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Summary

In ornamental plants grown in small pots, root growth
is usually restricted. We have recently shown that higher
dry weights in Impatiens wallerana plants grown in
large plug cell volumes (50-cell trays) are related to
higher relative growth rates (RGRs). In this work we
observed leaf anatomical post-transplant changes in
plants of I. wallerana propagated at the pre-transplant
stage in different plug cell volumes and sprayed with
five BAP (6-benzylaminopurine) concentrations. Results

showed that higher RGRs were mainly associated with
increased net assimilation rates. In contrast the leaf
area ratio seemed to be less important for RGR. Ana-
tomical changes such as leaf thickness, stomata den-
sity and intercellular spaces seemed to contribute to
increased photosynthetic capacity. We also found that
a large leaf photosynthetic area was related to large
epidermal cell size.
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Introduction

In ornamental plants grown in small pots roots cannot
develop normally, and the restriction has been asso-
ciated with a limited production of cytokinins in both
shade-adapted foliage plants (DI BENEDETTO et al. 2010)
and sun-adapted bedding plants (DI BENEDETTO 2011). In
turn this limited production of cytokinins negatively af-
fects the development of the aerial part (KYOZUKA 2007).

We have recently shown that higher dry weights in Im-
patiens wallerana plants grown in large plug cell volume
(50-cell trays) are related to higher relative growth
rates (RGRs). When disaggregating RGR as the product
between the net assimilation rate (NAR) and leaf area
ratio (LAR), we found changes both in the ‘physiological
component’ (NAR) and in the ‘morphological compo-
nent’ (LAR) related to the plug cell volume between
emergence and transplant stage (DI BENEDETTO and PAGANI

2013).
Exogenous cytokinins, such as 6-benzylaminopurine

(BAP), increase RGR in shade adapted ornamental plants.
This response depends on the BAP concentration, the
number of BAP applications and the light environment
(DI BENEDETTO et al. 2010).

Cytokinins are also known to enhance carbon fixation
per unit leaf area (WU et al. 2012). Exogenous application

of cytokinins to detached barley leaves has been shown to
stimulate transcription of a wide number of chloroplast
genes which code the large subunit of Rubisco (ZUBO et
al. 2008). Direct addition of cytokinins has also been
reported to increase leaf thickness (MAGYAR-TÁBORI et al.
2010), which may further enhance carbon assimilation
per unit leaf area.

In this work we analyzed leaf anatomical post-trans-
plant changes in I. wallerana plants propagated in differ-
ent plug cell volumes and sprayed with five BAP concen-
trations prior to transplanting.

Materials and Methods

The experiment was carried out in the greenhouse facili-
ties of the School of Agriculture, University of Buenos
Aires (34°28’ S), Argentina, from 1st October 2011 to 30th

December 2011 and repeated once from 15th October
2012 to 15th January 2013.

Abbreviations

BAP: 6-benzylaminopurine; LAR: leaf area ratio; NAR:
net assimilation rate; RGR: relative growth rate; SLA:
specific leaf area.
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Plant material

Impatiens wallerana ‘Accent White’ (Goldsmith Ind., U.S.A.)
seeds were germinated and grown in plastic plug trays
(Blackmore Inc. U.S.A.) with 50-, 128-, 288- or 512-cells
(55.70, 17.37, 6.18, and 2.50 cm3 cell–1 respectively) using
Klasmann 411® medium (Canadian Sphagnum peat moss-
perlite-vermiculite 70/20/10 v/v/v). Leaves were sprayed
at sunset with 0, 5, 50, 100 or 200 mg L–1 BAP solutions
when the first true leaf pair was developed. When plants
reached the transplant stage, plants were transplanted into
1,200 cm3 pots filled with Sphagnum maguellanicum
peat-based medium (DI BENEDETTO et al. 2004).

Cultivation and meteorological data

Plants were irrigated as needed with high quality tap wa-
ter (pH: 6.64 and electrical conductivity of 0.486 dS m–1)
using intermittent overhead mist and one weekly ferti-
gation (1N:0.5P:1K:0.5Ca v/v) (Stage 2: 50 mg L–1 N;
Stage 3–4: 100 mg L–1 N; pot: 150 mg L–1 N) according to
STYER and KORANSKI (1997) was included. The volume per
pot varied according to container volume.

Daily mean temperatures (21.32 to 24.00 °C) and daily
photosynthetic active radiation (8.54 to 11.09 mol photons
m–2 day–1) for the experiment were recorded with a HOBO
sensor (H08–004–02) connected to HOBO H8 data logger.

Sampling and growth evaluations

Plants were harvested at the transplant stage and at 15,
30, 45, and 60 days after transplanting. Roots were washed
and both roots and shoots (stems and leaves) and their
fresh weight (FW) were recorded. After this, they were
dried at 80 °C for 48 h and weighed.

Leaf area was determined with a LI-COR 3000A auto-
matic leaf area meter. The specific leaf area on a FW basis
(SLAFW) was calculated as the ratio of leaf area: leaf FW
between the transplant stage and the end of the experi-
ment.

RGR was calculated as the slope of the regression of
the natural logarithm of whole plant dry weight vs. time
in days. On the other hand, NAR and LAR were calculated
as following:

where W0: extrapolated value of total dry weight (g) at time
zero; kw: relative growth rate (day–1); A0: extrapolated
value of leaf area (cm2) at time zero; ka: relative leaf area
expansion rate (day–1); t: time (days) at the midpoint of
the experimental period and e: base of natural logarithm.

Samples for examination of leaf anatomy were col-
lected and tissue from the middle region of the lamina
was fixed in formalin-acetic-alcohol. Epidermal stomata

size and stomata densities were recorded on leaf lamina
tissues discolored with ethylic alcohol (96 Vol%) at ebul-
lition. Leaf thickness and leaf tissue distribution, i.e. the
relative proportion of epidermal layer, mesophyll layer
and intercellular spaces to leaf mass, were determined
from leaf lamina tissues embedded in paraffin and sec-
tioned at 20 μm on a rotary microtome. Both materials
were stained with safranin-crystal violet-fast green. Data
are the mean of ten leaf cross-sections per leaf from three
leaves per treatment. An image analysis system (Image
Pro Express v 6.0, Media Cybernetics, USA) facilitated
quantitative anatomical measurements.

Statistical analysis

The experimental design was a randomized factorial with
three blocks of five single-pot replications of each treat-
ment combination (plug cell volume × BAP concentra-
tion). Since there were no significant differences between
the two experiments, they were considered together.
Data were subjected to two way analysis of variance
and means were separated by Tukey’s tests (P ≤ 0.05).
Straight-line regression slopes were tested for parallelism
(test for equal slopes).

Results

In control plants, leaf thickness, stomata density and epi-
dermal cell size decreased as plug cell volume decreased.
The lower BAP spray concentrations (5 and 50 mg L–1)
showed a significant increase in leaf thickness, stomata
density and epidermal cell size in all plug cell volume
tested (Table 1).

We found a direct relationship (r2 = 0.789, P < 0.001)
between RGR and NAR, with the highest values in plants
transplanted from 50-cell trays (Fig. 1A) and an inverse
relationship between RGR and LAR (r2 = 0.568, P < 0.001)
(Fig. 1B). We also found a direct relationship between
RGR and specific leaf area (SLA) (r2 = 0.559, P < 0.001).

At the post-transplant stage, I. wallerana plants showed
differences in the distribution between epidermal and
mesophyll tissue and intercellular space according to the
plug cell volume used during the pre-transplant stage
(Fig. 2). The intercellular spaces took up a larger pro-
portion of leaf tissue in controls grown in 50-cell trays
compared with those grown in 128-, 288- and 512-cell
trays. The lower BAP doses (5 and 50 mg L–1) increased
where as the higher BAP doses (100 and 200 mg L–1)
decreased intercellular spaces for the most cell volume
tested.

There were positive relationships between NAR and
leaf thickness (r2 = 0.909 P < 0.001) (Fig. 3A), NAR and
leaf intercellular spaces (r2 = 0.924, P < 0.001) (Fig. 3B)
and NAR and leaf stomata density (r2 = 0.672, P < 0.001)
(Fig. 3C). We also found a positive relationship (r2 = 0.707,
P < 0.001) between leaf area and leaf epidermal cell size
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(Fig. 4). In all cases, the highest values were found for
plants grown in 50-cell trays with the lowest values for
the smallest plug cell volume.

Discussion

Relative growth rate

We have previously shown both a significant increase in
I. wallerana biomass accumulation and RGR related to
plug cell volume and a BAP spray at the pre-transplant

Table 1. Changes in leaf thickness, stomata density and
stomata size in the last fully expanded leaf 60 days after
transplanting for I. wallerana plants grown in four plug cell
volumes (50-, 128-, 288- and 512-cell plug trays) and sprayed
with different BAP concentrations (0, 5, 50, 100 and
200 mg L–1) at the pre -transplant stage. Different lower-
case letters indicate statistically significant differences
(P < 0.05) between BAP treatments for each plug cell volume
while different capital letters indicate statistically signifi-
cant differences (P < 0.05) by Tukey’s test for each BAP
treatment between different plug cell volumes (n = 3).

Number of cells/
BAP concentration

Leaf 
thickness
(μm leaf–1)

Stomata 
density

(stomata 
mm–2)

Epidermal 
cell size

(μm mm–2)

50 cell trays

0 mg L–1 368.48 cA 267.20 aA 2.19 bA

5 mg L–1 450.76 aA 275.16 aA 2.67 aA

50 mg L–1 438.11 aA 259.43 aA 2.56 aA

100 mg L–1 400.91 bA 279.62 aA 2.17 bA

200 mg L–1 363.14 cA 227.39 bA 2.33 bA

128 cell trays

0 mg L–1 363.64 bA 227.20 bB 2.09 bA

5 mg L–1 450.76 aA 251.46 aA 2.39 aB

50 mg L–1 443.94 aA 254.78 aA 2.27 aB

100 mg L–1 340.91 bB 199.04 bB 2.22 bB

200 mg L–1 300.97 bB 119.43 cB 2.09 bB

288 cell trays

0 mg L–1 300.61 bB 150.89 bC 1.31 cB

5 mg L–1 445.45 aA 250.32 aA 1.56 aC

50 mg L–1 421.21 aA 174.39 bB 1.70 aC

100 mg L–1 319.10 bC 158.28 bB 0.84 dC

200 mg L–1 277.27 bC 122.55 cB 1.14 dC

512 cell trays

0 mg L–1 292.42 bB 107.01 bD 1.13 bB

5 mg L–1 366.67 aB 190.55 aB 1.32 aD

50 mg L–1 362.12 aB 186.62 aB 1.33 aC

100 mg L–1 263.64 bD 170.70 aB 0.97 bC

200 mg L–1 216.67 bD 109.04 bB 1.07 bC

ANOVA

Cell vol. *** *** ***

BAP conc. ** ** ***

Cell vol. × BAP conc. ** ** ***

vol.: volume; conc.: concentration; Significance: ***: 0.001 
**: 0.01 *: 0.05 ns: not significant

Fig. 1. Relationship between the net assimilation rate
(NAR) (A), leaf area ratio (LAR) (B) and specific leaf area
(SLA) (C) and the relative growth rate (RGR) (n = 3) in plants
of I. wallerana grown in four plug cell volumes (50-, 128-,
288 and 512-cell plug trays) and sprayed with different
BAP concentrations (0, 5, 50, 100 and 200 mg L–1) at the
pre-transplant stage. The straight-line regressions were:
NAR = 293.10 RGR – 4.74 (r2 = 0.789), LAR = –1.90 RGR + 576.59
(r2 = 0.568) and SLA = 908.17 RGR – 3.72 (r2 = 0.559). ♦◊: 50-,
■□: 128-, ●○: 288- and ▲Δ: 512- cell plug trays. Controls:
close symbols; BAP-sprayed: open symbols. The probability
of the slope being zero for A, B and C was P ≤ 0.001.
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stage (DI BENEDETTO and PAGANI 2013). In the present
study we disaggregated RGR as the product between NAR
and LAR, and tested the relationships between these
growth parameters. We found that RGR changes could
be mainly explained by increases in the ‘physiological
component’ (NAR) (Fig. 1A), with a weak negative re-
lationship with the ‘morphological component’ (LAR)
(Fig. 1B). These results are in agreement with that found
by POORTER et al. (2012), who found that, net photosyn-
thesis is likely to be the process more strongly affected by
pot size. An increased efficiency of carbon fixation would
be associated with higher NAR values, since this variable
is largely the net result of carbon gain (LOVEYS et al.
2002).

Leaf area ratio

JAMES and DRENOVSKY (2007) showed that, in invasive
forbs, the higher RGR was due mainly to a greater LAR.
Our results showed that this is not the case for the orna-
mental bedding plant I. wallerana (Fig. 1B). LAR is made
up of two components: leaf mass ratio (LMR, proportion
of biomass allocated to leaves) and specific leaf area
(SLA, ratio of leaf area to leaf biomass). SLA is usually
considered more important in determining LAR (and
thus RGR) than LMR and is also correlated with leaf traits
such as leaf density and thickness (MARRON et al. 2005).
Our present finding in I. wallerana plants (Fig. 1C) are in
agreement with these previous reports.

Despite we have shown higher photo-assimilate parti-
tioning to shoots in plants propagated in large plug cell
volumes or plants BAP-sprayed at the pre-transplant
stage (DI BENEDETTO and PAGANI 2013), a change in carbon
partitioning towards the development of leaf area would
be reflected in an increase in LAR (SHIPLEY 2006). The

results shown in Fig. 1B are not in agreement with this
general trend. Cytokinins is known to stimulate the expres-
sion of photosynthetic enzymes like Rubisco (BOONMAN et
al. 2007). At the same way, plant tissues and organs rich
in cytokinins, like the stem apical meristem, are known to
attract photo-assimilates (FRANCIS and HALFORD 2006).
Cytokinins also affect meristem function and stem-cell
identity in the center of shoot meristems (BÖGRE et al.
2008).

Anatomical traits

In the present study, the use of large plug cell volumes
and BAP spray led to anatomical changes which can help
explain the observed RGR, NAR and LAR responses. It has
been indicated that leaf thickness and the light-saturated
rate of photosynthesis per unit leaf area are strongly cor-
related (OGUCHI et al. 2003). We found a similar relation-
ship when relating NAR and leaf thickness in I. wallerana
plants (Fig. 3A).

When the mesophyll thickness of the leaf is increased,
the maximum photosynthetic rate increased as well.. This
probably explains the strong relationship between NAR
and mesophyll thickness. Leaf thickness was higher when
we used large plug cell volumes and when plants were
sprayed with five BAP doses (Table 1 and Fig. 3A).

Light-saturated rates of photosynthesis on leaf area
basis depend not only on photosynthetic biochemistry
but also on mesophyll structure. Because resistance to
CO2 diffusion from the substomatal cavity to the stroma
is substantial, it is likely that mesophyll structure affects
the photosynthetic rate by affecting CO2 diffusion in the
leaf (NIINEMETS et al. 2009, THOLEN et al. 2012). Our data
showed significant changes in leaf tissue distribution
when plants were grown in different sized cells and were

Fig. 2. Changes in leaf
tissue distribution (%)
in plants of I. wallerana
grown in four plug cell
volumes (50-, 128-, 288-
and 512-cell plug trays)
and sprayed with differ-
ent BAP concentrations
(0, 5, 50, 100 and 200 mg
L–1) at the pre -transplant
stage (n = 3). Significance:
***: 0.001; **: 0.01; *: 0.05;
ns: not significant

 

ANOVA Epidermal 
layer 

Mesophyll 
layer 

Intercellular 
spaces 

Cell volume ns *** *** 
BAP concentration ns *** *** 
Cell volume x BAP concentration  ns *** *** 
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sprayed with different concentrations of BAP prior to
transplanting (Fig. 2). On the other hand, in agreement
with that found by TOSENS et al. (2011), we found a close
positive correlation between NAR and the proportion of
intercellular spaces (Fig. 3B).

Cytokinins applied in the pre-transplant stage can
influence the leaf structure (MAGYAR-TÁBORI et al. 2010,
Fig. 2). At the early stages of leaf development, treatment
with exogenous BAP accelerates division of mesophyll

cells, whereas at the later stages of development, BAP
treatment activates expansion of growing cells and those,
which have just accomplished their growth (RON’ZHINA

2003a, b).
It has been shown that epidermal cell division increases

stomatal density (KONDO et al. 2010). Stomatal density is
positively correlated with net CO2 assimilation rate (XU

and ZHOU 2008). BAP increases the stomatal frequency
of the adaxial epidermis (STOYANOVA-KOLEVA et al. 2012).
These results are in agreement with our data on I. walle-
rana plants showing that plants sprayed with the lower
BAP doses at the pre-transplant stage had an increased
stomata density (Table 1 and Fig. 3C).

We found that cell size increases when plug cell size
increases or when a low (5 to 50 mg L–1) BAP spray was
used (Table 1);a positive relationship between leaf area
and cell size was found as well (Fig. 4). This is partially in
contrast with the results by COOKSON et al. (2005), who
indicated that differences in the leaf size of plants grown in
different environmental conditions are generally associated
with differences in cell number and not in cell size. On the
other hand, during leaf formation, cytokinins are required to
drive the cell division cycle at a normal speed and to obtain
the required number of cell divisions to reach a normal leaf
size (DEL POZO et al. 2005; BÖGRE et al. 2008). Although
POORTER et al. (2012) concluded that plants are generally
less able to adjust allocation than to alter organ mor-
phology, our results on the bedding pot plant I wallerana
are not in agreement with this previous statement.

Conclusions

An increase in RGR was mainly associated to NAR in-
creases in I. wallerana plants. Although, LAR would be

Fig. 3. Relationships between net assimilation rate (NAR)
and leaf thickness (A), intercellular spaces (B) and stomata
density (C) in plants of I. wallerana grown in four plug cell
volumes (50-, 128–288- and 512-cell plug trays) and sprayed
with different BAP concentrations (0, 5, 50, 100 and 200 mg
L–1) at the pre -transplant stage (n = 3). The straight-line re-
gressions were: NAR = 0.031 leaf thickness + 7.82 (r2 = 0.909),
NAR = 0.21 intercellular spaces + 9.54 (r2 = 0.924) and NAR =
0.04 stomata density + 11.71 (r2 = 0.672). ♦◊: 50-, ■□: 128-,
●○: 288- and ▲Δ:512-cell plug trays. Controls: close sym-
bols; BAP-sprayed: open symbols. The probability of the
slope being zero for A, B and C was P ≤ 0.001.

Fig. 4. Individual leaf area and epidermal cell size relation-
ships in I. wallerana plants grown in four plug cell volumes
(50-, 128-, 288- and 512-cell plug trays) and sprayed with
different BAP concentrations (0, 5, 50, 100 and 200 mg L–1)
at the pre-transplant stage (n = 3). The straight-line re-
gression was: Leaf area = 0.50 epidermal cell size + 0.48
(r2 = 0.707). ♦◊: 50-, ■□: 128-, ●○: 288- and ▲Δ:512-cell
plug trays. Controls: close symbols; BAP-sprayed: open
symbols. The probability of the slope being zero for was
P ≤ 0.001.
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less important for RGR, anatomical changes such as leaf
thickness, stomata density and intercellular spaces would
contribute to increase photosynthetic capacity. On the
other hand, the higher leaf photosynthetic area was re-
lated to a higher epidermal cell size.

From a grower’s point of view, one way to increase
productivity is the use of large plug cell volumes. Another
promising way to increase crop productivity is the use of
plant growth and development regulators such as BAP.
This compound even at very low doses is capable of
changing the intensity and direction of plant physio-
logical processes. Moreover, BAP is not phytotoxic and
can be considered an endogenous-like compound, which
provides very little risk to the environment, two proper-
ties that allow it to be used in the ornamental pot plant
industry on a large scale.
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