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ABSTRACT 
An important mediator of shoot physiological processes associated with ornamental biomass production can be the supply of signal 
molecules (other than water and nutrients) from the root system. Root-to-shoot signaling is often considered to be important in regulating 
shoot growth when soil conditions determine a change in shoot water or nutrient status. There are strong indications that cytokinins are 
root factors which are transported via the xylem to the shoot where they exert a major regulatory influence on growth and photosynthesis. 
Cytokinins play a critical role in many aspects of plant growth and development, including the regulation of the apical dominance, root 
growth and plastid differentiation. Although it has long been known that the cytokinin signal transduction pathway actively interacts with 
other pathways, particularly with light and auxin pathways, details of these interactions remain poorly understood. The possible 
technological use of this information on cultivation of ornamental shade plants is still unclear because knowledge about cause-effect 
relationships between exogenous cytokinin supply and plant response is still scarce. Regulatory processes conditioned the balanced 
growth of roots and shoots and the conclusion that root cytokinins are part of the signaling pathway can be drawn. 
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INTRODUCTION 
 
Shaded plants have been an important research field for 
ecologists who describe plant adaptation under natural 
vegetation. Under this perspective, carbon gain is an im-
portant aspect of plant performance. There are strong links 
between resource availability, the ability of plants to use 
resources for carbon gain and productivity, and, at the 
population level, parameters such as size, survival, and 
reproductive output (Bazzaz et al. 1987). This environment 
is characterized by a low light intensity, both high tem-
perature and high relative humidity, and low red/far red 
ratio, which determine low growth rate and resource availa-
bility (Givnish 1988). Although plant species may differ 

considerably in biomass production, the ecological advan-
tage of high growth rate may seem clear: fast growth results 
in the rapid occupation of a large space which is advanta-
geous in competitive situations. 

Foliage plants, which constitute an important crop pro-
duction all over the world, comprise a group of plants about 
which only the vegetative growth and plant morphogenesis 
are of agricultural interest. Since flowering can be excluded, 
the success of producing commercial plants in a short time 
depends on the maintenance of high growth rates through-
out the cultivation period. The demand for tropical foliage 
plants for its use in homes, apartments, hotels, business of-
fices, airports and other public buildings continues to in-
crease rapidly as individuals in modern society become 
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further removed from natural environments. Because of this 
demand, most of the production is done under complete 
environment greenhouse regulation, and the research is 
mainly aimed at studying adaptation to the final environ-
ment usually characterized by low irradiances but with a 
wide range for temperature, relative humidity and red/far 
red ratio, bearing no relationship to those occurring in their 
native environments (Blessington and Collins 1993). 

There is abundant technological information on crop 
production under commercial facilities, but knowledge of 
the precise mechanisms and the cause-effects relationships 
between physiological traits and plant productivity of orna-
mental foliage plants under cultivation are mostly lacking. 
Some potential control points for biomass production in 
shade ornamental plants and the interactions between them 
are shown in Fig. 1. 

Shade ornamental plants show a low both total leaf area 
and total leaf area expansion rate (Di Benedetto et al. 2006), 
although leaf size and plastochron index could increase as 

plant size increases. Leaf photosynthetic capacity is age 
dependent and, as the plant grows, canopy structure and 
other such changes modify the environment of a particular 
leaf. Allocation of carbon and nutrients to new leaves is an 
especially important “reinvestment” because it drives 
growth in an exponential fashion. For a leaf to benefit a 
plant, the leaf cumulative carbon gain must be at least 
marginally greater than the carbon costs of its construction, 
maintenance, and protection. Leaf development and aging 
follows a predictable sequence of events involving chan-
ging patterns of costs and carbon gain (Pearcy et al. 1987). 

During the initial phases of expansion, when photosyn-
thetic capacity is low, leaves import much of its carbon for 
construction and the respiration rate is high. The maximum 
photosynthetic capacity is usually reached at about the time 
of full expansion. Finally during senescence, photosynthetic 
capacity declines as nitrogen is mobilized and exported 
before the leaf falls off the plant. Because total plant photo-
synthesis is increasing, relatively small changes in alloca-
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tion to new leaves compensate for investment, leading to 
large changes in plant size. 

It has been claimed that the close coordination between 
root and shoot growth is controlled by a signaling pathway 
which is largely hormonal in nature with a major site of 
control located in the root system. Increased root growth 
may lead to a corresponding increase in the synthesis of 
cytokinins (CKs) (O’Hare and Turnbull 2004). In plants 
grown in small pots, root growth restrictions often occur. At 
the transplant stage, ornamental plants grown in pots may 
show a well developed root system with white roots and 
without damage but with a horizontal root growth around 
the pot (Fig. 2A). The root restriction effects remain for the 
following weeks although a new root system may develop 
through the lateral roots that arise adventitiously. The same 
picture is repeated when root systems from transplanted 
seedlings which are grown in larger containers, reach to the 
pot base (Fig. 2B). 

The availability of hormones synthesized in the root 
apex and reallocated to shoots would be reduced when the 
vertical root growth was impeded by the container base. 
There is strong evidence that CKs are root factors which are 

transported via the xylem to the shoot, where they exert a 
major regulatory influence on growth and photosynthesis 
(Itai and Birnbaum 1996), but the response to exogenous 
Cks sprays on ornamental foliage plants is scarce (Nath and 
Pal 2007). The conclusion that root Cks are part of the sig-
naling pathway by which the root/shoot ratio is regulated 
can be drawn from a number of studies (Mok and Mok 
2001; Haberer and Kieber 2002; Howell et al. 2003; Dodd 
2005; Rashotte et al. 2005; Glover et al. 2008). Exogenous 
CK supply favors the development of shoots (Maene and 
Debergh 1982; Wang and Boogher 1987), and specially 
tends to increase leaf biomass (Fig. 3) (Appendix 1, Ex-
periment 1, unpublished data). 

However, both clear studies on crop productivity in 
ornamental shade plants, as well as the mechanisms in-
volved in plant response to exogenous CK supply under 
commercial facilities in this type of plants have not been 
well developed yet (Duan et al. 2006). Increase in leaf area 
of an ornamental shade plant can thus be divided into four 
morphological processes: (I) leaf-appearance rate, (II) leaf-
elongation rate, (III) leaf-elongation duration and (IV) leaf 
shape. It has been suggested that cytokinins may directly 
affect all this processes (Tsukaya 2003; Bemis and Torii 
2007). 
 
LEAF APPEARANCE 
 
Leaves are initiated sequentially in precisely ordered pat-
terns throughout the vegetative phase of shoot development 
by the apical meristem, which maintains itself in the pro-
cess as an organized unit of cells whose fates within the 
shoot is not yet determined (Aida and Tasaka 2006). Leaves 
originate relatively uniformly as simple peg-like outgrowths, 
and subsequently exhibit divergent patterns of determinate 
growth. During the monopodial phase, as the leaf size in-
creases from one leaf to the next, the apparent phyllochron 
decreases. 

Application of CKs can promote leaf unfolding and ex-
pansion in intact plants in a range of species (Hayes 1978; 
Goodwin 1978; Doerner 2007). Fig. 4 (Appendix 1, Expe-
riment 1, unpublished data) indicates that exogenous ap-
plied CKs significantly increase the number of leaves ini-
tiated by the apex in E. aureum, Impatiens New Guinea, F. 
benjamina both ‘green’ and ‘variegate’ clones related to the 
control plants during the same cultivation period. 

Schefflera arboricola is a plant which contains leaflets 

A B

Fig. 2 Foliage pot plant root systems at the transplant stage (A) and at the 
sale stage (B). 
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that are either completely green or yellow or may show 
varying degrees of variegation. It has been reported that CK 
movement into yellow leaflets or leaf parts is slower than 
into green leaflets (van Staden et al 1994). In this work, 
CKs transported into the yellow parts were metabolized at a 
much faster rate. These data, obtained with applied radio-
labelled CKs, suggest that within the plant, yellow leaves 
contain less endogenous CKs than green leaves. Analysis of 
green and yellow leaflets of S. arboricola indicated that the 
green leaflets contained ten times more endogenous CKs 
than the yellow ones. Leaves have been shown to synthe-
size CKs, but this occurs predominantly in upper or youn-
ger leaves. To what extent such biosynthesis occurs in 
plants with variegated leaves is not known. The lower level 
of endogenous CKs found to be present in the yellow leaf-
lets correlates with the fact that trans-zeatin was imported 
into yellow leaflets at a slower rate, and that whatever CKs 
were imported into the leaf was metabolized at a faster rate. 
This indicates a differential supply of xylem CKs and dif-
ferences in the degree of metabolism in the yellow leaflets 
(van Staden et al 1994). These results would be in agree-
ment with the lower effect of the same 6-benzylamino-
purine (BAP) solution on leaves expanded by the variegated 
F. benjamina clone (Fig. 4; Appendix 1, Experiment 1, 
unpublished data). 

CKs have been shown to promote lateral branching in a 
variety of plants (Dun et al. 2006; Bessonov 2008; Ongaro 
and Leyser 2008). Foliar sprays of BAP increased the num-
ber of lateral branches in Peperomia obtusifolia, resulting in 
fuller and shorter plants (Henny 1985); similar effects of 
CKs were also observed in Cordyline terminalis (Maene 
and Debergh 1982), Dieffenbachia sp. (Wilson and Nell 
1983), Pilea cadierei and Dracaena marginata (Henley and 
Poole 1974) and Anthurium andreanum (Higaki and Ras-
mussen 1979). Conversely, 4 weekly foliar applications of 
BAP did not induce the development of lateral shoots in 
Epipremnum aureum, and only enlarged lateral buds were 
observed (McConnell and Poole 1972). 

 
LEAF EXPANSION 
 
The photosynthetic capacity in the mature leaf is deter-
mined by both the size and metabolic activity of the leaf. 
Leaf expansion and the development of leaf metabolism are 
influenced by a number of factors including environmental 
factors such as temperature, light intensity and quality, and 

endogenous factors such as ‘shoot age’ and assimilate sup-
ply. However, little is known about modulations of leaf 
development, and more information is needed to understand 
the physiology of leaf development in ornamental shade 
plants. There are many well documented examples of size-
related physiological changes in animals, but only contra-
dictory results for plants (Di Benedetto and Cogliatti 1990b; 
Donovan and Ehleringer 1991, 1992; Soyza et al. 1996; Di 
Benedetto et al. 2005). Because total plant photosynthesis is 
increasing, relatively small changes in allocation to new 
leaves lead, and large changes in plant size; large differen-
ces in growth rates can be attributed to allocation pattern 
differences (Pearcy et al. 1987). 

The influence of plant size on physiological responses 
on ornamental foliage has been addressed under both cons-
tant and varying environmental conditions (Di Benedetto 
and Cogliatti 1990a; Di Benedetto 1991; Gerry and Wilson 
1995). Differences in leaf size that correlated with plant size 
also influenced physiological performance of the plant 
(Mendez and Obeso 1993; Zotz 1997). Regression lines for 
single leaf area (cm2 leaf-1) vs. total leaf area (cm2 plant-1) 
for six ornamental aroids plants (Fig. 5) show that previous 
leaf area modulates single leaf size (Di Benedetto et al. 
2006). 

It is well known that carbon partitioning between leaf 
area expansion and growth of non-photosynthesizing tissues 
generally increase with the age of the individual (Schulze 
1982). The suggestion that plant ‘size’ would be associated 
to photoassimilate allocations is supported by the fact that 
allocation to resource-capturing organs has also been indi-
cated to be correlated with competitive ability to clonal dis-
persal (Abrahamson 1975; Hartnett and Bazzaz 1983; 
Brewer et al. 1998). 

Golden photos (E. aureum) are among the most impor-
tant foliage plants produced commercially. Growers cut the 
long vines into single node, leaf-bud cuttings for propaga-
tion. Non-uniform growth of axillary shoots has been ob-
served among cuttings of axillary pothos. The most obvious 
effect of internode length of cuttings on plant growth was 
on leaf number and stem length. Cuttings with a 3-cm or 
longer internode below the node produced leaves faster and 
had longer axillary shoots than those with shorter stems; 
increases in stored nutrients in the longer internodes might 
have triggered faster shoot growth (Wang and Boogher 
1988). On the other hand, Steinitz et al. (1992) suggested 
that young E. aureum plants with soft stems will grow in a 

0

5

10

15

20

25

30

F. benjamina
'green'

F. benjamina
'variegated'

E. aureum Impatiens New
Guinea

Le
av

es
 p

la
nt

-1

Control
BAP-sprayed

Fig. 4 Changes in leaves developed by plants sprayed with and without a 5 mg L-1 6-benzylaminepurine (BAP) solution (Appendix 1, Experiment 1, 
unpublished data). Means of the replicates and standard errors are given. 

4



Cytokinins and ornamental foliage production. Di Benedetto et al. 

 

vertical downwards hanging manner unless they encounter 
a surface on which they can climb and grow in a direction 
deviating from the direction of the gravitational vector. The 
climbing plant finds anchorage with adventitious aerial 
clasping roots appraised to an adjacent surface of host 
plants, rocks or walls (Fig. 6). Steinitz and Hagiladi (1987, 
1992) found that climbing E. aureum plants had larger 

leaves, shorter internodes and a better developed aerial root 
system than unsupported plants and suggested that the mor-
phological differences between climbing and free hanging 
plants represent thigmomorphogenic responses of climbing 
plants to a mechanical stimulus generated by the contact of 
the stem with the support’ surface. A marked increase in 
leaf area was found only when the ‘ventral’ stem flank came 
in contact with the support’s surface which indicating that 
the thigmomorphogenic touch sensitivity with regard to 
stem circumference is restricted to the ‘ventral’ side. Thig-
mostimulation started after the plants developed three inter-
nodes. 

Data from Fig. 7 (Appendix 1, Experiment 2, unpub-
lished data) are partially in agreement with Steinitz and 
coworkers in the sense that climbed plants increase leaf size 
in pothos; however, the response would not be associated 
with a thigmomorphogenic response of climbing plants to a 
mechanical stimulus. Pothos plants grown at a horizontal or 
downward position gave smaller leaves size on the axillary 
shoots. Interestingly, in these plants BAP spraying led to a 
significant increase in leaf size, thus suggesting that smaller 
leaves in horizontal or downward growing plants may be 
associated with lower CK levels than in those growing 
upwardly. 

Leaves of ornamental plants have a large variety of 
shapes and sizes. One of the commoner variants in shape is 
the dissected or compound leaf. The blades of these leaves 
are cut into segments of leaflets. In terms of comparative 
development dissected leaves are of particular interest 
because they so clearly illustrate how different paths of 
development can lead to leaves that are closely similar in 
appearance. 

The growth of different tissues at different rates soon 
gives the leaf’s future leaflets the appearance of bump like 
protuberances along the leaf’s two free edges. The older and 
slightly larger bumps appear toward the tip of the leaf; the 
younger and smaller ones arise progressively neared the 
leaf base. Once a complement of four or five leaflet pairs 
has appeared, enlargement continues and the bumps soon 
assume the shape of mature leaflets. This mode of leaflet 
initiation from the free margins of a leaf is the most com-
mon mechanism of development among higher plants with 
dissected leaves, whether they are simple vascular plants 
such as ferns, gymnosperms (cycads) or the higher flower-
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Fig. 6 Climbing photos plant stuck to the bench bracket showed an 
increasing leaf size. 
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ing plants. Through progressive degrees of elaboration it is 
possible for compound leaves to be twice, three times or 
even many times dissected. Indeed, in principle there is no 
limit to the degree of elaboration that can be found in a dis-
sected leaf (Kaplan 1983). 

The arum that shows a sharply different mode of leaf 
dissection is popularly known as the split-leaf philodendron, 
one of the climbing Monstera genus. These plants are noted 
for the distinctive holes in the blades of their leaves and are 
widely grown as ornamental plants for that reason. The size 
and shape of the holes vary in different parts of the blade 
have different rates of growth. For example, the first holes 
to appear lie close to the edge of the blade; at maturity they 
are large and elliptical in outline because that part of the 
blade undergoes the greatest amount of lateral expansion. 
The holes that develop later are found closer to the leaf 
midrib. They tend to be smaller and to retain their original 
rounder outline because the tissue surrounding them does 
not undergo as much lateral growth (Kaplan 1983). 

In many species of the genus Monstera the marginal 
strip of blade tissue adjacent to the most peripheral hole 
will not grow in width at a rate that matches the growth of 
the rest of the blade. As a result, thin bridge of marginal 
tissue usually breaks, converting what had been a perforated 
blade surface into a marginally lobed one. Usually the deve-
lopment or four to six leaves after transplant are required to 
show the first holes. This requirement has been found to be 
unmodified by exogenous applications of BAP, even when 
they reach faster at this stage because an accelerated leaf 
expansion rate (Di Benedetto, unpublished data). 

Plant morphogenesis is controlled by the integration of 
endogenous genetic programs and responses to exogenous 
signals. The leaf is a good subject for studying plant mor-
phogenesis, the diversity of which is reflected in leaf shape. 
Early control of leaf shape relies on controlling leaf initi-
ation at the shoot apical meristem, the rates and planes of 
cell division, and the polarity-dependent differentiation of 
leaf cells. Final leaf form involves coordination of the rates 
of division, enlargement, and differentiation of leaf cells. In 
addition, recent genetic studies have revealed a different 
mechanism that plays an important role in regulating leaf 
shape: the control of spatial and temporal expression by 
micro RNA and programmed cell death (Kim 2006). 

Some connections has been described between auxin 
and CK function and transcription factor patterning systems 

involved in both leaf initiation and elaboration of leaf axial 
patterning. A cascade of small RNA-based regulatory steps 
was suggested to facilitate delimitation of cell types com-
prising the upper versus lower parts of the leaf. Develop-
mental regulation of cellular growth emerged as a crucial 
component in regulation of leaf form with transcription 
factors playing a key role in this process. The cis-regulatory 
evolution of developmental genes emerged as a process that 
likely contributed to diversification of leaf form (Barkoulas 
et al. 2007). Morphogenesis of leaf shape and formation of 
the major elements of leaf vasculature are temporally co-
ordinated during leaf development. Current analyses of 
mutant phenotypes provide strong support for the role of 
auxin signaling in vascular pattern formation and indicate 
that leaf shape and vasculature are developmentally coupled. 
Two other mechanisms that may contribute to the regulation 
of these processes are a diffusion–reaction system and long-
distance signaling of informational macromolecules such as 
CKs (Dengler and Kang 2001). 

Leaf development is characterized by substantial chan-
ges in morphology and anatomy that are the product of dif-
ferential cell/tissue expansion and growth. Such growth in 
developing leaf tissue results in the enlargement of specific 
tissues and the separation of cells that were closely associ-
ated during early stages of development. The latter process 
results in the development of air spaces within the leaf. 
These changes presumably facilitate the physiological func-
tion of the leaf and represent an important aspect of leaf 
function (Maksymowych 1973). 

Plants acclimated under high-light environments and 
transferred to low-light ones showed anatomical changes 
that provide better use of low light conditions (Perry et al. 
1986; Vidal et al. 1990). Changes in leaf size under limited 
light were related to a decrease in total mesophyll thickness 
and an increase in air space between cells. 

Leaf thickness is the result of changes in both number 
of cell layers and cell size. Major differences may occur in 
leaf thickness between species of the same genus, as shown 
in aroids (Di Benedetto and García 1992). 

Hormones affect plant growth and developmental pro-
cesses (Chuan et al. 2007). We are just beginning to learn 
that part of their effect is a consequence of the modulation 
of the cell proliferation potential in a spatial- and temporal-
specific manner (Pozo et al. 2005; Guimil and Dunand 
2007; Tucker and Laux 2007). Understanding the intimate 
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Fig. 7 Leaf area (cm2 leaf-1) for pothos plants grown in a different vertical gradient and sprayed with a 5 mg L-1 6-benzylaminopurine (BAP) solution 
(Appendix 1, Experiment 2, unpublished data). Means of the replicates and standard errors are given. 
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coupling of cell proliferation with growth and development 
in plants in response to hormones is one of the major chal-
lenges ahead. However, an extra layer of complexity comes 
from the fact that, frequently, the same hormone impinges 
on cell cycle control al different stages, and several hormo-
nal pathways converge at a given cell cycle transition. Fur-
thermore, it should be kept in mind that most of the results 
available are derived from studies using the exogenous 
application of hormones that may alter the levels of other 
hormones. 

Leaf thickness and specific leaf area, which is often cor-
related with the former, may be modified by exogenous CK 
supply. It has been proposed that CKs promotes the rate of 
parenchyma cell expansion, and prolong the duration of cell 
enlargement and promote the rate of the cell enlargement 
(Kyozuka 2007; Hamada et al. 2008). In pothos plants 
growing downwards, BAP spray induces a significant de-
crease in specific leaf area (suggesting thicker leaves) while 
little or no changes were observed in plants growing on the 
floor or climbed Fig. 8 (Appendix 1, Experiments 1 and 2, 
unpublished data). Direct microscopy thickness observa-
tions (Table 1; Appendix 1, Experiment 1, unpublished 
data) are in agreement with these suggestions. On the other 
hand there are little changes in both green and variegated F. 
benjamina plants. BAP-sprayed pothos plants increased leaf 
thickness but in F. benjamina green or variegated clones 
there is no significant differences related to controls (Table 
1; Appendix 1, unpublished data). 

Our results (Table 1; Appendix 1, Experiment 1, un-
published data) showed there are no change in stomata den-
sity for E. aureum and F. benjamina clones when plants 
were sprayed with a 5 mg L-1 BAP solution. Cell density in-
creased in pothos BAP-sprayed plants but decreased for 
both clones of F. benjamina (Table 1; Appendix 1, Experi-

ment 1, unpublished data). Previously it has been demons-
trated that, under similar experimental conditions, BAP pro-
moted the expansion of mesophyll cells (Ron’zhina 2003). 
In the juvenile leaves, BAP promoted cell divisions, and in 
the expanding and mature leaves, cell expansion. During 
leaf formation, cytokinin is required to drive the cell divi-
sion cycle at a normal speed and to obtain the required 
number of cell divisions to reach a normal leaf size. Gold-
stein and Chory (2008) suggested that cells in the epidermis 
both promote and restrict growth of the entire shoot by sen-
ding growth signals – either physical or chemical – to the 
inner layers. 

The shoot apical meristem functions to generate exter-
nal architecture and internal tissue pattern as well as to 
maintain a self-perpetuating population of stem-cell-like 
cells. The internal three-dimensional architecture of the vas-
cular system corresponds closely to the external arrange-
ment of lateral organs, or phyllotaxis. The close correspon-
dence between phyllotaxis and vascular pattern present in 
mature tissues arises at early stages of development, at least 
by the first plastochron of leaf primordium outgrowth 
(Dengler 2006). CKs induce de novo formation of phloem 
elements (Mahonen et al. 2006). Experiments performed in 
isolated cotyledons of pumpkin (Cucurbita pepo L.) de-
monstrated that BAP may induce the formation of new 
veins. In the leaves of flat bean (Phaseolus sp. L.), BAP 
treatment increased the amount of mesophyllic tissues by 
extending mesophyll cells; exogenous CK contributed to 
enlargement of mesophyll cells and lignification of mecha-
nical leaf tissues. The number of vascular bundles, xylem 
vessels and phloem elements increased. These results were 
in agreement with those in the leaves of wheat, sugar beet, 
and perennial cereal herbs (Chernyad’ev 2005). Data from 
our laboratory on pothos plants are in agreement with these 
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Fig. 8 Specific Leaf Area for ornamental shaded plants with different growth habits under greenhouse facilities. Plants were sprayed with either water 
(controls) or with a 5 mg L-1 6-benzylaminopurine (BAP) solution (Appendix 1, Experiments 1 and 2, unpublished data). Means of the replicates and 
standard errors are given. 

Table 1 Changes in anatomical attributes for three ornamental foliage plants sprayed with a 5 mg L-1 6-benzylaminopurine (BAP) solution (Appendix 1, 
Experiment 1, unpublished data). 

Epipremnum aureum Ficus benjamina‘green’ Ficus benjamina‘variegated’  
Control BAP-sprayed Control BAP-sprayed Control BAP-sprayed 

Leaf thickness (μm) 312.12 a 403.03 b 206.06 a  212.12 a  193.33 a  170.67 a 
Stomata density (mm-2)  39.81 a  39.78 a 167.20 a  191.08 a  143.31 a  127.39 a 
Cell density (mm-2) 437.90 a 310.51 b 931.53 b 1313.69 a 1397.29 b 3065.29 a 

Different lower-case letters indicate statistically differences (p � 0.05) from Tukey’s test between control and BAP-sprayed plants. 
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previous reports (Di Benedetto, Tognetti, Galmarini data 
not shown). 

 
PHOTOASSIMILATE PRODUCTION 
 
The value of a leaf, to the plant that bears it, is the contribu-
tion that it makes to the fines of the plant: the contribution 
that descendants of the plant (or its genes) make to future 
populations. The cost of producing a leaf is the investment 
of resources of carbon, nitrogen, etc.; the interest that is 
gained from this investment is the carbon fixed by the leaf 
in photosynthesis (Noguchi et al. 2001). Some of the fixed 
carbon may go to stems and roots, organs of clonal growth 
and perennation in ornamental shade plants that may contri-
bute to subsequent generations. An increase in total leaf 
area for ornamental foliage plants would be associated as 
higher leaves number as higher leaf size. 

Plant growth and development is sustained through 
photosynthetic carbon fixation and the subsequent translo-
cation of photoassimilate to growing tissues or storage 
organs. Mature leaves are a source tissue because there is a 
net export of photoassimilate, generally sucrose, from them 
to the sink organs, which include roots and actively growing 
meristems. However, Di Benedetto et al. (2006) have pro-
posed that the returns for Ph. burgundy would be greater 
than for A. commutatum, D. maculata, S. podophyllum and 
its related species Ph. peruvianum according as plant size 
increased. The reasons for such responses are yet unclear. 

It has been suggested that leaves with a longer life-span, 
such as those of the ornamental shade plants have a higher 
leaf construction cost, because of a larger investment in 
structural (Oikawa et al. 2004) and defensive compounds 
(Seilaniantz et al. 2007) to live for a longer period. Some 
studies support this hypothesis (Merino 1987) but others do 
not (Merino et al. 1987). Williams et al. (1989) showed that 
leaf life-span did not correlate with the construction cost, 
but was positively correlated with the ratio of leaf construc-
tion cost to daily carbon gain. This ratio was assumed to be 
indicative of the time the plant spends paying back the in-
vestment in constructing leaves. Leaf cost per unit of mass 
was inversely correlated with leaf size, perhaps as a result 
of the greater proportional contribution of expensive cuticle 
to leaf mass in small leaves. It would be possible that plants 
sprayed with CKs change their leaf construction cost; but 
although there is no report available, critical research are 
under progress. 

The photosynthetic activity of a leaf changes with its 
age, typically rising to a peak or plateau and then declining. 
At first sight it might appears that the value of the leaf to 
the plant is simply the sum of assimilates that it exports. 
This assumes that carbon exported from a leaf early in its 
life has the same value to the plant as carbon exported later. 
In the case of a plant growing vegetatively this is unlikely 
to be true. The exported assimilates that find their way into 
new leaves represent reinvestment that then generates new 
interest. The early exports from a leaf are therefore of pot-
entially greater value to the future growth of the plant than 
the same material exported from the same leaf later in its 
life. 

Several attempts have been made to relate net photo-
synthetic rate (Pn) to plant productivity in ornamentals, 
although it has been pointed out the difficulty of relating 
leaf Pn rates to yield parameters (Ottosen 1990; Vidal et al. 
1990; Ottosen 1994). Measurements of Pn rates of only 
parts of plants under laboratory conditions may not fully 
reflect conditions encountered in commercial production. 

As many of the examined species have been grown 
under greenhouse conditions, growth rate determinations 
based on short term measurements of photosynthesis have 
proved difficult (Zelitch 1982). Leaf photosynthetic capa-
city is age dependent and besides, as the plant grows, can-
opy structure and other such changes modify the environ-
ment of a particular leaf. Allocation of carbon and nutrients 
to new leaves is an especially important “reinvestment” 
because it drives growth in an exponential fashion. 

One of the problems inherent in making photosynthetic 
comparisons, which are concurrent with changes in leaf 
morphology, is in determining a valid basis of expression of 
photosynthetic rate. Araus et al. (1986) found that differen-
ces in maximum Pn between species are even more pro-
nounced when they are expressed on the basis of chloro-
phyll rather than leaf area for different sun and shade spe-
cies. Positive correlation between maximum Pn (per unit 
leaf area) determined at normal CO2 pressure, and leaf 
thickness is often found among leaves of the same species. 
However, results from Di Benedetto et al. 2006 showed a 
poor correlation between photosynthetic rate for a single 
leaf area-, chlorophyll content- and leaf thickness-base for 
A. commutatum, Ph. ‘Burgundy’ and Ph. peruvianum grown 
under optimal (summer) or suboptimal (winter) environ-
ments. One possible explanation of these relationships bet-
ween leaf size and photosynthetic capacity (both leaf area- 
and chlorophyll content-base) is that genotypes with large 
leaves, such as the ornamental aroids tested, may have more 
severe mutual shading which would reduce their photosyn-
thetic capacity. 

Only few studies have focused on the relationship 
between photosynthetic rates (Pn) and plant productivity or 
growth of ornamentals (Zelitch 1982; Ottosen 1990). Re-
sults from Di Benedetto et al. (2006) are in agreement with 
the apparent paradox in lack of correlation between mea-
surement of single-leaf photosynthesis and plant growth 
rate. Short-term measurements of photosynthesis may not 
be a good indicator of the long-term growth effects. Over 
time, acclimation to a changing environment takes place in 
plants, and short-term measurements of photosynthesis will 
often overestimate the effect of, for example, increasing 
light levels during summer. Besides, when growth respira-
tion for shoot maintenance and leaf growth is increased 
plant investment in root growth increase. Photosynthetic 
measurements as a means of gaining insight into the opti-
mal growing conditions for plants should therefore be used 
with care. 

CKs are known to play an important part in the regula-
tion of photosynthetic pigments (Chernyad’ev 2005) but 
there are no previous reports on a direct effect of exogenous 
CK supply on photosynthetic rate for ornamental foliage 
plants. Our results on E. aureum and two Ficus benjamina 
clones sprayed with 6-benzylaminopurine showed an in-
crease in photosynthetic rate related to controls grown 
under the same greenhouse environment (Fig. 9; Appendix 
1, Experiment 1, unpublished data). However, higher 
photosynthetic rates would not be related to a decrease in 
stomata density (Table 1; Appendix 1, Experiment 1, un-
published data). 

Boonman et al. (2007, 2009) showed that a lowering 
light gradient over the foliage of a plant result in reduced 
CK activity in shaded leaves as a consequence of reduced 
import through the xylem and that CKs are involved in the 
regulation of whole-plant photosynthetic acclimation to 
light gradients in canopies; external application of CKs to 
shaded leaves could rescued multiple shade effects. 

Growth rate is always controlled by the source-sink 
balance within the plant. The source consists of photosyn-
thetically active leaves and stored reserves and the sink is 
made of growing organs. The decrease in the apparent phyl-
lochron means that the increase in assimilate source is 
greater than the increase in sink (Dufour and Guerin 2003). 
The leaf expansion rates for all ornamental Araceae plants 
(A. commutatum, D. maculata, Ph. ‘Burgundy’, Ph. peruvi-
anum and S. podophyllum) tested by Di Benedetto et al. 
(2006) are in agreement with previous reports, but the res-
ponse are related to plant material used (Ph. ‘Burgundy’ 
showed the higher increased in reinvestments) and season. 

The efficiency by which light may be absorbed by a leaf 
is directly related to chlorophyll per unit leaf area. Obligate 
shade plants grown under deep shade often have at least as 
high chlorophyll content as do sun plants grown at high 
light levels; high chlorophyll content appears to be espe-
cially frequent among evergreen shade plants native to tro-
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pical forest (Wang et al. 2005). Di Benedetto (1991) has 
showed that although chlorophyll was present in A. com-
mutatum leaf primordia of 0.2 mm long, its accumulation 
was low (about 24% of maximum) until leaves had reached 
approximately half their final leaf area; after this growth 
stage there was a steady increase until fully expansion. 

Based on leaf fresh weight, the shade plants generally 
have higher chlorophyll content but a lower enzyme activity 
(i.e. Rubisco) than the sun plants. This is of a particular 
interest from an ecological viewpoint since it lends support 
to the hypothesis that, in shade plants, the investment on 
light harvesting structures is higher than investment on car-
bon fixation and mobilization. 

Leaves of shade plants have considerably less total 
protein per total chlorophyll (and per leaf area) than do sun 
leaves of sun plants (Di Benedetto et al. 2003). Since it is 
generally considered that roughly one-half of the total chlo-
roplast protein is associated with carbon fixation (mostly 
Rubisco), significant nitrogen take place in shade plants 
(Table 2) (Di Benedetto, unpublished data). 

When the absorption spectrum in 80% acetone of thyla-
koid preparations for ornamental aroids was analyzed by Di 
Benedetto and García (1992), they would be seen that leaves 
expanded in the greenhouse light environment showed a 
characteristic absorbance spectrum with a peak at 600-700 
nm, a lower absorption between 600-500 nm and the Soret 
band below 500 nm. However, when light intensity was 
reduced and the light quality changed, the absorption spec-
tra differed. Changes in light absorption properties of leaves 
with light intensity seem to be related to CK contents. CKs 
are involved in synthesis of light harvesting chlorophyll 
polypeptides (LHC) (Flores and Tobin 1988); a reduced 
supply of CKs would thus rather reduce LHC (Pons and 

Bergkotte 1996). However, chlorophyll concentration under 
greenhouse environment would not be a limiting factor for 
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Fig. 9 Photosynthetic rate changes related to the 6-benzylaminopurine (BAP) sprays (5 mg L-1) on three ornamental foliage plants (Appendix 1, 
Experiment 1, unpublished data). 

Table 2 Chlorophyll/Protein ratios from thylakoid preparations in 80% 
acetone for leaves of six aroid species grown under a commercial green-
house environment (Di Benedetto, unpublished data). 
Ornamental foliage plants Chlorophyll/Protein ratio 
Aglaonema commutatum  64.6 
Epipremnum aureum  29.8 
Philodendron ‘Burgundy’  23.1 
Philodendron cordatum  54.7 
Philodendron peruvianum 167.7 
Syngonium podophyllum  73.8 

 

A B

C D

Fig. 10 Cross-section electron micrographs of the ultrastructure of green-
house grown Epipremnum aureum (A), Philodendron ‘Burgundy’ (B), 
Philodendron peruvianum (C) and Syngonium podophyllum (D) aroids 
(magnification 20,000 x). Adapted from Di Benedetto A, García AF Adaptation 
of ornamental aroids to their light environments I. Spectral and anatomical 
characteristics. Journal of Horticultural Science 67, 179-188 �1992. 
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photosynthesis in ornamental shade plants. 
Electron micrographs of chloroplasts from leaves grown 

under the greenhouse environment showed typical high-
light chloroplasts, characterized by grana stacks with few 
thylakoids per granum, little lamellar material in the starch-
free stroma part of the chloroplast sections, a low degree of 
thylakoid stacking and large starch grains, specially in E. 
aureum and Ph. peruvianum (Figs. 10A, 10B). 

Although it is generally accepted that root-produced 

CKs play a role in both the synthesis and maintenance of 
chlorophyll and that they affect chloroplast development 
and metabolism (van Staden et al. 1994) and that CKs are 
involved in regulation of cell division and differentiation of 
chloroplasts in sun plants (Kulaeva and Prokoptseva 2004), 
CK addition to shade plants (which naturally bear high 
chlorophyll contents) may not enhance total chlorophyll. 
For instance, when plants of four ornamental shade species 
mentioned above, grown at 70% full-sun greenhouse envi-
ronment were sprayed with BAP, no changes in chlorophyll 
content were found (Table 3; Appendix 1, Experiment 1, 
unpublished data). 

 
PHOTOASSIMILATE PARTITIONING 
 
The distribution of biomass among plant organs is not fixed 
(Gerry and Wilson 1995) but, instead, it is affected by the 
environment, habit of the plant, life span of the plant and, 
competitive interactions. Brewer et al. (1998) have been 
suggested that the best belowground competitors should 
allocate the greatest fraction of resources to roots. On the 
other hand, Harnett and Bazzaz (1983) have suggested that 

Table 3 Chlorophyll concentration for five ornamental foliage plants 
sprayed with a 5 mg L-1 6-benzylaminopurine (BAP) solution (Appendix 
1, Experiment 1, unpublished data). 

Chlorophyll content (mg m-2) Ornamental foliage plants 
Control BAP-sprayed 

Epipremnum aureum 335.28 ± 20.64 362.29 ± 26.27 
Ficus benjamina ‘green’ 417.02 ± 43.56 467.04 ± 22.36 
Ficus benjamina ‘variegated’ 391.72 ± 39.51 422.74 ± 36.64 
Philodendron ‘Wang B’ 761.63 ± 35.43 757.50 ± 17.99 

Means of the replicates and standard errors are given. 
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if the expansion of shade leaves is supported by assimilate 
import, there should be an increase in growth, reproduction, 
and survival under field conditions. While the acquisition of 
resources by a plant provides the necessary substrates for 
growth (primarily C and N), it is the allocation of these re-
sources at the whole-plant level that ultimately determines 
growth rate and final size. Work from our laboratory 
showed that, in ornamental shade plants grown under green-
house facilities, although investment in root system is low: 
11.3, 12.5, 17.5 and 13.2% of the total dry weight for A. 
commutatum, D. maculata, Ph. Burgundy and S. podophyl-
lum respectively, root: shoot ratio may show an erratic res-
ponse as plant size (estimated as total dry weight) increases 
(Di Benedetto et al. 2006). 

CKs may change photoassimilate partitioning but, car-
bohydrates affect plant growth regulation too (Liscova et al. 
2006). Although dry weight accumulation between shade 
ornamental species is quite different (Fig. 11A; Appendix 1, 
Experiment 1, unpublished data), the result of one spray 
application of BAP significantly increased it for F. benja-
mina (with a lesser extension for the variegated than for the 
green clone), E. aureum and Impatiens New Guinea (Fig. 
11B; Appendix 1, Experiment 1, unpublished data). 

The ecological advantage of a high relative growth rate 
(RGR) may seem clear: fast growth resulted in the rapid oc-
cupation of a large space which is advantageous in compe-
titive situations. A high RGR may also facilitate a rapid 
completion of the life cycle of a plant (Poorter 1989). There 
are quite large differences in biomass production (Fig. 11; 
Appendix 1, Experiment 1, unpublished data) among typi-
cal RGRs of ornamental shade plants and usually RGR val-
ues would be slightly increased by cytokinin sprays (Table 
4; Appendix 1, unpublished data); this result might be 
achieved by different ways but differences in the carbon 
economy, i.e., the balance of photosynthesis and respiration 
expressed per unit leaf area, would be of overriding impor-
tance in explaining variation in RGR. The more a plant 
invests in leaf area, the higher the total carbon gain and the 
faster dry weight accumulation will be. Reich et al. (1998) 
suggested that specific leaf area (SLA), net assimilation rate 
(NAR) and RGR are closely associated with variation in 
life-history traits and that variation in leaf and root structure 
more strongly influences patterns of RGR among species 
and light environments than does biomass partitioning. Data 
from Osone et al. (2008) are in agreement with these previ-
ous findings. 

Veneklaas et al. (2002) have shown that differences in 
RGR of F. benjamina clones could be attributed to differen-
ces in leaf assimilation rate. One strategy for obtaining 
increased growth rates and high-quality F. benjamina plants 
of good size in a reasonably short period would be work in 
the selection for high specific leaf area. The use of 6-ben-
zylaminopurine sprays would be another way (Table 4; Ap-
pendix 1, Experiment 1, unpublished data). 

Differences in competitive abilities may be due to traits 
such as leaf area, plant height, and mass. In particular, ini-
tial plant size, expressed as total plant mass, may influence 
competitive ability (Di Benedetto et al. 2005). According to 
the model of Samson and Werk (1986), reproductive alloca-
tion is expected to increase allometrically with increasing 
plant size (Mendez and Obeso 1993). Although it is expec-
ted that plastic responses in resource allocation should be 

common in species inhabiting heterogeneous environments, 
the arum species tested by Di Benedetto et al. (2006) are 
shade plants which have evolved under homogeneous tro-
pical and subtropical rainforests. Another factor that may 
contribute to variation in competitive ability is growth rate 
(Gerry and Wilson 1995). 

The distribution of photoassimilates within the plant is 
regulated by source-sink interactions. Sources are exporters 
of photoassimilates and sinks are net importers of these 
photoassimilates. The major sources in vegetative plants are 
the mature leaves but other photosynthetic tissues that fix 
carbon produce more photoassimilate than that required for 
their own growth and maintenance. Mature leaves fix car-
bon dioxide and export photoassimilates, primarily sucrose, 
to other parts of the plant. Stem and root storage tissue may 
also act as either source or sink (net importers of photoas-
similate), depending on needs of the rest of the plant. Young, 
developing leaves have high metabolic rates and expansions 
rates and thus are strong sinks. These developing leaves 
compete with other sinks of the plant and strongly influence 
allocation patterns. The conversion of developing leaves 
from sinks to sources involves profound structured and phy-
siological changes. 

The allocation of photoassimilate to different sinks is 
largely independent of photoassimilate production but is 
related to relative sink strength (Cline et al. 1997). Sink 
strength is the ability of the sink organ to import photoas-
similates relative to other sinks in the plant and is related to 
sink size, growth rate, metabolic activity, and respiration 
rate. Developing sun leaves are relatively strong sinks while 
stem and root storage tissue are weak sinks. However, an 
inverse relationship would be found for shade plants. 

From its inception as a primordium, until some time 
during that phase of lamina expansion, the developing leaf 
is dependent on import of carbon from other parts of the 
plant. Even after photosynthetic activity and carbon assimi-
lation have commenced import occurs concurrently and 
only falls to low and insignificant amounts once lamina ex-
pansion is well advanced. An expanding leaf may be sup-
plied from several older leaves in a complex pattern that 
changes with time. From primordial initiation until well into 
the unfolding phase the leaf is dependent on supply of 
metabolites from other parts of the plant. Although the sig-
nificant developmental changes that occur during leaf ex-
pansion with respect to carbon relations can be identified, 
there remain major uncertainties about the nature of the 
controlling mechanisms. 

One of the few integrating principles related to alloca-
tion is the hypothesis of balanced root and shoot activity. It 
has been reported (Poorter and Remkes 1990) that fast-
growing species are more oriented to maximize shoot func-
tioning, whereas the slow-growing them tend to maximize 
root functioning. However, water and nutrient supply would 
not be a limiting growth factor for the ornamental foliage 
plants grown under greenhouse commercial facilities such 
as happened in the primitive wild environment. 

There are strong links between resource availability, the 
ability of plants to use resources for carbon gain and pro-
ductivity, and, at the population level, parameters such as 
size, survival, and reproductive output (Bazzaz et al. 1987; 
Pearcy et al. 1987). In many species, the rate of export of 
photoassimilates from leaves and leaf photosynthesis rate 
are influenced by the assimilate demand from other parts of 
the plants (Mendez and Obeso 1993). 

It has been suggested that leaf development may be 
affected through endogenous plant hormones, and based on 
early findings that CKs modify the distribution of metabo-
lites in detached leaves the idea of a general promotive 
effect of CKs on sink strength has emerged. However, the 
specific mechanism by which CKs regulate the physiology 
of the plant cell is still not well-known (Nielsen and Ulskov 
1992). 

For addressing the question of CK effects on sink 
strength, those enzymes which contribute to the ability of 
the tissue to metabolize imported photoassimilates must be 

Table 4 Relative growth rate (day-1) for four ornamental shade plants (A), 
(B), (C) and (D) grown under greenhouse facilities with and without the 
application of 5 mg L-1 6-benzylaminopurine solution as a spray (Appen-
dix 1, Experiment 1, unpublished data). 

Relative growth rate (day-1) Ornamental foliage plants 
Control BAP-sprayed 

E. aureum 0.0180 0.0210 
F. benjamina ‘green’ 0.0120 0.0140 
F. benjamina ‘variegated’ 0.0095 0.0102 
Impatiens ‘New Guinea’ 0.0137 0.0154 
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monitored. Another approach would be to measured meta-
bolism itself. If the action of CKs on leaf development were 
mediated through a change in carbon allocation in the plant, 
it should be possible to observe a changed import of sugars 
into a CK-responding sink leaf. This could result in in-
creased biosynthesis of cell components required for the 
division and expansion of the cells. Alternatively, increased 
import of solutes could be the basis for decreasing water 
potential. This would lead to increased turgor pressure, 
which potentially could be the driving force for cell en-
largement. Any of these possibilities should be revealed 
previously by studying carbon uptake and partitioning in 
CK-responsive tissue (Nielsen and Ulvskov 1992). These 
authors suggested that the action of CK on sink strength 
may relay on different mechanisms. Either the transport 
processes during unloading or the intracellular compart-
mentation and utilization of photoassimilates could be influ-
enced in order to increase the ability of the tissue to take up 
photoassimilates. Alternatively, the carbon utilization in the 
tissue could be influenced in a manner that would specific-
ally favor processes leading to increased expansion rate. 
These two possibilities are not mutually exclusive. The rel-
evance of assimilate uptake into the leaf discs was tested by 

changing the supply of sucrose and an increase the sucrose 
concentration to levels similar to in-situ levels in photo-
synthetic tissue, and this resulted in elevated expansion 
rates of the discs. This demonstrates that photoassimilate 
supply and expansion rate may be closely linked. However, 
the effect of hormone treatment was not dependent on the 
sucrose concentration which indicates that the CK-promo-
ted area expansion is not linked to sucrose uptake (Nielsen 
and Ulvskov 1992). 

Although the results presented by these authors suggest 
that BA-promoted expansion of the experimental leaf discs 
was not mediated through changes in net uptake or utili-
zation of carbohydrates (Nielsen and Ulvskov 1992), in our 
laboratory, when E. aureum pot plants were sprayed with a 
BAP solution a significant change in assimilate partitioning 
was observed (Fig. 12; Appendix 1, Experiment 1, unpub-
lished data). 

The hypothesis that leaf growth is limited by photoas-
similate availability included ornamental shade plants (Di 
Benedetto and Cogliatti 1990a) although the response of the 
leaves is generally slow; ten to twelve months and three to 
five leaves for A. commutatum plants were required to show 
changes in leaf size when plants were transferred from high 
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Fig. 12 Root-shoot partition from E. aureum plants sprayed with and without a 5 mg L-1 6-benzylaminopurine (BAP) solution (Appendix 1, Experiment 
1, unpublished data). 
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Fig. 13 Total dry weight for E. aureum plants sprayed with and without a 5 mg L-1 6-benzylaminopurine (BAP) solution grown at three light environments 
(70, 50 and 30% full sun) from Scindapsus aureum (A) and both Ficus benjamina ‘green’ (B) and ‘variegated’ (C) (Appendix 1, Experiment 3, 
unpublished data). Means of the replicates and standard errors are given. 
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to low light intensities. The response to pothos plants to a 
BAP spray would be light-dependent (Fig. 13; Appendix 1, 
Experiment 3, unpublished data). 

CKs are predominantly produced in the roots and trans-
ported in the xylem (Itai and Birnbaum 1996; Kudoyarova 
et al. 2007). Shaded leaves loss less water by transpiration 
than unshaded leaves and should thus receive less CKs, 
which would, in turn, decrease protein synthesis and, con-
sequently, reduce the sink strength of the leaf for amino 
acids relative to other leaves. This would then result in net 
export of amino acids from fully expanded leaves due to 
reduced protein synthesis and ongoing protein turnover. For 
the same reason, shaded young growth in leaves would ac-
cumulate less protein than unshaded ones. Leaves receiving 
more CKs in the transpiration stream would act as stronger 
sinks (Pons and Bergkotte 1996). 

Plant tissues and organs rich in CKs are known to at-
tract the photoassimilate translocation. Such enhancement 
of the sink capacity is among the most characteristic and yet 
the least understood physiological outcomes of these phyto-
hormones (Ron’zhina 2004). The basis of this phenomenon 
has not been as yet clarified, apparently because the integral 
and sophisticated processes of photoassimilate translocation 
and distribution comprise the numerous sinks and sources 
competing for photoassimilates. 

Having considered the current concepts of the regula-
tion of the photoassimilate translocation in plants it has 
been presumed that CKs could evoke such structural and 
metabolic rearrangements in the mesophyll cells that would 
change the metabolite concentrations and develop the cor-
responding concentration gradients between the sources and 
sink regions of leaves. In their turn, these changes in meta-
bolite concentration would direct the photoassimilate trans-
location towards the CK-treated leaf region. 

The sink-promoting effect of CKs in detached leaves is 
related to the source-to-sink transformation of the portion of 
the mature leaf and manifests itself by changing the direc-
tion of the phloem photoassimilate translocation. Ron’zhina 
(2004) suggested that between plant organs producing and 
consuming photoassimilates there is a driving force of the 
phloem transport. In detached leaves, the source and sink 
tissues would be represented by the mesophyll of the con-
trol and BAP-treated leaf halves, respectively. The radio-
chemical analysis of the composition of 14C-products of 
photosynthesis and electron-microscopic studies demons-
trated that the CK-enhanced leaf growth was accompanied 
by redirecting the carbon metabolism, including the supe-
rior synthesis of the cell-wall, protein, and lipid components 
essential for cell growth and the promotion of starch synthe-
sis. In addition to the mesophyll, CKs redirect metabolism 
in other leaf tissue as well. Thus, the study of the sink-pro-
moting BA effects in detached sugar beet leaves (Paramo-
nova et al. 2002) demonstrated starch and lipid accumula-
tion in chloroplasts of the companion cells in the terminal 
phloem. 

The effect of CKs on translocation processes in leaves 
as related to plant species and leaf developmental charac-
teristics. Thus, in broad beans, the growth response to CKs 
was lower than in pumpkin plants, however, the former 
manifested greater changes in starch synthesis (Ron’zhina 
2004). In the juvenile leaves, BAP promoted cell divisions 
in the mesophyll and did not notably affect cell expansion 
(Ron’zhina 2003). Exogenous supply of sucrose to the roots 
of girdled plants stored root CK export, suggesting that root 
sucrose levels regulate root CK export (Dodd 2005). 

 
ENVIRONMENTAL INFLUENCES 
 
It is well known that most environmental factors can largely 
affect biomass production in plants, In several cases, at least 
part of these effects are mediated by CKs. For instance, 
decreased water availability, which severely affects leaf ex-
pansion, has been found to decrease leaf CK activity (Hav-
lova et al. 2008). In this work, during drought, significant 
accumulation of CKs occurred in roots, while simultane-

ously, auxin increased in roots and lower leaves. This sug-
gests that both CKs and auxin play a role in root response to 
severe drought, which involves the stimulation of primary 
root growth and branching inhibition. The possibility of 
alleviation drough stress by CK has also been suggested 
(Rivero et al. 2009). Similarly, nutritional status (especially 
nitrogen levels) may strongly affect leaf growth, and CKs 
may be involved in this response. It has been reported that, 
leaf expansion and xylem CK concentration decrease in res-
ponse to nitrogen (N) deprivation (Dodd and Beveridge 
2006; Hirose et al. 2008; Schachtman and Goodger 2008). 
Inorganic nitrogen sources, such as nitrate, are a major fac-
tor regulating gene expression of adenosine phosphate-
isopentenyltransferase, a key enzyme of CK biosynthesis. 
Nevertheless, both water and mineral nutrition stresses are 
normally avoided in cultivation of ornamental foliage plants 
simply by giving plants appropriate supply of these factors. 
On the other hand, it is light and temperature stresses those 
most frequently encountered in these species due to techno-
logical difficulties with providing plants optimum levels of 
these factors under commercial facilities. We will subse-
quently deal with them in more detail. 

 
Temperature 
 
In modern glasshouse cultivation, climate computers are 
used to monitor the plant environment. Ambient tempera-
ture must be controlled to optimize plant growth and yield. 
For most ornamentals foliage crops, however, detailed in-
formation on optimum temperature data is not yet available. 

Most foliage plants have their origins in the tropics and 
require high temperatures to sustain rapid growth (Poole 
and Conover 1981). Other results showed that many foliage 
plants can benefit greatly if grown at significantly higher 
temperatures than usual at the commercial greenhouse faci-
lities (Mortensen and Larsen 1989; Mortensen 1991). It is 
important to address the question of how temperature inter-
acts with light to maximize growth during winter as well as 
to decide how much shading the plants should be given 
during summer. 

For many crops, leaf primordia and leaf appearance rate 
increase near linearly with accumulated average tempera-
ture between the base temperature and an optimum value 
(Faust and Hein 1993). The fastest developmental rate 
under any average daily temperature occurs at a constant 
day and night temperature (Erwin and Heins 1990). Karls-
son et al. (1991) have reported that a decrease in leaf unfol-
ding rate is expected in all plants as temperature increases 
above the optimum temperature for maximum leaf growth. 
It must also be noted that significant errors in predicting 
leaf unfolding are expected if temperatures which fall 
below the base temperature for growth. 

Base temperature values of ornamental crops ranged 
from 5.2°C for rose (Pasian and Lieth 1994) to 11.5°C for 
shade ornamental aroids (Boschi et al. 2004). Development 
of plants (including ornamentals) requires the accumulation 
a fixed amount of thermal units (Liu and Heins 1997, 1998). 
Different developmental processes can have different base 
temperature and thermal unit accumulations. For example, 
Spathiphyllum floribundum ‘Petite’ is quite a temperature-
sensitive aroid crop compared with other foliage plants 
(Vogelezang 1991): information about optimal temperatures 
under greenhouse facilities indicates that temperatures 
should be between 18-20°C (Vogelezang 1992). However, 
although an 11.55°C base temperature for leaf expansion on 
main stem has been reported (Boschi et al. 2004), the deve-
lopmental events between transplant, the first, second and 
third tiller emergence require 13.8, 8.25 and 10.27°C, res-
pectively. Plant needs 108.0-306.5-469.5 and 642.9°day-1 
for leaf expansion, first, second and third tiller emergence, 
respectively. 

There are no reports on the effect of CKs in ornamental 
foliage plants temperature response but a previous work 
from Araki et al. (2007) showed that the use of BAP pre-
transplant sprays on foliage vegetables, such as lettuce and 
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celery, would change the temperature base. Hye et al. 
(2007) showed that CK concentration decreased in leaves of 
cucumber plants grown at 15°C and especially at 35°C than 
in those of plants grown at 20°C root-zone temperature. 
These results suggest that growth inhibition at 15 and 35°C 
root-zone temperature was affected by low water status and 
CK concentration in cucumber leaves. 

A decrease in temperature produces significant morpho-
logical and anatomical changes; leaves tend to become 
wider and shorter, and the length of the petiole and midrib 
may be reduced; a lower temperature increased leaf thick-
ness and the amount of leaf tissue per unit area due to a 
greater mesophyll cell size. Many plant species used in out-
door gardening are limited in their growth and use because 
of changing temperature regimes; low temperature are espe-
cially important. Ornamental plants, usually tropical species, 
are often damaged by chilling in the range of 0 to 10�C 
(McConnell et al. 1978). Plants exhibit increased visible 
injury with decreased night temperatures or as exposure at a 
chilling temperature is prolonged. Sections of fresh tissue of 
chill-damaged leaves showed that the dark, greasy-ap-
pearing patches on the upper leaf surfaces occurred due to a 
collapse of epidermal cells. Hummel and Henny (1986), 
using detached leaves of A. commutatum ‘Silver Queen’, 
reported chilling injury was more severe on old leaves than 
on young ones. Injury was observed on leaves below the 
fourth node from the top of the plant (Fooshee and McCon-
nell 1987). Chilling injury in Phalaenopsis sp. and Fittonia 
verschaffeltii were confined to immature leaves (McConnell 
and Sheehan 1978). 

There are no reports on the effects of exogenous CK 
supply on chilling acclimation in ornamental shaded plants, 
but a possible role should not be ruled out since Savé et al. 
(1995) have shown that CK levels decreased in leaves and 
roots with decreasing temperatures, and leaf CKs retained 
the initial values in the recovered plants. Reduction in CK 
content would be caused by a chilling-related reduction in 
de novo synthesis and transport from the roots to the leaves. 

 
Light intensity 
 
Radiant energy drives plant photosynthesis and, conse-
quently, plant biomass production. Plants are classified into 
sun and shade plants depending on their adaptability to a 
selected light intensity. This adaptability is inherited; it is 
determined by the genotype and results from genetic adap-
tation to the light environment prevailing in the native habi-
tat. 

There are factors which are known to be capable of in-
fluencing the photosynthetic rate of an intact plant, and 
attempts have been made to assess their relative importance 
in determining the differences in photosynthetic characteris-
tics of sun and shade plants. The capacity of light-saturated 
photosynthesis is expected to be independent of the effici-
ency of light absorption and the primary photochemistry. It 
will be influenced by one or more of the dark steps of 
photosynthesis: the resistance to CO2 diffusion at the sto-
mata, the rate of diffusion of carbon dioxide from the cell 
wall to the chloroplast, the carboxylation reaction and pos-
sibly other reactions of the carbon reduction cycle, and the 
rate of photosynthetic electron transport and photophospho-
rylation (Boardman 1977). 

The potential range of individual adjustment of photo-
synthetic characteristics to light intensity differs conside-
rably between sun and shade populations even within spe-
cies of the same botanical genus (Table 5) (Di Benedetto, 
unpublished data). Foliage plants growers require a high 
productivity for these plants; for this objective, plants are 
grown in a light environment near photosynthetic light satu-
ration point. Kinetic properties of shade-adapted plants 
indicate that their low capacity of light-saturated photosyn-
thesis is caused by a low capacity of enzymatic steps. 

It seems probable that the major factor contributing to 
an increased specific leaf area in response to shading is a 
reduction in several components of the photosynthetic sys-

tem which governs the capacity at high quantum flux den-
sities. However, it should be emphasized that changes in 
specific leaf area also likely to involve changes in the pro-
portion of photosynthetically inactive to photosynthetically 
active leaf material. Although little quantitative information 
exists on this subject, rough estimates indicate that a reduc-
tion in the pool of photoassimilate, mainly sugars and starch, 
could perhaps account for up to a 20% increase in specific 
leaf area. A reduction in other photosynthetically active 
components such as epidermal tissue, cell walls, and vascu-
lar tissue could perhaps cause a similar increase. 

There are conflicting reports on leaf anatomical changes 
in shade species in response to light. An increase in leaf 
thickness under low light was found in Aphelandra squar-
rosa (obligate shade plant) (McConnell et al. 1984) and 
Fatsia japonica (relatively light-tolerant shade plant) (Vidal 
et al. 1990). In contrast, Araus et al. (1986) reported a low 
anatomical adaptation pattern in the obligate shade plant 
Philodendron scandens, while Di Benedetto and García 
(1992) showed an increase in leaf thickness related to high 
light intensities for three arum species. 

It seems evident that a prerequisite for success in a low 
light environment is that the leaves must be able to trap the 
available light and to convert it into chemical energy with 
the highest possible efficiency. At the same time, respiratory 
losses and the cost of producing and maintaining the photo-
synthetic systems relative to the gain in photoassimilate 
production must be kept as low as possible owing to the fact 
that the highest possible fraction of the photoassimilate 
must be reinvested into photosynthetic tissue, i.e., that allo-
cation to non-photosynthetic tissue be kept as low as pos-
sible. For instance, in some ornamental aroids grown in pots, 
dry mass allocated to the root system can be as low as less 
than 15% of total plant dry weight (Di Benedetto et al. 
2006). 

Shade plants often have a very low rate of dark respira-
tion. This may be caused by regulation of respiration (pri-
marily determined by the demand for ATP required for hete-
rotrophic biosynthesis), but also with a lower content of 
respiratory machinery than in sun plants. In the latter case, 
shade plants would presumably incur a significantly lower 
cost also in the production and maintenance of the respira-
tory system (Bjorkman 1981). 

The response to a BAP exogenous supply appears to be 
light-dependent too; Fig. 13 (Appendix 1, Experiment 3, 
unpublished data) shows that dry weight accumulation was 
higher at higher light irradiances for E. aureum plants grown 
under greenhouse facilities. 

It is widely recognized that obligate shade plants may 
suffer from severe damage to their leaves, grow poorly, and 
even die when they are exposed to light intensities in excess 
of those normally encountered in their natural environments. 
This is a consequence of their inherent low ability to in-
crease their capacity for effective utilization of high quan-
tum flux densities for photosynthesis. The exposure of 
leaves to excess light could also cause an inhibition of 
starch formation and even disappearance of starch from the 
leaves. This phenomenon (photoinhibition) (Anderson and 
Osmond 1987) results from a direct inhibitory effect of ex-
cess light energy on photosynthesis, mostly observed as 
bleaching of the chlorophyll from the exposed leaf tissue. 
However, usually there are no troubles under greenhouse 

Table 5 Light-saturated photosynthetic rate for ornamental shade plants 
grown under greenhouse facilities (Di Benedetto, unpublished data). 

Light-saturated photosynthetic rate 
(μmol CO2 m-2 s-1) 

Ornamental foliage plants 

Summer Winter 
Aglaonema commutatum 2.57 1.32 
Epipremnum aureum 4.08 2.86 
Ficus benjamina 4.11 2.77 
Philodendron ‘Burgundy’ 2.61 2.43 
Philodendron peruvianum 1.94 1.35 
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facilities due to the use of plastic screens. Up to our know-
ledge, there are no reports on the possible photoinhibition 
alleviation with exogenous CK supply. 

 
HORMONAL INFLUENCES 
 
Endogenous stimulus 
 
If we are to understand the control of leaf growth it seems 
essential to understand the ways in which the growth and 
activity of leaves related to the growth and activity of other 
plant organs (Horvath et al. 2003) including horticultural 
crops (Malladi and Burns 2007). The interplay between leaf 
and root growth is particularly important for two reasons. 
First, the roots provide the water needed to maintain turgor 
in the leaf and the mineral nutrients needed for growth. 
There is sound evidence that a ‘functional equilibrium’ 
exists between roots and shoots growth. The second reason 
why leaf-root interrelations are important involves the capa-
city or roots for hormone synthesis. If root growth is res-
tricted in some way, shoot and leaf growth is also likely to 
be decreased. It has been suggested that the coordinated 
response was mediated via changes in the synthesis of CKs 
in the roots. 

Hormones are one class of compounds to regulate deve-
lopmental processes in plants; however, they are probably 
the most important mediators in signal transduction. The 
classic concept of a plant hormone as a substance being 
produced in one part of the organism and then transferred to 
another part to influence a specific physiological process is, 
as expected after more than 70 years of plant hormone re-
search, inadequate to explain hormonal regulation of deve-
lopment in plants. The lack of exclusive control of any one 
step of development by any one of the known hormones as 
well as the lack of correlations between hormone concentra-
tions and changes in developmental processes has led to 
doubts as to whether the plant hormones are indeed the 
regulators of development (Barendse and Peeters 1995). 

An important aspect of hormone regulation is signal 
perception followed by transduction (Aoyama and Oka 
2003; Muller and Sheen 2007). The transduction of signals 
involves the activation of a major part of the plant cell pro-
teins, since cells have to perceive a variety of external sig-
nals, e.g. light, temperature, nutrients, several forms of 
stress and so on. This perception is transduced through 
internal signals or messengers into an appropriate response 
by activating receptors through binding. Signal transduction 
sequences start with signal receptors (Argyros et al. 2008). 
Variation in the number of receptors and their distribution 
can alter the sensitivity of cells to hormones or other signals 
as well as sensitivity changes during development. The site 
of perception of hormones is a hardly explored area in plant 
physiology, but for CKs the situation is not clear. Although 
some CK binding proteins have been reported (Binns 1994), 
none o these were proven to be CK receptors. 

A further complication of the hormone concept is that a 
hormone produced at one site is directionally transported to 
exert its action at the target site, and that the compound 
produced may not be the same as the one acting at the target 
site. An individual hormone system may have numerous 
sites for control, and regulation may be accomplished by 
more than one step. Multiple hormonal controls may be 
based on different types of interaction between hormones; 
regulation may be achieved by a balance or ratio between 
hormones, by opposing effects between hormones, by al-
terations of the effective concentrations of one hormone by 
another, by alterations in the sensitivity to one hormone by 
another hormone, and by sequential actions of different hor-
mones. Further complications arise from compartmentation; 
developing organs and tissues consist of different cell types, 
which mean that several hormone control systems could be 
operating within a tissue or organ. In addition, subcellular 
compartmentation of hormones does exist. Thus, the com-
plexity of hormonal regulation of specific processes by 
several hormones has probably so far precluded substantial 

progress in our understanding of multiple regulatory con-
trols. Hypotheses on hormone action have generally failed 
to present a comprehensive description of how they induce 
their many effects. Moreover, most studies are confined to 
the action of one but rarely more than two hormones. 

Finally, it has become clear that plant hormones not 
necessarily influence plant responses exclusively via chan-
ges in their concentration, but that hormonal regulation may 
also be exercised via changes in sensitivity of the target 
cells. Thus, interaction of two hormones may also mean that 
one hormone may change the sensitivity, and thereby the 
responsiveness, of tissue to another hormone bringing about 
the response. Another aspect of hormone interaction is that 
it may occur at different levels in the sequential cascade of 
processes initiated by the hormone, which includes inter-
action at distance (spatial) or interaction in time (temporal). 

Traditionally, the root system has been perceived as 
providing essential resources (water and nutrients) to the 
shoot and in many circumstances reductions in shoot 
growth can be explained by the inability of the root system 
to adequately supply these resources. By adjusting the rate 
of nitrogen (N) supply to the roots, it has been possible to 
precisely control shoot N concentration and plant relative 
growth rate (Rubio et al. 2009). When water is withheld 
from the roots, leaf water status can decline in parallel with 
leaf gas exchange and leaf growth; however, shoot physiol-
ogy cannot always be explained only by the availability of 
resources in the shoot (Dodd 2005). 

Thus, consideration of recent data suggests the exis-
tence of alternative mechanisms of CK signaling in the cell 
(Miyawaki et al. 2004; To and Kieber 2008). The membrane 
receptors of CKs considered in the previous section accept 
signals from exogenous CKs (López-Bucio et al. 2007). 
However, there are also intracellular CKs (Kulaeva and Pro-
koptseva 2004). 

There is also evidence that long-distance signaling can 
regulate shoot gene expression following changes in nut-
rient supply to the root system, independently of changes in 
nutrient delivery to the shoot. Re-supply of N to N-starved 
maize (Zea mays) plant increased delivery of both N and 
CKs to the shoot and promoted shoot expression of gene 
(ZmCip) encoding a CK-inducible protein (Takei et al. 
2002; Dodd 2005; Sakakibara 2006). 

To fulfill the criteria of a root-to-shoot signal, a com-
pound must: 
� move acropetally in the plant via apoplastic (predomi-
nantly the xylem) or simplastic pathways; 
� influence physiological processes in a target organ (such 
as leaves) that is remote from the putative site of synthesis 
(the root). 

Although the detailed mechanisms remain to be worked 
out, in many cases it seems that changes in the root environ-
ment modify the hormone production in the root, change 
the export of hormone via the xylem sap to the shoot, and 
thereby elicit changes in the shoot. A coordinated phyto-
chrome-CK growth regulation system responsive to a varia-
ble supply of nutrients and light has been proposed. In this 
model, mineral sufficiencies promote root growth; subse-
quent CK synthesis in roots promotes protein and chloro-
phyll synthesis in shoot. Phytochrome induction of nitrate 
reductase and mediation of nitrate transport from storage to 
metabolic pools provides a mechanism for feedback signals 
regulating nutrient cycling and metabolism. Conclusive evi-
dence of hormone regulation of N-mediated growth respon-
ses requires further investigation to identify factors regu-
lating N cycling between root and shoot under N-limited 
growth. The role of CKs in establishing sink strength and 
the effects of root synthesis of CKs on shoot synthesis and 
subsequent responses can only be understood in the context 
of signal transduction within whole plants (Aiken and Smu-
cker 1996). Data from Fig. 12 (Appendix 1, Experiment 1, 
unpublished data) and Fig. 13 (Appendix 1, Experiment 3, 
unpublished data) suggest a feedback regulation associated 
to photoassimilate availability and partitioning between 
roots and shoots when exogenous BAP supply was involved. 
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CK signals are perceived by trans-membrane histidine 
kinase receptors in the control of phyllotaxy and regulate 
gene expression through transcription factors known as res-
ponse regulators; the molecular details of this pathway have 
been described in detail but the precise biological functions 
of the response regulators are unknown (Giulini et al. 2004; 
Lee et al. 2009). Although 40 years have passed since the 
first discovery of a naturally occurring Cks in plants, the 
biosynthetic pathway still remains unresolved. Numerous 
factors have contributed to the lack of success in this area, 
but most alarming has been the reliance upon unproven 
hypotheses and preconceived ideas. The greatest obstacle 
has been the identification and isolation of CK biosynthetic 
enzymes in plants, although the classical isoprenoid CKs 
biosynthetic pathway has been partly challenged and it has 
been suggested that a multiple pathways exist in plants 
(Taylor et al. 2003). 

The question if endogenous stimulus is inductive (i.e. 
one simple event or CK application is enough for eliciting 
response) or accumulative (prolonged or repeated exposure 
to stimulus) remain unresolved. Data from our laboratory 
about total dry weight on pothos response to BAP (Fig. 14; 
Appendix 1, Experiment 4, unpublished data) suggest that 
the other responses (i.e. total leaf area, leaf appearance, sin-
gle leaf area, specific leaf area, photosynthetic rate, relative 
growth rate, leaf thickness and both cell and stomata den-
sities) would be associated to an inductive mechanism from 
a single low-concentration BAP application, but, neverthe-
less a second spray one months later increase pothos dry 
weight accumulation to BAP. 

 
AUXIN-CK INTERACTIONS 
 
The initiation and development of adventitious roots in cut-
tings are highly complex processes, influenced by both 
endogenous and exogenous factors (Ashverya et al. 2006). 
Evidence has been provided to show that in the root meri-
stem CK acts in defined developmental domains to control 
cell differentiation rate, thus controlling root meristem size 
(Ioio et al. 2008). Pernisova et al. (2009) proposed that an 
important mechanism of this CK action is its effect on auxin 
distribution via regulation of expression of auxin efflux car-
riers; while, Ruzicka et al. (2009) has suggested that CKs 
influence cell-to-cell auxin transport by modification of ex-
pression of several auxin transport components and thus 
modulates auxin distribution important for regulation of 

activity and size of the root meristem. 
As opposed to auxins, CKs are considered to be inhib-

itors of adventitious root formation (Bollmark and Eliasson 
1988; Lohar et al. 2004). CKs have been known to inhibit 
primary root elongation and suggested to act as an auxin 
antagonist in the regulation of lateral root formation. While 
the role of auxin in root development has been thoroughly 
studied, the detailed and overall description of CK effects 
on root system morphology, particularly that of developing 
lateral root primordia, and hence its role in organogenesis is 
still in progress (Kuderova et al. 2008). 

Adventitious root formation and development can be 
divided into three phases (Wiesman and Riov 1994). The 
first phase persists until the first cell divisions. During this 
phase there is increased sensitivity to IAA. The second 
stage is the period of radicle induction, and is characterized 
by active cell division, increased sensitivity to metabolic 
inhibitors, and a lack of sensitivity to IAA. The final phase, 
resulting in the formation of a root, is characterized by the 
elongation of the root, diminished sensitivity to inhibitors, 
and a lack of response to IAA (Taylor and van Staden 1997). 

The application of CKs to stem cuttings generally inhib-
its adventitious root formation, the early stages of the pro-
cess being the most sensitive (Kuroha and Satoh 2007). 
Plants alter the architecture of their root systems to adapt to 
the environment by modulating post-embryonic (lateral and 
adventitious) root formation and growth. An example where 
the application of CKs has promoted adventitious root for-
mation is rare because usually CKs affect lateral root foun-
der cells and inhibited root initiation (Li et al. 2006; La-
plaze et al. 2007), but Fig. 15 (Appendix 1, Experiment 5, 
unpublished data) shows that it is possible to stimulate both 
root and shoot growth with low concentration solutions of 
BAP sprayed with and without a previous indole-3-acetic 
acid (IAA) application in Impatiens New Guinea cuttings. 

Results obtained by Ericksen (1974) seem to indicate 
that the influence of CK changes with the stage of root 
development. There is possible an interaction between CKs 
and other growth hormones, specifically auxin (Kotoba et al. 
2004); CKs in high concentrations may have an inhibitory 
effect on an early stage in rooting by blocking the activity 
of auxin. The loss of the inhibitory effect of CKs during the 
latter phase of initiation suggests that at this stage, deve-
loping root primordia are capable of controlling the level of 
active CKs and thus do not react to the exogenous applica-
tion of this hormone. This then implies that the control of 
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Fig. 14 Total dry weight for E. aureum plants sprayed with and without a 5 mg L-1 6-benzylaminopurine (BAP) solution at different times (I-II-III: one, 
two or three monthly sprayed) (Appendix 1, Experiment 4, unpublished data). Means of the replicates and standard errors are given. 
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CK levels during the early phases of root initiation lies 
elsewhere. The two possibilities that arise are the ability of 
the basal stem tissue to metabolize CKs, and to influence 
their transport to and from the leaves. It was suggested that 
CKs are essential growth substances for the latter part of the 
initiation phase (i.e. when root primordia develop into 
roots), and that partially initiated root primordia can syn-
thesize CKs, being self-sufficient for these hormones. The 
results from Muller and Sheen (2008) provided a molecular 
model of transient and antagonistic interaction between 
auxin and CK critical for specifying the first root stem-cell 
niche. 

Morphological and environmental factors can affect the 
ease of rooting of cuttings, but this may or may not be 
affected through a change in CK levels. CK concentrations 
differ markedly between juvenile and adult plants with 
differing rooting ability. It has been found that levels of 
polar CKs in juvenile plants were higher than in adult plants 
at the stage of bud activation, just prior to the breaking of 
dormancy (Taylor and van Staden 1997). Another factor 
that may affect the rooting capacity of the cutting at these 
stages is the qualitative and quantitative differences in the 
CKs present (Taylor and van Staden 1997). 

Immediately following adventitious root induction there 
is a substantial increase in the non-polar compounds exhib-
iting CK-like activity. These active forms of CKs show their 
highest levels once the roots have emerged from the epider-
mis and have begun to elongate. This implies differing roles 
for the different CK types at different developmental stages, 
and starts to explain the differing sensitivities shown by cut-
tings to the application of CKs at various developmental 
stages of root formation (Taylor and van Staden 1997). 

It is also evident from these results that this easy-to-root 
plant undergoes significant changes in both the levels and 
types of the CKs present in the lower portion of the stem 
cutting during the course of root initiation and development. 
Differences in levels and activity of these enzymes could 
thus play a role in the stems ability to initiate adventitious 
roots. This lends support to the theory that it is not so much 
the initial levels and/or CK complement that is important in 
the ability of the cutting to initiate and develop adventitious 
roots, but the ability of the stem tissues to change these 
levels through metabolism, allowing inactivation and/or 
transport away from the site of root initiation (Taylor and 
van Staden 1997). This would imply that difficult-to-root 

species lack this ability. Unpublished data (Di Benedetto, 
Tognetti and Galmarini) on Ficus benjamina ‘green’ and 
‘variegated’ clones are in agreement with this possibility. 

Synthesis and transport of growth regulators and phyto-
hormones is one of the mechanisms for integration of 
growth of plant parts during development. The auxin-CK 
interactions and the balance of these hormones play a key 
role in this integration (Cline 1997; Coenen and Lomax 
1997; Kotova et al. 2004). 

There has been considerable interest in the hypothesis 
that the ratio of CKs to auxin controls apical dominance 
(Klee and Romano 1994, McSteen 2009); recent findings 
about the participation of both hormones in this process 
have been reviewed by Chao et al. (2007) for dicotyledons 
and by Assuero and Tognetti (2010) for grasses. Over the 
years it has been demonstrated in most species that exoge-
nous auxin applied to the stump of a decapited shoot will 
repress outgrowth of one or more of the lower axillary buds 
(Cline 1996; Tworkoski and Miller 2007) and that the direct 
application of CKs to the axillary bud of an intact shoot will 
often promote the initiation or outgrowth of this bud. 

It may be that CKs directly enter the bud and initiates 
outgrowth whereas auxins influence is indirect via its effect 
on CK production and/or transport. That being the case, it 
would seem likely that CKs antagonists would repress bud 
outgrowth. Although little is known concerning the effects 
of these compounds on bud growth, Valdes et al. (2007) 
have reported that the enzyme activity is affected by the 
endogenous supply of CKs but CK affinity for the ribosy-
lated form of isopentenyladenine was dependent on the 
developmental stage, being higher in seeds than in seedlings, 
and not detectable in plantlets. The results are indicative of 
the presence of different isoenzymes throughout the deve-
lopment. 

The fact that alterations in auxin and CK contents in 
shoots (either in exogenous treatments or by overproduction 
in transgenic plants) can significantly affect lateral bud out-
growth together with the fact that these hormones are natu-
rally present in plant tissue is suggestive that apical domi-
nance may be strongly influenced by the interaction bet-
ween these two growth substances. Although the precise 
mechanism of action of these antagonists is not fully under-
stood, the evidence of various workers demonstrating the 
important role of CKs in the promotion of bud formation 
and its outgrowth is convincing (Cline 1994). 
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Fig. 15 Total dry weight for Impatiens New Guinea plants sprayed with a 5 mg L-1 indole-3-acetic acid (IAA) seven (I) or 15 (II) days after cutting 
followed by a 5 mg L-1 6-benzylaminopurine (BAP) solution seven days later (Appendix 1, Experiment 5, unpublished data). Means of the replicates and 
standard errors are given. 
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The presence of CKs in the lateral bud would be re-
quired for its outgrowth. The major inhibitory influence of 
auxin on bud outgrowth would be indirect via inhibition of 
CK production in the roots. If auxin must move to the roots 
before it can inhibit CK production, then it could be pre-
sumed that the closer are the auxin treatments to the roots 
(assuming auxin penetration into the stem and movement to 
the roots), the more effective would be their inhibition of 
CK production and the more complete would be their rep-
ression of bud outgrowth. Hence, the critical factor would 
not be the distance between the locations of the auxin treat-
ment on the stem to the repressible lateral bud but rather it 
would be the distance to the roots. 

The auxin-CKs interactions on photoassimilate produc-
tion and partition have been unexplored. Data for our labo-
ratory on rooted plants sprayed with BAP following to an 
IAA application showed not significant differences related 
to a separated spray with these two hormonal regulators al-
though both increased dry weight in relation to the control 
pothos plants (Fig. 16; Appendix 1, Experiment 5, unpub-
lished data). 
 
CONCLUDING REMARKS 
 
Plant hormones are tightly regulated in response to environ-
mental and developmental signals. It has long been specu-
lated that biosynthesis of hormones occurs broadly in plant 
organs and that intricate, spatiotemporal regulation of hor-
mones in developing organ primordia is achieved through 
transport and signal perception. However, recent identifica-
tion of genes crucial for biosynthesis of auxin and CK re-
veals that localized hormone biosynthesis also plays an im-
portant role in organ growth and patterning (Zhao 2008). 

CKs play a major role in many different developmental 
and physiological processes in plants, such as cell division, 
regulation of root and shoot growth and branching, chloro-
plast development, leaf senescence, stress response and pa-
thogen resistance (Heyl and Schmülling 2003; Seilaniantz 
et al. 2007). Chernyad’ev (2005) showed that a treatment 
with CK-type phytoregulators is a means of increasing the 
stability of the photosynthetic apparatus in agricultural 
plants exposed to unfavorable environmental factors, 
because CKs are known to play an important part in the 
regulation of photosynthesis and other physiological pro-
cesses. He suggested that the protective effects of CKs, 

exerted on the photosynthetic apparatus under the condi-
tions of stress, may be subdivided into three types: (1) for-
mation and renewal of cellular structures; (2) regulation of 
the resistance of stomata; and (3) induction and activation 
of protein synthesis. 

It has been proposed earlier that CKs have a role in co-
ordinating root and shoot development by carrying infor-
mation about the nutritional status of the root to the shoot. It 
was recently shown that nitrogen treatment of nitrogen-
starved plants leads to increased CK export from the root. 
CKs are then transported via the xylem to the leaves, where 
they cause enhanced expression of type-A response regula-
tor genes (Sakakibara et al. 1998, Taniguchi et al. 1998, 
Takei et al. 2002). Thus CKs may represent a long-distance 
signal for the relief of nitrogen starvation that is able to trig-
ger downstream events in shoot tissues. A similar CK-light 
interaction has been described (Fankhauser 2002). The re-
sults from Werner et al. (2008) are consistent with the hypo-
thesis that CKs have central, but opposite, regulatory func-
tions in root and shoot meristems and indicate that a fine-
tuned control of catabolism plays an important role in en-
suring the proper regulation of CK functions. 

Introductory experiments with primary leaves of the C4 
plant Zea mays L. revealed that benzyladenine supplied 
exogenously stimulates photosynthetic activity, chlorophyll 
accumulation, enzyme activity and development of meso-
phyll and bundle sheath chloroplasts under certain circum-
stances. But it is not sure whether endogenous CKs fulfil 
the same regulatory role (Chernyade’ev 2005). 

The import of CKs could not be correlated with plant 
development, as it increased linearly with time. The esti-
mated relative degradation rate of CKs in the shoot de-
creased as the plants matured. The half-life of CKs in the 
shoot was found to be approximately 1 day, indicating that 
CKs are rapidly metabolized in the shoot (Dieleman et al. 
1997). 

CK-modulated resource allocation has received little 
attention regarding competition within a single organ. Such 
competition for photoassimilates within a single organ may 
exist in rapidly expanding leaves. This gradient is strongly 
correlated to carbon partitioning of the tissue which is fur-
ther underlined by the studies of the regulation of the carbo-
hydrate metabolism (Ulvskov et al. 1992). They often 
strongly influence the number of leaves that a shoot will 
produce, the appearance rate of leaves and final leaf size. It 
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Fig. 16 The effect of 5 mg L-1 indole-3-acetic acid (IAA) and 5 mg L-1 6-benzylaminopurine (BAP) solution on total dry weight for E. aureum plants 
(Appendix 1, Experiment 5, unpublished data). Means of the replicates and standard errors are given. 
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seems important that the effects of such early influences on 
the rates of leaf initiation and appearance are clearly under-
stood if subsequent patterns of leaf expansion are to be cor-
rectly interpreted. 

In summary, saleability of tropical ornamental foliage 
plants and grower’s profit demands high plant quality and 
productivity. The previous and unpublished results included 
here showed that the more a plant invests in leaf area, the 
higher the total carbon gain and the faster growth will be. 
Most foliage plants have their origins in the tropics and 
require relatively high night temperatures to sustain rapid 
growth (Poole and Conover 1981); a significant change in 
growth rates would be associated to environmental seasonal 
influences. Despite the high climate environmental control 
and technology facilities, pot ornamental plants support 
several stresses related to pot size (Di Benedetto and Klas-
man 2004, 2007; Di Benedetto and Rattin 2008) and grow-
ing media quality (Di Benedetto 2007) for which the know-
ledge of the whole plant physiology is necessary in order to 
devise a greenhouse management program which is close to 
optimal with respect to growth. In this context the use of 
BAP spray solutions would be a new tool to increase orna-
mental shade plant productivity but the precise the dose-
effect relationships would be previously adjusted by each 
ornamental plant. 
 
ACKNOWLEDGEMENTS 
 
Most of these unpublished results were supported by both the Uni-
versity of Buenos Aires Science Program 2008-2010 (G054) and 
by the University of Mar del Plata 2008-2009 Science Program 
(AGR 259/08 Project). 
 
REFERENCES 
 
Abrahamson WG (1975) Reproductive strategies in dewberries. Ecology 56, 

721-726 
Aida M, Tasaka M (2006) Morphogenesis and patterning at the organ boun-

daries in the higher plant shoot apex. Plant Molecular Biology 60, 915-28 
Aiken RM, Smucker AJM (1996) Rooty system regulation of whole plant 

growth. Annual Review of Phytopathology 34, 325-346 
Anderson JM, Osmond CB (1987) Shade-sun responses: Compromises bet-

ween acclimation and photoinhibition. In: Kyle DJ, Osmond CB, Arntzen CJ 
(Eds) Photoinhibition, Elsevier Science Publishers BV, pp 1-38 

Aoyama T, Oka A (2003) Cytokinin signal transduction in plant cells. Journal 
of Plant Research 116, 221-231 

Araki A, Rattin J, Di Benedetto A, Mirave P (2007) Temperature and cyto-
kinin relationships on lettuce (Lactuca sativa L.) and celery (Apium grave-
olens L.) nursery growth and yield. International Journal of Agricultural Re-
search 2, 725-730 

Araus JL, Alegre L, Tapia L, Calafell R, Serret MD (1986) Relationships 
between photosynthetic capacity and leaf structure in several shade plants. 
American Journal of Botany 73, 1760-1770 

Argyros R D, Mathews DE, Chiang YH, Palmer CM, Thibault DM, Ethe-
ridge N, Argyros DA, Mason MG, Kieber JJ, Schaller GE (2008) Type B 
response regulators of Arabidopsis play key roles in cytokinin signaling and 
plant development. Plant Cell 20, 2102-2116 

Ashverya L, Paul LK, Raychaudhuri A, Peters JL, Khurana JP (2006) Ara-
bidopsis cytokinin-resistant mutant, cnr1, displays altered auxin responses 
and sugar sensitivity. Plant Molecular Biology 62, 409-425 

Assuero SG, Tognetti JA (2010) Tillering regulation by endogenous and envi-
ronmental factors and agricultural management. In: Di Benedetto A (Ed) 
Argentinean Plant Science and Biotechnology I. The Americas Journal of 
Plant Science and Biotechnology 4 (Special Issue 1), 35-48 

Barendse HW, Peeters TJ (1995) Multiple hormonal control in plants. Acta 
Botanica Neerlandica 44, 3-17 

Barkoulas M, Galinha C, Grigg SP, Tsiantis M (2007) From genes to shape: 
Regulatory interactions in leaf development. Current Opinion in Plant Biol-
ogy 10, 660-666 

Bazzaz FA, Chiariello NR, Coley PD, Pitelka LF (1987) Allocating resources 
to reproduction and defense. BioScience 37, 58-67 

Bemis SM, Torii KU (2007) Autonomy of cell proliferation and developmental 
programs during Arabidopsis aboveground organ morphogenesis. Develop-
mental Biology 304, 367-381 

Bessonov N, Morozova N, Volpert V (2008) Modeling of branching patterns in 
plants. Bulletin of Mathematical Biology 70, 868-893 

Binns AN (1994) Cytokinin accumulation and action: biochemical, genetic, and 
molecular approaches. Annual Review of Plant Physiology and Plant Mole-
cular Biology 45, 173-196 

Bjorkman O (1981) Responses to different quantum flux densities. In: Lange 
OL, Nobel PS, Osmond CB, Ziegler H (Eds) Encyclopedia of Plant Physiol-
ogy, New Series (Vol XIIA) Physiologycal Plant Ecology, Springer-Verlag, 
Berlin, pp 57-107 

Blessington TM, Collins PC (1993) Foliage Plants: Prolonging Quality. Post-
production Care and Handling, Ball Publishing, Batavia, Illinois, USA, pp 1-
203 

Boardman NK (1977) Comparative photosynthesis of sun and shade plants. 
Annual Review of Plant Physiology 28, 355-377 

Bollmark M, Kubat B, Eliasson L (1988) Variation in endogenous cytokinin 
content during adventitious root formation in pea cuttings. Physiologia Plan-
tarum 68, 662-666 

Boonman A, Prinsen E, Gilmer F, Schurr U, Peeters AJM, Voesenek LACJ, 
Pons TL (2007) Cytokinin import rate as a signal for photosynthetic acclima-
tion to canopy light gradients. Plant Physiology 143, 1841-1852 

Boonman A, Prinsen E, Voesenek LACJ, Pons TL (2009) Redundant roles of 
photoreceptors and cytokinins in regulating photosynthetic acclimation to 
canopy density. Journal of Experimental Botany 60, 1179-1190 

Boschi C, Di Benedetto A, Pasian C (2004) Prediction of developmental 
events on Spathiphyllum floribundum cv. Petite based on air thermal units 
and photon flux density. Journal of Horticultural Science and Biotechnology 
79, 776-782 

Brewer JS, Rand T, Levine JM, Bertness MD (1998) Biomass allocation, clo-
nal dispersal, and competitive success in three salt marsh plants. Oikos 82, 
347-353 

Chao WS, Foley ME, Horvath DP, Anderson JV (2007) Signals regulating 
dormancy in vegetative buds. International Journal of Plant Developmental 
Biology 1, 49-56 

Chernyad’ev I I (2005) Effect of water stress on the photosynthetic apparatus 
of plants and the protective role of cytokinins: A review. Applied Biochemis-
try and Microbiology 41, 115-128 

Chuan LL, Kang DM, Chen ZL, Qu LJ (2007) Hormonal regulation of leaf 
morphogenesis in Arabidopsis. Journal of Integrative Plant Biology 49, 75-
80 

Cline M (1994) The role of hormones in apical dominance. New approaches to 
an old problem in plant development. Physiologia Plantarum 90, 230-237 

Cline M (1996) Exogenous auxin effects on lateral bud outgrowth in decapited 
shoots. Annals of Botany 78, 255-266 

Cline M (1997) Concepts and terminology of apical dominance. American 
Journal of Botany 84, 1064-1069 

Cline M, Wessel T, Iwamura H (1997) Cytokynin/auxin control of apical 
dominance in Ipomoea nil. Plant Cell Physiology 38, 659-667 

Coenen C, TL Lomax (1997) Auxin-cytokinin interactions in higher plants: 
Old problems and new tools. Trends in Plant Science 2, 351-356 

del Pozo JC, López-Matas MA, Ramírez-Parr E, Gutierrez C (2005) Hor-
monal control of the plant cell cycle. Physiologia Plantarum 123, 173-183 

Dengler NG (2006) The shoot apical meristem and development of vascular 
architecture. Canadian Journal of Botany 84, 1660-1671 

Dengler N, Kang J (2001) Vascular patterning and leaf shape. Current Opinion 
in Plant Biology 4, 50-56 

Di Benedetto A (1991) Light environment effects on chlorophyll content in 
Aglaonema commutatum. Journal of Horticultural Science 66, 283-289 

Di Benedetto A (2007) Alternative substrates for potted ornamental plants 
based on Argentinean peat and Argentinean river waste: A review. Floricul-
ture and Plant Ornamental Biotechnology 1, 90-101 

Di Benedetto A, Cogliatti D (1990a) Effects of light intensity and light quality 
in the obligate shade plant Aglaonema commutatum. I: Leaf size and leaf 
shape. Journal of Horticultural Science 65, 689-98 

Di Benedetto A, Cogliatti D (1990b) Effects of light intensity and light quality 
in the obligate shade plant Aglaonema commutatum. II: Photosynthesis and 
dry matter partitioning. Journal of Horticultural Science 65, 699-705 

Di Benedetto A, García AF (1992) Adaptation of ornamental aroids to their 
light environments. I. Spectral and anatomical characteristics. Journal of 
Horticultural Science 67, 179-188 

Di Benedetto A, Klasman R (2004) The effect of plug cell volume on the post-
transplant growth for Impatiens walleriana pot plant. European Journal of 
Horticultural Science 69, 82-86 

Di Benedetto A, Klasman R (2007) The effect of plug cell volume, paclobut-
razol height control and the transplant stage on the post-transplant growth for 
Impatiens walleriana pot plant. European Journal of Horticultural Science 
72, 193-197 

Di Benedetto A, Rattin J (2008) Transplant in sweet maize: A tool for impro-
ving productivity. The Americas Journal of Plant Science and Biotechnology 
2, 96-108 

Di Benedetto A, Boschi C, Benedicto D, Klasman R, García A (2003) Chlo-
rophyll a+b content and chlorophyll/proteins ratio during adaptation of orna-
mental aroids to their indoor light environments. Cientifica 31, 73-79 

Di Benedetto A, Boschi C, Klasman R, Molinari J (2005) Aglaonema com-
mutatum Schott leaf growth under limited light environments. The effect of 
plant size. Cientifica 33, 160-164 

Di Benedetto A, Molinari J, Boschi C, Benedicto D, Cerrotta M, Cerrotta G 
(2006) Estimating crop productivity for three ornamental foliage plants. 
International Journal of Agricultural Research 1, 522-533 

19



The Americas Journal of Plant Science and Biotechnology 4 (Special Issue 1), 1-22 ©2010 Global Science Books 

 

Dieleman JA, Verstappen FWA, Perik RRJ, Kuiper D (1997) Quantification 
of the export of cytokinins from roots to shoots of Rosa hybrida and their 
degradation rate in the shoot. Physiologia Plantarum 101, 347-352 

Dodd IC (2005) Root-to shoot signalling: Assessing the roles of ‘up’ in the up 
and down world of long-distance signalling in planta. Plant and Soil 274, 
251-270 

Dodd IC, Beveridge CA (2006) Xylem-borne cytokinins: Still in search of a 
role? Journal of Experimental Botany 57, 1-4 

Doerner P (2007) Plant meristems: Cytokinins - the alpha and omega of the 
meristem. Current Biology 17, R321-R323 

Donovan LA, Ehleringer JR (1991) Ecophysiological differences among juve-
nile and reproductive plants of several woody species. Oecologia 86, 594-
597 

Donovan LA, Ehleringer JR (1992) Contrasting water-use patterns among size 
and life-history classes of a semi-arid shrub. Functional Ecology 6, 482-488 

Duan H, Li Y, Pei Y, Deng W, Luo M, Xiao YH, Luo KM, Lu LT, Smith W, 
McAvoy R, Zhao DG, Zheng XL, Thammina C (2006) Auxin, cytokinin 
and abscisic acid: Biosynthetic and catabolic genes and their potential ap-
plications in ornamental crops. Journal of Crop Improvement 18, 347-364 

Dufour L, Guerin V (2003) Low light intensity promotes growth, photosyn-
thesis and yield of Anturium andreanum Lind. in tropical conditions. Advan-
ces in Horticultural Science 17, 9-14 

Dun EA, Ferguson BJ, Beveridge CA (2006) Apical dominance and shoot 
branching. Divergent opinions or divergent mechanisms? Plant Physiology 
142, 812-819 

Eriksen EN (1974) Root formation in pea cuttings III. The influence of cyto-
kinin content at different developmental stages. Physiologia Plantarum 30, 
163-167 

Erwin JE, Heins RD (1990) Temperature effects on lily development rate and 
morphology from the visible bud stage until anthesis. Journal of the Ameri-
can Society for Horticultural Science 115, 644-646 

Fankhauser C (2002) Light perception in plants: Cytokinins and red light join 
forces to keep Phytochrome B active. Trends in Plant Science 7, 143-145 

Faust JE, Heins RD (1993) Modeling leaf development of the African violet 
(Saintpaulia ionantha Wendl.). Journal of the American Society for Horticul-
tural Science 118, 747-751 

Flores S, Tobin EM (1988) Cytokinin modulation of LHCP mRNA levels: The 
involvement of post-transcriptional regulation. Plant Molecular Biology 11, 
409-415 

Fooshee WC, McConnell DB (1987) Response of Aglaonema ‘Silver Queen’ 
to night time chilling temperatures. HortScience 22, 254-255 

Gerry AK, Wilson SD (1995) The influence of initial size on the competitive 
response of six plant species. Ecology 76, 272-279 

Giulini A, Wang J, Jackson D (2004) Control of phyllotaxy by the cytokinin-
inducible response regulator homologue ABPHYL1. Nature 430, 1031-1034 

Givnish TJ (1988) Adaptation to sun and shade: A whole-plant perspective. 
Australian Journal of Plant Physiology 15, 63-92 

Glover BJ, Torney K, Wilkins CG, Hanke DE (2008) Cytokinin independent-
1 regulates levels of different forms of cytokinin in Arabidopsis and mediates 
response to nutrient stress. Journal of Plant Physiology 165, 251-261 

Godwin PB (1978) Phytohormones and growth and development of organs of 
the vegetative plant. In: Letham DS, Goodwin PB, Higgins TJV (Eds) Phyto-
hormones and Related Compounds – A Comprehensive Treatise 2, 31-373 

Goldstein SS, Chory J (2008) Growth coordination and the shoot epidermis. 
Current Opinion in Plant Biology 11, 42-48 

Guimil S, Dunand C (2007) Cell growth and differentiation in Arabidopsis epi-
dermal cells. Journal of Experimental Botany 58, 3829-3840 

Haberer G, Kieber JJ (2002) Cytokynins. New insights into a classic phyto-
hormone. Plant Physiology 128, 354-362 

Hamada K, Hasegawa K, Ogata T (2008) Strapping and a synthetic cytokinin 
promote cell enlargement in 'Hiratanenashi' Japanese persimmon. Plant 
Growth Regulation 54, 225-230 

Hartnett DC, Bazzaz FA (1983) Physiological integration among intraclonal 
ramets in Solidago canadensis. Ecology 64, 779-788 

Havlova M, Dobrev PI, Motyka V, Storchova H, Libus J, Dobra J, Malbeck 
J, Gaudinova A, Vankova R (2008) The role of cytokinins in responses to 
water deficit in tobacco plants over-expressing trans-zeatin O-glucosyltrans-
ferase gene under 35S or SAG12 promoters. Plant, Cell and Environment 31, 
341-353 

Hayes AB (1978) Auxin-cytokinin effects in leaf blade hyponasty. Botanical 
Gazette 139, 385-389 

Henley RW, Poole RT (1974) Influence of growth regulators on tropical foliage 
plants. Proceedings of the Florida State of Horticultural Society 84, 435-438 

Henny RJ (1985) BA induces lateral branching of Peperomia obtusifolia. 
HortScience 20, 115-116 

Heyl A, Schmülling T (2003) Cytokinin signal perception and transduction. 
Current Opinion in Plant Biology 6, 480-488 

Higaki T, Rasmussen HP (1979) Chemical induction of adventitious shoot in 
Anthurium. HortScience 14, 64-65 

Hirose N, Takei K, Kuroha T, Kamada-Nobusada T, Hayashi H, Sakaki-
bara H (2008) Regulation of cytokinin biosynthesis, compartmentalization 
and translocation. Journal of Experimental Botany 59, 75-83 

Horvath DP, Anderson JV, Chao WS, Foley MR (2003) Knowing when to 

grow: Signals regulating bud dormancy. Trends Plant Science 8, 534-540 
Howell SH, Lall S, Che P (2003) Cytokinins and shoot development. Trends in 

Plant Science 8, 453-459 
Humel RL, Henny RJ (1986) Variation in sensitivity to chilling injury within 

the genus Aglaonema. HortScience 21, 291-293 
Hye Moon J, Boo HO, Jang IO (2007) Effect of root-zone temperature on 

water relations and hormone contents in cucumber. Horticulture, Environ-
ment and Biotechnology 48, 257-264 

Ioio R, Linhares FS, Sabatini (2008) Emerging role of cytokinin as a regulator 
of cellular differentiation. Current Opinion in Plant Biology 11, 23-27 

Itai C, Birnbaum H (1996) Synthesis of plant growth regulators by roots. In: 
Waisel Y, Eshel A, Kafkafi U (Eds) Plant Roots: The Hidden Half, Marcel 
Dekker, New York, USA, pp 163-177 

Kaplan DR (1983) The development of palm trees. Scientific American 249, 
98-105 

Karlsson MG, Heins RD, Gerberick JO, Hackmann ME (1991) Temperature 
driven leaf unfolding rate in Hibiscus rosa-sinensis. Scientia Horticulturae 
45, 323-331 

Kim TG (2006) Plant shape: molecular aspects of leaf morphogenesis. Journal 
of Crop Improvement 17, 245-262 

Klee H, Romano C (1994) The roles of phytohormones in development as stu-
died in transgenic plants. Critical Reviews in Plant Science 13, 311-324 

Kotova LM, Kotov AA, Kara AN (2004) Changes in phytohormone status in 
stems and roots after decapitation of pea seedlings. Russian Journal of Plant 
Physiology 51, 107-111 

Kuderová A, Urbánková I, Válková M, Malbeck J, Brzobohaty B, Néme-
thová D, Hejátko J (2008) Effects of conditional IPT-dependent cytokinin 
overproduction on root architecture of Arabidopsis seedlings. Plant Cell Phy-
siology 49, 570-582 

Kudoyarova GR, Vysotskaya LB, Cherkozyanova A, Dodd IC (2007) Effect 
of partial rootzone drying on the concentration of zeatin-type cytokinins in 
tomato (Solanum lycopersicum L.) xylem sap and leaves. Journal of Experi-
mental Botany 58, 161-168 

Kulaeva ON, Prokoptseva OS (2004) Recent advances in the study of mecha-
nisms of action of phytohormones. Biochemistry (Moscow) 69, 233-247 

Kuroha T, Satoh S (2007) Involvement of cytokinins in adventitious and late-
ral root formation. Plant Root 1, 27-33 

Kyozuka J (2007) Control of shoot and root meristem function by cytokinin. 
Current Opinion in Plant Biology 10, 442-446 

Laplaze L, Benkova E, Casimiro I, Maes L, Vanneste S, Swarup R, Weijers 
D, Calvo V, Parizot B, Herrera-Rodriguez MB (2007) Cytokinins act 
directly on lateral root founder cells to inhibit root initiation. Plant Cell 19, 
3889-3900 

Lee BH, Johnston R, Yang Y, Gallavotti A, Kojima M, Travencolo BAN, 
Costa LF, Sakakibara H, Jackson D (2009) Studies of aberrant phyllotaxy1 
mutants of maize indicate complex interactions between auxin and cytokinin 
signaling in the shoot apical meristem. Plant Physiology 150, 205-216 

Li X, Mo X, Shou H, Wu P (2006) Cytokinin-mediated cell cycling arrest of 
pericycle founder cells in lateral root initiation of Arabidopsis. Plant Cell 
Physiology 47, 1112-1123 

Liskova D, Capek P, Kollarova K, Slovakova L, Kakosova A (2006) The 
potential of carbohydrates in plant growth regulation. In: Teixeira da Silva JA 
(Ed) Floriculture and Plant Ornamental Biotechnology: Advances and Topi-
cal Issues (Vol 1), Global Science Books, Isleworth, UK, pp 373-378 

Liu B, Heins RD (1997) Is plant quality related to the ratio of radiant energy to 
thermal energy? Acta Horticulturae 435, 171-182 

Liu B, Heins RD (1998) Modeling poinsettia vegetative growth and develop-
ment: The response to the ratio of radiant to thermal energy. Acta Horticultu-
rae 465, 133-142 

Lohar DP, Schaff JE, Laskey JG, Kieber JJ, Bilyeu KD, Bird DM (2004) 
Cytokinins play opposite role in lateral root formation, and nematode and rhi-
zobial symbiosis. The Plant Journal 38, 203-214 

López-Bucio J, Millan-Godinez M, Mendez-Bravo A, Morquecho-Contre-
ras A, Ramirez-Chavez E, Molina-Torres J, Perez-Torres A, Higuchi M, 
Kakimoto T, Herrera-Estrella L (2007) Cytokinin receptors are involved in 
alkamide regulation of root and shoot development in Arabidopsis. Plant 
Physiology 145, 1703-1713 

Maene LJ, Debergh PC (1982) Stimulation of axillary shoot development of 
Cordyline terminalis ‘Celestine Queen’ by foliar sprays of 6-benzylamino-
purine. HortScience 17, 344-345 

Mahonen AP, Bishopp A, Higuchi M, Nieminen KM, Kinoshita K, Toma-
kangas K, Ikeda Y, Oka A, Kakimoto T, Helariutta Y (2006) Cytokinin 
signaling and its inhibitor AHP6 regulate cell fate during vascular develop-
ment. Science 311, 94-98 

Maksymowych R (1973) Analysis of leaf development. In: Abercrombe N, 
Newth DR, Torrey JG (Eds) Developmental and Cell Biology Series, Cam-
bridge University Press, Cambridge, pp 1-105 

Malladi A, Burns JK (2007) Communication by plant growth regulators in 
roots and shoots of horticultural crops. HortScience 42, 1113-1117 

McConnell DB, Poole RT (1972) Vegetative growth modification on Scindap-
sus aureus by ancymidol and PBA. Proceedings of the Florida State Horti-
cultural Society 82, 387-389 

McConnell DB, Sheehan TJ (1978) Anatomical aspects of chilling injury to 

20



Cytokinins and ornamental foliage production. Di Benedetto et al. 

 

leaves of Phalaenopsis. HortScience 13, 705-706 
McConnell DB, Ingram DL, Groga-Bada C, Sheehan TJ (1978) Effect of 

chilling on propagation of Dieffenbachia ‘Exotica Perfection’. Proceedings 
Tropical Region American Society for Horticultural Science 22, 285-290 

McConnell DB, Rugaber P, Sheehan TJ, Henny RJ (1984) Light levels alter 
leaf anatomy of Aphelandra squarrosa ‘Dania’. Journal of the American 
Society for Horticultural Science 109, 298-301 

McSteen P (2009) Hormonal regulation of branching in grasses. Plant Physiol-
ogy 149, 46-55 

Mendez M, Obeso JR (1993) Size-dependent reproductive and vegetative al-
location in Arum italicum (Araceae). Canadian Journal of Botany 71, 309-
314 

Merino JA (1987) The costs of growing and maintaining leaves of Mediter-
ranean plants. In: Tenhunen JD, Gatarino FM, Lange OL, Oechel WC (Eds) 
Plant Response to Stress, Springer-Verlag, Berlin, pp 553-564 

Merino JA, Field CB, Mooney HA (1982) Construction and maintenance costs 
of Mediterranean-climate evergreen and deciduous leaves. I. Growth and 
CO2 exchange analysis. Oecologia 53, 208-213 

Miyawaki K, Matsumoto KM, Kakimoto T (2004) Expression of cytokinin 
biosynthetic isopentenyltransferase genes in Arabidopsis: Tissue specificity 
and regulation by auxin, cytokinin, and nitrate. Plant Journal 37, 128-138 

Mok DW, Mok MC (2001) Cytokinin metabolism and action. Annual Review 
of Plant Physiology and Plant Molecular Biology 52, 89-118 

Mortensen LM (1991) The effect of greenhouse ventilation temperature on 
growth of Dieffenbachia maculata (Lodd.) G. Don., Nephrolepis exaltata (L.) 
and Syngonium podophyllum Schott. Gartenbauwissenschaft 56, 6-9 

Mortensen LM, Larsen G (1989) Effects of temperature on growth of six foli-
age species. Scientia Horticulturae 39, 149-159 

Muller B, Sheen J (2007) Advances in Cytokinin Signaling. Science 318, 68-
69 

Muller B, Sheen J (2008) Cytokinin and auxin interaction in root stem-cell 
specification during early embryogenesis. Nature 453, 1094-1097 

Nath MR, Pal AK (2007) Effect of growth regulators on growth and quality of 
three shade loving ornamental foliage plants. Environment and Ecology 25, 
898-902 

Nielsen TH, Ulskov P (1992) Cytokinins and leaf development in sweet pepper 
(Capsicum annuum L.). Planta 188, 78-84 

Noguchi K, Go CS, Miyazawa SI, Terashima I, Ueda S, Yoshinari T (2001) 
Costs of protein turnover and carbohydrate export in leaves of sun and shade 
species. Australian Journal of Plant Physiology 28, 37-47 

O’Hare TJ, Turnbull CGN (2004) Root growth, cytokinin and shoot dor-
mancy in lychee (Litchi chinensis Sonn.). Scientia Horticulturae 102, 257-
266 

Oikawa S, Hikosaka K, Hirose T, Shiyomi M, Takahashi S, Horí Y (2004) 
Cost-benefit relationships in fronds emerging at different times in a decidu-
ous fern, Pteridium aquilinum. Canadian Journal of Botany 82, 521-527 

Ongaro V, Leyser O (2008) Hormonal control of shoot branching. Journal of 
Experimental Botany 59, 67-74 

Osone Y, Ishida A, Tateno M (2008) Correlation between relative growth rate 
and specific leaf area requires associations of specific leaf area with nitrogen 
absorption rate of roots. New Phytologist 179, 417-427 

Ottosen CO (1990) Growth versus net photosynthesis in clones of Ficus benja-
mina. HortScience 25, 956-957 

Ottosen CO (1994) Net photosynthesis of Schefflera arboricola Hayata clones 
at different CO2 concentration and photosynthetic flux densities. Acta Agri-
culturae Scandinavica, Section B, Soil Plant Science 44, 248-250 

Paramonova NV, Krasavina MS, Sokolova SV (2002) Ultrastructure of chlo-
roplasts in phloem companion cells and mesophyll cells as related to the 
simulation of sink activity by xytokinins. Russian Journal of Plant Physiol-
ogy 49, 212-220 

Pasian CC, Lieth JH (1994) Prediction of flowering rose shoot development 
based on air temperature and thermal units. Scientia Horticulturae 59, 131-
145 

Pearcy RW, Bjorkman O, Caldwell MM, Keeley JE, Monson RK, Strain 
BR (1987) Carbon gain by plants in natural environments. BioScience 37, 21-
28 

Pernisova M, Klima P, Horak J, Valkova M, Malbeck J, Soucek P, Reich-
man P, Hoyerova K, Dubova J, Friml J (2009) Cytokinins modulate auxin-
induced organogenesis in plants via regulation of the auxin efflux. Proceed-
ings of the National Academy of Sciences USA 106, 3609-3614 

Perry MH, Friend DJC, Yamamoto HY (1986) Photosynthetic and leaf mor-
phological characteristics in Leucaena leucocephala as affected by growth 
under different neutral shade levels. Photosynthesis Research 9, 305-316 

Pons TL, Bergkotte M (1996) Nitrogen allocation in response to partial sha-
ding of a plant: Possible mechanisms. Physiologia Plantarum 98, 571-577 

Poole RT, Conover CA (1981) Growth response of foliage plants to night and 
water temperatures. HortScience 16, 81-82 

Poorter H (1989) Growth analysis: Towards a synthesis of the classical and the 
functional approach. Physiologia Plantarum 75, 237-244 

Poorter H, Remkes C (1990) Leaf area ratio and net assimilation rate of 24 
wild species differing in relative growth rate. Oecologia 83, 553-559 

Rashotte AM, Chae HS, Maxwell BB, Kieber JJ (2005) The interaction of 
cytokinin with other signals. Physiologia Plantarum 123, 184-194 

Reich PB, Tjoelker MG, Walters MB, Vanderklein DW, Buschena C (1998) 
Close association of RGR, leaf and root morphology, seed mass and shade 
tolerance in seedlings of nine boreal tree species grown in high and low light. 
Functional Ecology 3, 327-338 

Rivero RM, Shulaev V, Blumwald E (2009) Cytokinin-dependent photorespi-
ration and the protection of photosynthesis during water deficit. Plant Physi-
ology 150, 1530-1540 

Ron’zhina ES (2003) Cytokinin-regulated mesophyll cell division and expan-
sion during development of Cucurbita pepo L. leaves. Russian Journal of 
Plant Physiology 50, 722-732 

Ron’zhina ES (2004) Structural and functional arrangements of mesophyll as a 
probable basis for the cytokinin-dependent assimilate translocation in de-
tached leaves. Russian Journal of Plant Physiology 51, 333-341 

Rubio V, Bustos R, Irigoyen ML, Cardona López X, Rojas Triana M, Paz 
Ares J (2009) Plant hormones and nutrient signaling. Plant Molecular Biol-
ogy 69, 361-373 

Ruzicka K, Simaskova M, Duclercq J, Petrasek J, Zazimalova E, Simon S, 
Friml J, Van Montagu MCE, Benkova E (2009) Cytokinin regulates root 
meristem activity via modulation of the polar auxin transport. Proceedings of 
the National Academy of Sciences USA 106, 4284-4289 

Sakakibara H (2006) Cytokinins: Activity, biosynthesis, and translocation. An-
nual Review of Plant Biology 57, 431-449 

Sakakibara H, Suzuki M, Takei M, Deji A, Taniguchi M, Sugiyama T 
(1998) A response-regulator homologue possibly involved in nitrogen signal 
transduction mediated by cytokinin in maize. Plant Journal 14, 337-344 

Samson DA, Werk KS (1986) Size-dependent effects in the analysis of 
reproductive effort in plants. The American Naturalist 127, 667-680 

Savé R, Peñuelas J, Filella I, Olivella C (1995) Water relations, hormonal 
level, and spectral reflectance of Gerbera jamensonii Bolus subjected to chil-
ling stress. Journal of the American Society for Horticultural Science 120, 
515-519 

Schachtman DP, Goodger JQD (2008) Chemical root to shoot signaling under 
drought. Trends in Plant Science 13, 281-287 

Schulze ED (1982) Plant life forms and their carbon, water and nutrient rela-
tions. In: Lange OL, Nobel PS, Osmond CB, Ziegler H (Eds) Encyclopedia 
of Plant Physiology, New Series (Vol 12B), Springer-Verlag, Berlin, Germany, 
18, pp 616-676 

Seilaniantz RA, NavarroL, Rajendra B, Jones JDG (2007) Pathological hor-
mone imbalances. Current Opinion in Plant Biology 10, 372-379 

Soyza AG, Franco AC, Virginia RA, Reynolds JF, Whitford WG (1996) 
Effects of plant size on photosynthesis and water relations in the desert shrub 
Prosopis glandulosa (Fabaceae). American Journal of Botany 83, 99-105 

Steinitz B, Hagiladi A (1987) Thigmorphogenesis in Epipremnum aureum, 
Monstera expilata and Philodendron scandens (Araceae). Journal of Plant 
Physiology 128, 461-466 

Steinitz B, Hagiladi A, Anav D (1992) Thigmomorphogenesis and its interac-
tion with gravity in climbing plants of Epipremnum aureum. Journal of Plant 
Physiology 140, 571-574 

Takei K, Takahashi T, Sugiyama T, Yamaya T, Sakakibara H (2002) Multi-
ple routes communicating nitrogen availability from roots to shoots: a signal 
transduction pathway mediated by cytokinin. Journal of Experimental Botany 
53, 971-977 

Taniguchi M, Kiba T, Sakakibara H, Ueguchi C, Mizuno T, Sugiyama T 
(1998) Expression of Arabidopsis response regulator homolog is induced by 
cytokinins and nitrate. FEBS Letters 429, 259-262 

Taylor JLS, van Staden J (1997) Variation in the level and type of cytokinin 
with the stage or root development in Impatiens wallerana Hook. Stem cut-
tings. Plant Growth Regulation 22, 175-180 

Taylor JLS, Stirk WA, van Staden J (2003) The elusive cytokinin biosynthetic 
pathway. South African Journal of Botany 69, 269-281 

To JPC, Kieber JJ (2008) Cytokinin signaling: two-components and more. 
Trends in Plant Science 13, 85-92 

Tsukaya H (2003) Organ shape and size: A lesson from studies of leaf morpho-
genesis. Current Opinion in Plant Biology 6, 57-62 

Tucker MR, Laux T (2007) Connecting the paths in plant stem cell regulation. 
Trends Cell Biology 17, 403-410 

Tworkoski T, Miller S (2007) Endogenous hormone concentrations and bud-
break response to exogenous benzyl adenine in shoots of apple trees with two 
growth habits grown on three rootstocks. Journal of Horticultural Science 
and Biotechnology 82, 960-966 

Ulvskov P, Nielsen TH, Seiden P, Marcussen J (1992) Cytokinins and leaf 
development in sweet pepper (Capsicum annuum L.) I. Spatial distribution of 
exogenous cytokinins in relation to leaf growth. Planta 188, 70-77 

Valdes AE, Galuszka P, Fernandez B, Centeno ML, Frebort I (2007) Deve-
lopmental stage as a possible factor affecting cytokinin content and cytokinin 
dehydrogenase activity in Pinus sylvestris. Biologia Plantarum 51, 193-197 

Van Staden J, Upfold SJ, Altman A (1994) Metabolism of [14C]-trans-zeatin 
and [14C] benzyladenine by detached yellow, green and variegated leaves of 
Schefflera. Physiologia Plantarum 90, 73-78 

Veneklaas EJ, Santos Silva MPRM, den Ouden F (2002) Determinants of 
growth rate in Ficus benjamina L. compared to related faster-growing woody 
and herbaceous species. Scientia Horticulturae 93, 75-84 

Vidal D, Griera E, Marin P, Sabido J (1990) Anatomical and physiological 

21



The Americas Journal of Plant Science and Biotechnology 4 (Special Issue 1), 1-22 ©2010 Global Science Books 

 

acclimation of Fatsia japonica leaves to irradiance. American Journal of Bot-
any 77, 1149-1158 

Vogelezang JVM (1991) Effect of root-zone and air temperature on flowering 
and growth of Spathiphyllum and Guzmania minor Empire. Scientia Horti-
culturae 49, 211-222 

Vogelezang JVM (1991) Effect of root-zone and air temperature on flowering, 
ornamental value and keepability of Ficus benjamina and Schefflera arbori-
cola ‘Compacta’. Scientia Horticulturae 46, 301-313 

Wang YT, Boogher CA (1987) Effect of stock plant shading, developmental 
stage and cytokinin on growth and lateral branching of Syngonium podo-
phyllum ‘White Butterfly’. Scientia Horticulturae 33, 137-145 

Wang Y, Boogher CA (1988) Effect of nodal position, cutting length, and root 
retention on the propagation of golden pothos. HortScience 23, 347-349 

Wang QB, Chen JJ, Stamps RH, Li YC (2005) Correlation of visual quality 
grading and SPAD reading of green-leaved foliage plants. Journal of Plant 
Nutrition 28, 1215-1225 

Weisman Z, Riov J (1994) Interaction of paclobutrazol and indole-3-butyric 

acid in relation to rooting of mung bean (Vigna radiata) cuttings. Physiologia 
Plantarum 92, 608-612 

Werner T, Holst K, Pors Y, Guivarc'h A, Mustroph A, Chriqui D, Grimm B, 
Schmulling T (2008) Cytokinin deficiency causes distinct changes of sink 
and source parameters in tobacco shoots and roots. Journal of Experimental 
Botany 59, 2659-2672 

Williams K, Field CB, Mooney HA (1989) Relationships among leaf construc-
tion cost, leaf longevity, and light environment in rain-forest plants of the 
genus Piper. The American Naturalist 133, 198-211 

Wilson MR, Nell TA (1983) Foliar applications of BA increase branching of 
‘Welkeri’ dieffenbachia. HortScience 18, 447-448 

Zhao YD (2008) The role of local biosynthesis of auxin and cytokinin in plant 
development. Current Opinion in Plant Biology 11, 16-22 

Zelitch I (1982) The close relationship between net photosynthesis and crop 
yield. BioScience 32, 796-802 

Zotz G (1997) Photosynthetic capacity increases with plant size. Botanica Acta 
110, 306-308 

 
 

APPENDIX 1 
 
Ornamental foliage plants were collected from a commercial source and all the experiments were carried out at the greenhouse facilities from Buenos 
Aires campus, Argentina (34°28’S) from the beginning autumn to the end of summer. The greenhouse was covered with black shade cloth (30% 
sunlight) during summer. Plants were harvested at the end of summer and winter season respectively, dried at 80°C for 48 h and weighed to obtain the 
dry aerial and root biomass weight. Leaf area was determined with a LI-COR 3000A automatic planimeter. Data were subjected to one-way ANOVA 
for a completely design analysis and means were separated by the Tukey’s test (p � 0.05) or changes were estimated through a straight-line regression 
too; the significance of differences was determined through the test for zero slopes and test for zero intercept. 
 
Experiment 1: plants of Epipremnum aureum, Impatiens ‘New Guinea’, and Ficus benjamina (‘green’ and ‘variegated’ clones) were grown from 
2007 to 2008 on the greenhouse floor. Net rate of CO2 uptake was measured at ambient O2 and CO2 concentrations, on the last fully expanded leaf, 
using a portable LICOR LI-6200 system. Leaves were sprayed with 5 mg L-1 6-benzylaminopurine (BAP) solution seven day after transplant; a 
control was included for each ornamental shade plant tested. Individual and total leaf area and dry weight were determined and samples for 
anatomical attributes (leaf thickness, cell density and stomata density) and total chlorophyll were collected.  
 
Experiment 2: plants of E. aureum with three growth habits (floor, climbing and downward-oriented) were grown between 2007 and 2008 under the 
same greenhouse facilities as experiment 1 and sprayed with a BAP solution seven days after transplant. Individual leaf area and dry weight were 
determined. 
 
Experiment 3: plants of E. aureum sprayed with and without a 5 mg L-1 BAP solution grown at three light environments (70, 50 and 30% full sun) 
between 2008 and 2009. Dry weight was determined. 
 
Experiment 4: plants of E. aureum were grown from 2008 to 2009 under the same greenhouse facilities as experiment 1 but BAP sprays were used at 
different times (I-II-III: sprayed once, twice or three times monthly). Dry weight was determined. 
 
Experiment 5: plants of E. aureum and Impatiens ‘New Guinea’ were grown from 2008 to 2009 under the same greenhouse facilities as experiment 
1. They were sprayed with a 5 mg L-1 indole-3-acetic acid (IAA) seven (I) or 15 (II) days after cutting followed by a 5 mg L-1 BAP solution seven 
days later. Dry weight was determined. 
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