
ert medium with no available nutrients. Calcium is added 
during rockwool production as a fluxing agent to aid in 
melting and producing fiber from rock or slag materials. 
Since calcium increases the water solubility of rockwool, 
iron oxides are also added to provide strength and decrease 
solubility (17). These iron oxides may subsequently serve as 
a source of iron to plants growing in rockwool. Sonneveld 
and Voogt (22) have shown that plants grown in rockwool 
required less iron than those grown in nutrient film. Ac­
cording to Rupp and Dudley (17), when chlorotic rose cut­
tings were placed in loose rockwool, the chlorotic condi­
tions disappeared in actively growing leaves with or with­
out the addition of iron to the nutrient solution. This obser­
vation suggests that increased iron availability may be re­
lated to the observation presented here that higher chloro­
phyllievels occur in sweetgum shoots grown in rockwool as 
compared to those grown on agar-solidified media. 

The significant interactions found between genotype and 
physical support or shoot length indicated that the positive 
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effects of rockwool and longer initial shoots differ in mag­
nitude among clones and that these variables may be more 
critical for some clones than for others. Thus, it may be pos­
sible to devise superior rooting protocols that are specifi­
cally designed for given genotypes. 

These two experiments suggest that rooting of sweetgum 
adventitious shoots could be enhanced by using 2-cm-long 
shoots pretreated on agar-solidified WPM with 2 JlM NAA 
for 4 days prior to transfer to auxin-free liquid WPM sup­
ported by rockwool for 30 days. Rooting success will vary 
by genotype, but this work shows that a rooting rate of at 
least 65% can be achieved with genotypes of average root­
ing. 
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