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Abstract

Stomatal blockers are hydrophobic polymers applied to leaves to physically block stomatal
pores and restrict gas exchange, and which have potential as plant growth regulators
to retard growth. Three experiments in a heated glasshouse, one sown in autumn and
two sown in winter, were conducted with pot-grown rapeseed plants at the four-leaf stage
to evaluate retardant potential of two bio-based polymers: di-1-p-menthene (DPM) and
extracted cauliflower leaf wax. Both stomatal blockers reduced stomatal conductance and
plant dry weight in the autumn-sown experiment, when solar radiation was high during
leaf development and stomatal conductance of water-treated plants was relatively high.
Wax was more effective than DPM at reducing plant dry weight, despite no difference in
stomatal conductance. In the two winter-sown experiments, when solar radiation was
lower during leaf development, stomatal conductance in water-treated plants was less than
in the autumn-sown experiment. Stomatal conductance was reduced by the blockers in
the winter-sown experiments, but plant dry weight was unaffected. It was concluded that
stomatal blockers may have potential to act as plant growth regulators to retard growth in
rapeseed, but further research is necessary to define the circumstances when a response
will occur.

Keywords: oilseed rape; canola; porometer; terpene; epicuticular wax; PGR; delay; hold;
slow; inhibit

1. Introduction
Rapeseed is the sixth largest crop by area, grown on 43 Mha in 2023, 11 Mha of which

was in Europe [1]. Much of the rapeseed is winter-sown in Europe, and with climate change,
most winters are now warm, leading to excessive vegetative growth in almost all years. This
can lead to lodging, sub-optimal light interception and reduced yield [2]. It is common to
reduce these problems by applying PGRs in the autumn, such as metconazole. Metconazole
retards rapeseed vegetative growth, reduces subsequent lodging risk and improves yield [3].
Metconazole is, however, derived from petroleum, and there is increasing interest in more
environmentally friendly bio-based agrochemicals [4]. In this paper, we propose possible
bio-based alternatives to metconazole as PGRs for rapeseed.
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Stomatal blockers are hydrophobic polymers sprayed on leaves to form a film and
block stomata, and there is a large body of well-established evidence that stomatal blockers
reduce gas exchange [5]. For many years, the primary commercial use of blocking stomata
with these polymers has been as film antitranspirants to reduce plant water loss, mainly
on ornamental species where any effects of reduced photosynthesis are less important
than in crop species [6]. More recently, it has been demonstrated that the restricted gas
exchange from spraying the bio-based blocker di-1-p-menthene (DPM) retards grapevine
vegetative growth [7], although this is not a commercial use as far as the authors are
aware. Thus, stomatal blockers can retard growth by a different mechanism to conventional
PGRs. Stomatal blockers reduce photosynthesis and the supply of assimilate for growth by
physically blocking stomata [5], whereas conventional PGRs retard growth by inhibition of
the plant hormones which stimulate growth: gibberellins in the case of metconazole [3].
The advantage of stomatal blockers over conventional PGRs is that some are bio-based,
and thus likely to be less persistent in the environment and possibly more acceptable to
consumers [4].

The purpose of the study described in this paper was to conduct three proof-of-concept
experiments on young glasshouse-grown rapeseed plants to discover if two bio-based
stomatal blockers (DPM and extracted leaf wax) may have potential as growth retardants
for rapeseed. DPM, the terpene which has been shown to retard grapevine vegetative
growth [7], is formulated from pinene [8] which is derived from pine resin [9]. The other
polymer tested was a novel bio-based leaf wax formulation extracted from waste cauliflower
leaves [10]. The novel leaf wax formulation was chosen for two reasons: first, because leaf
wax is a natural hydrophobic polymer on the leaf cuticle which reduces water loss [11] and
therefore the wax should have potential as a stomatal blocker; second, extracting the wax
from waste leaves might enable a cheaper stomatal blocker to be produced than existing
commercial products such as DPM. As far as the authors are aware, there is no commercial
use of extracted leaf wax as a stomatal blocker, and this is the first report of research
on extracted leaf wax as a stomatal blocker for retarding growth. The two objectives of
the experiments were to compare the average effect of the two stomatal blockers with
water, and if significant, to compare between the two blockers. Stomatal conductance was
measured to assess effects on stomatal blockage, and plant dry weight was measured to
assess growth effects. The two null hypotheses tested were that bio-based stomatal blockers
cannot retard rapeseed growth, and that there is no difference in growth inhibition between
DPM and extracted leaf wax.

2. Materials and Methods
The schedules and specific timings to perform the main tasks of this experiment are

described in Table 1. One plant per 1 L pot of rapeseed (Brassica napus cv. Excalibur) was
grown in John Innes Number 2 compost [12] in a heated glasshouse at Harper Adams
University (52◦46′ N, 2◦25′ W) and watered approximately to saturation every other day.
The glasshouse was heated to maintain a minimum temperature of 15 ◦C/5 ◦C day/night.
Additional lighting was provided by sodium vapour lamps (Osram Ltd., Reading, UK,
model: Vialox NAV-T 400) for 16 h per day. Internal glasshouse environment data was not
recorded, but solar radiation was recorded at a weather station approximately 0.5 km from
the glasshouse. Treatments were applied at the 4th-leaf stage and a photograph of similar
plants at this stage, from a separate study on drought conducted at the same time, is shown
in a previously published paper [10]. Treatments were replicated in six (Experiment [Exp] 1)
or eight (Exp 2 and 3) randomized blocks and were water (for control), 1% v/v Vapor Gard
(DPM 96%, Miller Chemical and Fertilizer LLC, Hanover, PA, USA) in water, and 1% v/v
leaf wax in water + 0.5% v/v Wetcit (alcohol ethoxylate 9%, ORO AGRI Inc, Trophy Club,
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TX, USA). Details of the extraction method, chemical composition and formulation of the
leaf wax have been described previously [10]. For Exps 1 and 2, each plant was moved
one at a time away from the glasshouse bench for spraying. The adaxial surface of the
leaves of each plant was uniformly sprayed using a 0.5 L hand-held trigger sprayer [13]
at a distance of a few cm until the surface of the leaves was fully covered. This method
was chosen for Exps 1 and 2 to ensure complete coverage of the adaxial leaf surface. The
assessment of coverage of each plant during spraying is, however, subjective and, therefore,
to reduce variation between plants in the quantity of spray applied in Exp 3, the plants
were sprayed using an automatic pot sprayer in an enclosed chamber [10] that simulates a
field crop sprayer more closely than the hand-held sprayer. Plants were arranged in a line
under the track of the sprayer without any overlapping leaves and sprayed using nozzles
at 50 cm height from the plants, 3 bar pressure at 1 m s−1 speed using Flat Fan 015 nozzles
(Teejet, Glendale Heights, IL, USA) delivering the equivalent of 200 L ha−1. Both methods
of spraying delivered approximately 1 mL of spray liquid to each plant.

Table 1. Dates of main tasks.

Experiment Sowing Spraying Stomatal Conductance Measurement Harvesting

1 21 October 2016 14 November 2016 15 November 2016 24 November 2016
2 23 December 2016 31 January 2017 1 February 2017 10 February 2017
3 12 January 2017 20 February 2017 22 February 2017 2 March 2017

Because it is not possible to see and count blocked stomata due to reflection from the
polymer film, stomatal conductance was used as an indirect measure of stomatal blockage.
Three readings of adaxial stomatal conductance were taken from the 3rd leaf of each plant
with a transient state diffusion porometer (AP4, Delta-T Devices, Cambridge, UK), and
the mean calculated. Stomatal conductance measurements were taken during the period
11.00 am to 2.00 pm to coincide with stomatal opening in the stomatal circadian rhythm.
Measurements were conducted on the three plants in one block before moving to the
three plants in the next block. Thus, most of any short-term changes in stomatal opening
between plants measured during the 11 am to 2 pm period of measurement would be
removed by the block effect in the statistical analysis. Solar radiation was measured in a
weather station about 0.5 km from the glasshouse. Two treatment orthogonal contrasts
corresponding to the two objectives and null hypotheses (water vs. mean of DPM and wax,
and DPM vs. wax) were calculated in ANOVA using GenStat (23rd Edition, VSNi, Hemel
Hempstead, UK) with validity checked by examining residual plots. One extreme outlier
was removed from the data for the DPM treatment in Exp 3.

3. Results and Discussion
Leaf development was faster in the autumn-sown experiment (Exp 1), which took 24 days

from sowing to reach the four-leaf stage, compared with the two winter-sown experiments
(Exps 2 and 3), which both took 39 days from sowing to reach the four-leaf stage. Rapeseed
leaf development is mainly influenced by temperature [14], and although the glasshouse
heating was set to minimum temperatures, the daytime minimum may have been exceeded if
solar radiation was high. Glasshouse internal environment data was not available for these
experiments, but solar radiation was available and varied between the experiments because
of the different sowing dates (Figure 1). The mean daily radiation from sowing to spraying
was greater in Exp 1, sown in October (3.75 MJ m−2 per day), compared with Exp 2, sown in
December (1.90 MJ m−2 per day), and Exp 3, sown in January (2.81 MJ m−2 per day). Thus,
the faster leaf development in Exp 1 may have resulted from the higher solar radiation than
in the two winter-sown experiments (Exp 2 and 3), and the higher solar radiation would
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probably have been associated with the glasshouse temperature being higher than the heating
minimum setting of 15 ◦C during daylight.

 

 

 

Figure 1. Daily solar radiation for (a) Exp 1, (b) Exp 2, and (c) Exp 3. Arrow is date of spraying
and dotted line is fitted linear regression: Exp 1, solar radiation = 4.42 − 0.065 days after sowing,
R2 = 16.5%; p < 0.015; Exp 2, solar radiation = 1.43 + 0.031 days after sowing, R2 = 9.3%; p = 0.033;
Exp 3, solar radiation = 0.92 + 0.093 days after sowing R2 = 35.9%; p < 0.001.
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Stomatal conductance in water-treated plants was substantially greater in Exp 1
(Figure 2a) than in the other two experiments (Figure 2b,c), with Exps 2 and 3 only having
about 55% of the conductance of Exp 1. This is possibly because of the higher mean
daily solar radiation from sowing to spraying in Exp 1 than in the other two winter-
sown experiments. Higher solar radiation during leaf development is known to increase
stomatal density [15], which would be expected to give greater stomatal conductance.
Stomatal conductance was reduced by the blockers in all three experiments (Table 2,
Figure 2), and the mean reduction in conductance varied from 75% in Exp 2 to 30% in
Exp 3. This reduction was expected from the large body of research in the 20th century on
these materials demonstrating reduced stomatal conductance [5]. There was, however, no
difference between the two blockers in any experiment.

Dry weight of water-treated plants was greatest in Exp 3 (Figure 3c) and lowest in
Exp 2 (Figure 3b). It is well-established that cumulative solar radiation is the main deter-
minant of dry matter production when there are no other limiting factors [16], and the
dry weight of water-treated plants reflects the differences in cumulative solar radiation
received during the entire period of the experiment from sowing to harvest. Cumulative
solar radiation was greatest in Exp 3 (159.4 MJ m−2), because of the increasing trend
for higher solar radiation as days lengthened towards the end of this experiment in
March, lower in Exp 1 (113.9 MJ m−2) with solar radiation high at the start in October
but declining as daylength reduced in the autumn, and the lowest in Exp 2, sown in
December and harvested in February (108.4 MJ m−2).

Plant dry weight was reduced in Exp 1 by the stomatal blockers (Table 2, Figure 3a),
refuting the first null hypothesis that stomatal blockers cannot retard rapeseed growth.
Wax was more effective than DPM, refuting the second null hypothesis that there is no
difference. Wax gave a 29% reduction in plant dry weight compared with 6% for DPM,
in contrast to the lack of difference in stomatal conductance. There was no significant
effect of blockers on dry weight in either Exp 2 (Figure 3b) or Exp 3 (Figure 3c), although
there was an indication of a slight reduction in Exp 3. The effectiveness of blockers in
only one out of three experiments could indicate a chance occurrence; however, there are
clear differences in the environment of Exp 1 compared with Exps 2 and 3, which would
be expected to give an effect of the blocker in reducing dry weight in Exp 1 but not in
Exps 2 and 3. The greater mean daily solar radiation between sowing and spraying for
Exp 1 (3.75 MJ m−2 per day) would have been expected to give a greater growth rate,
and therefore a reduction in gas exchange by the blockers would have a greater effect
in reducing growth than in Exps 2 and 3, which had lower mean daily solar radiation
from sowing to spraying (1.90 MJ m−2 per day and 2.81 MJ m−2 per day, respectively).
Since there was no difference in the effect of wax and DPM on stomatal conductance, the
greater inhibition of dry weight by wax may have resulted from the effects of the wax
which are not related to stomatal conductance. One possible explanation for the greater
effect of wax in reducing dry weight compared with DPM could be that the applied wax
changed the optical properties of the leaves to reflect more of the photosynthetically
active radiation. It has been shown in wheat that epicuticular wax reflects light [17].
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Figure 2. Adaxial stomatal conductance at 1 day after application in (a) Exp 1 and (b) Exp 2, and
2 days after application in (c) Exp 3. Vertical bars are SEDs (10 DF Exp 1, 14 DF Exp 2, 13 DF Exp 3).
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Table 2. Orthogonal contrast p values.

Experiment
Stomatal Conductance Dry Weight

Water vs. Blockers DPM vs. Wax Water vs. Blockers DPM vs. Wax

1 <0.001 0.580 0.029 0.014
2 <0.001 0.628 0.450 0.120
3 0.017 0.879 0.300 0.924

 

 

Figure 3. Plant dry weight 10 days after application for (a) Exp 1, (b) Exp 2 and (c) Exp 3. Vertical
bars are SEDs (10 DF Exp 1, 14 DF Exp 2 and Exp 3).
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These results provide, as far as the authors are aware, the first published indication
that stomatal blockers can act as growth retardants in rapeseed. These results are consistent
with research on grapevines showing the ability of the stomatal blocker DPM to reduce vine
growth [7]. Much further research will be needed to discover if this retardation can persist
to reduce lodging after stem extension and increase yield, as occurs with metconazole.
The retardation from DPM was small, and it may be possible to increase the response
by increasing the concentration from the 1% used. Previous research on DPM sprayed
on rapeseed as an antitranspirant has shown greater reductions in stomatal conductance
from higher concentrations up to the highest concentration tested of 3% [18]. In grapevine
research, which found consistent growth reduction over two years in the field from DPM,
other aspects of the treatment in addition to greater concentration were different to those in
our experiments and could also possibly contribute to a greater response. These included a
repeat spray, an additional surfactant and spraying a larger volume to run-off rather than
spraying to complete coverage [7].

4. Conclusions
These experiments give a preliminary indication that bio-based stomatal blockers can

retard rapeseed growth and indicate that sufficient solar radiation intensity during leaf
emergence may be necessary for a response. Further research is required to confirm the
retardation by blockers and to further explore the effect of solar radiation intensity.
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