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Abstract. The effects of aqueous solutions applied as foliar spray and drench applications
of glycerol were tested on the ‘Chantenay’ carrot (Daucus carota L.) family Apiaceae,
corn (Zea mays L.) family Poaceae, and spearmint (Mentha spicata L.) family Lamiaceae
under greenhouse conditions. Foliar sprays and drenches were administered to carrots at
concentrations of 0, 1, 3, 5, 10, 25, or 50 ml-L'. Fresh weights, dry weights, and taproot
diameter from carrot seedlings sprayed with a solution containing 5 mL-L™" (50 mm)
glycerol increased 105.6%, 158.4%, and 53.8%, respectively, when compared with
untreated carrots. Foliar sprays were administered to corn at concentrations of 0, 0.1,
0.3, 0.5, and 1 ml-L! and spearmint at concentrations of 0, 1, 5, and 10 mL-L™". Growth
responses increased in corn and spearmint by using certain glycerol concentrations.
Fresh weights, dry weights, and shoot length from corn seedlings sprayed with a solution
containing 0.5 mL-L' (5 mm) glycerol increased 83.5%, 154.6%, and 90.9%, respec-
tively, when compared with untreated corn. Fresh weights, dry weights, and shoot length
from mint plants sprayed with a solution containing 5 mL-L™' (50 mm) glycerol increased
46.6%, 68.7%, and 102.5%, respectively, when compared with untreated plants. Glycerol

applications can stimulate growth responses in diverse plant species.

The U.S. Federal mandates affecting bio-
diesel production include the Energy Policy
Act, which requires specific levels of alterna-
tive fuel use in federal automobile fleets, and
the Clean Air Act, which requires all diesel fuel
sold for on-road use to be ultralow in sulfur
emissions by 2006 (Demirbas, 2009; Ebert,
2007; Mclntyre, 2007). This legislation has
resulted in a number of governmental biodiesel
incentive programs, which contributed toward
a U.S. biodiesel market of 150 million gallons
production per year in 2006 (double the 75
million gallons per year produced in 2005)
and have an anticipated future of 2 billion
gallons per year production expected by the
year 2015 (Ebert, 2007; Mclntyre, 2007). The
U.S. biodiesel industry vegetable feedstocks
current output is 3.8 billion gallons of fats and
oils annually. For every 10 gallons of biodiesel
produced, 1 gallon of glycerol is generated
through transesterification of animal and veg-
etable oils (Demirbas, 2009; Kenar, 2007). This
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dramatic biodiesel production increase over the
past 5 years has resulted in decreasing glycerol
prices resulting from excessive production.
Commercialization of the glycerol generated
by this industry is therefore becoming increas-
ingly important (Ebert, 2007; Lines, 2009;
Mclntyre, 2007; Pachauri and He, 2006). De-
veloping higher-valued products from glycerol
would improve investment returns to the bio-
diesel industry. The historic markets for glyc-
erol (e.g., antifreeze agents, food additives,
cosmetics, and health products) are already
limited; therefore, new products are needed
(Ebert, 2007; Lines, 2009). Glycerol is a non-
toxic, edible, biodegradable sugar alcohol mak-
ing it an ideal “environmentally friendly”
agricultural chemical. The influence of glyc-
erol on plant tissue cells has been repeatedly
demonstrated in its use as a cryoprotective
agent used in cell and tissue cyrogenetic storage
(Kim and Oh, 2009; Panis and Lambardi, 2005;
Silayoi, 2001; Towill and Mazur, 1976; Withers
and King, 1979).

Glycerol has also been used in tissue cul-
ture studies using numerous plants—seaweed
[Grateloupia filicina (J.V. Lamouroux) C.
Agardh], kelp (Ecklonia radiata J. Agardh),
morning glory (Pharbitis nil L.), Orchid tree
(Bauhinia forticata Link), zedoary (Curcuma
zedoaria Roscoe), bean (Phaseolus vulgaris
L.), sweet orange [ Citrus sinensis (L.) Osbeck]
(Baweja and Sahoo, 2009; Hisajima and
Thorpe, 1985; Lawlor et al., 1989; Mello et al.,
2001; Vu et al., 1993). Glycerol has also been
used as a carbohydrate supplement to stimulate

algae tissue culture growth (Baweja and Sahoo,
2009; Kaczyna and Megnet, 1993; Lawlor
et al., 1989; Marian et al., 2000; Robaina
et al., 1990). For example, red algae [Graci-
laria verrucosa (Hudson) Papenfuss] grown
on 217 mm (i.e., 20 mL-L™") glycerol with
plant growth regulators (2 mg-L™" indole-3-
propionic acid, 2 mg-L™" indole-3-acetic acid,
1 mg-L™' N-isopentenyladenine) stimulated
callus growth (Kaczyna and Megnet, 1993).

Glycerol has been used in higher plant
tissue cultures with mixed results (Aubert
et al., 1994; Bellettre et al., 2001; Gautheret,
1955). Generally, glycerol is a poor substitute
for sucrose or the reducing sugars (glucose or
fructose) as a carbon source of plant cell cul-
tures (Gautheret, 1955; Hisajima and Thorpe,
1985; Mello et al., 2001; Vu et al., 1993; Vuke
and Mott, 1987). Aubert et al. (1994) studied
the influence of glycerol on cell metabolism
of sycamore (Acer pseudoplatanus L., family
Sapindaceae) whereby callus was removed
from sucrose and grown solely on glycerol for
short durations. Chicory hybrid ‘474 (Cicho-
rium intybus L. var. sativam X C. endivia L.
var. latifolia, family Asteraceae) leaf tissues
cultured on a combination of sucrose and
glycerol manifested somatic embryogenesis
(Bellettre et al., 1999, 2001). Several citrus
tissue culture investigators have reported stim-
ulation of somatic embryogenesis using glycerol
(Ben-Hayyim and Goffer, 1989; Ben-Hayyim
and Neumann, 1983; Singh et al., 1992; Tomaz
etal.,2001; Vuetal., 1993). For example, Vu
et al. (1993) reported that ‘Hamlin’ sweet
orange nucellar callus grown on medium sub-
stituting 2% glycerol for 5% sucrose promoted
more somatic embryogenesis, chlorophyll for-
mation, and RuBisCO activity.

According to a report issued by the Glycerin
Producers’ Association (1964), glycerol has
several potential uses in the agricultural, flori-
cultural, and horticultural fields (Anonymous,
2011). Glycerol (0.1 to 10%) can be substituted
for water to moisten peatmoss around roots
before shipping resulting in more successful
transplanting. Narcissus sp. bulbs grown in
gravel with diluted glycerol solutions exhib-
ited greater growth and flowering (Anonymous,
2011). Glycerol has also been used to prevent
freezing of branches, leaves, buds, and blos-
soms if used as a spray consisting of water,
glycerol, a spreader, and alcohol (Anonymous,
2011). In this case, the protective coating that
formed on the plant surfaces insulated plant
tissues from the freezing temperatures.

Soaking seeds in glycerol can counteract
the adverse effect of salinity on growth and
secondary metabolism (Ali et al., 2008).
Seeds of Castor bean (Ricinus communis L.)
soaked for 48 hin 5, 25, or 50 mm glycerol or
a mixture of 10:5, 25:10, and 50:15 mwm
glycerol:aspartic acid, respectively, resulted
in seedlings exhibiting higher fresh and dry
weights than seedlings obtained from water-
soaked seeds. In addition, essential oil and
alkaloid contents were higher in plants derived
from glycerol treated seeds than controls in
saline environments (Ali et al., 2008).

Despite these positive reports, glycerol is
not commercially used to promote plant growth

HorTScIENCE VoL. 46(12) DECEMBER 2011



for agricultural or horticultural systems. The
purpose of these studies was to conduct short-
term experiments with various plants to eval-
uate the merits of using glycerol as drenches
or foliar sprays within the relatively uniform
environment of a greenhouse.

Materials and Methods

Plant materials. Carrot seeds (Daucus car-
ota L. ‘Chantenay’), Dwarf Corn (Zea mays L.
cv. Gaspé Flint) seeds, and spearmint (Mentha
spicata L. P # °294099°) plantlets as sterile
shoot cuttings were used. ‘Chantenay’ carrot
was selected for its rapid root formation, dwarf
corn because it could accommodate the lim-
ited greenhouse space, and cloned spearmint
plantlets to ensure a uniform response.

Greenhouse experiments. All plants were
grown on a soilless medium formulated with
1 Canadian sphagnum peatmoss (Ferti-lome,
Cheek Garden Products, Austin, TX):1 coarse-
grade vermiculite (Premium Grade; Sun-Gro
Horticulture Dist. Inc., Bellevue, WA), and
amended with 10.9 g-kg™' Micromax (Scotts
Co., Marysville, OH) of 14S—15Fe-2.5Mn—
1.5Mg—1Cu—-1Zn-0.2B-0.05Mo, and 62.2
g-kg™ Osmocote (Scotts Co.) of 14N-4.2P—
11.6K. Carrots were grown in containers (3.8 cm
diameter X 21 cm high) containing 50 g
medium. Spearmint and corn were grown in
44" rectangular pots (10.8 cm wide X 9.5 cm
high x 11.4 cm deep) containing 100 g me-
dium. Aqueous glycerol solutions were pre-
pared with distilled water and food-grade
glycerol (99.7%) (Soap Goods, Atlanta, GA).
To determine the effect of glycerol on car-
rot growth and morphogenesis, 20 2-week-old
seedlings were treated with foliar sprays at con-
centrations (Table 1). Foliar sprays were ad-
ministered with handheld trigger spray bottles
(24 oz. cap.) (U.S. Plastic Corp., Lima, OH)
until liquid began to drain off the leaves (2.5
mlL/plant). The same concentrations were also
administered to seedlings as a soil drench using
aliquots of 25 mL/container (Table 1). Glycerol
treatments were given to carrot plants twice,
first at the initiation of the experiment and a
second time 4 weeks later (Table 1). Exper-
iments were ended 8 weeks past application
of the first glycerol treatment. Two-week-old
corn seedlings were sprayed with 25-mL ali-
quots of glycerol twice, first at the initiation
of the experiment and 2 weeks later (Table 1).
Experiments were ended at the end of 4 weeks
from the time of the first foliar application.
Spearmint plants were maintained on agar
Murashige and Skoog medium containing 3%
sucrose in vitro as shoot cuttings. Eight-week-
old plantlets were removed from agar medium,
rinsed with water to remove excess agar and
sucrose, and then established in 4’2" pots and
kept under high humidity conditions for 2
weeks to become acclimated to greenhouse
conditions. Soil-established plantlets were then
sprayed once with 25-mL aliquots of glycerol
(Table 1). Experiments were ended at the end
of 4 weeks from the time of the first foliar
application. Plants were watered four times per
week. Experiments were repeated in the green-
house at least twice using 20 replications per
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treatment between 2008 and 2010. Average
daily temperature was 25 °C and varied from
20 to 29 °C. [llumination during experiments
was provided by natural and artificial lighting
as necessary with an average daily photosyn-
thetic photon flux of 630 to 700 umol-m2-s7".

Statistical analysis. Ten seedlings for each
treatment were analyzed for shoot and root

PROPAGATION AND TisSUE CULTURE

fresh weights and dry weights, tap root diame-
ters (carrot only), and shoot and root lengths.
Best fit regression equations were calculated
with Table Curve 2D software Version 5.0
(Systat Software, Inc., San Jose, CA) for each
response variable as a function of glycerol
concentration. Regression model analyses and
95% confidence limits on the mean predicted

Table 1. Glycerol treatments and concentrations applied to plants.

Plant Treatment Glycerol concn [mL-L™' (mm)]

Carrot Spray 0(0), 1 (11), 3 (33), 5 (50), 10 (109), 25 (271), 50 (543)
Carrot Drench 0(0), 1 (11), 3 (33), 5(50), 10 (109), 25 (271), 50 (543)
Corn Spray 0(0), 0.1 (1.1), 0.3 (3.3), 0.5 (5), 1 (11)

Spearmint Spray 0(0), 1 (11), 5 (50), 10 (109)

Table 2. Influence of aqueous glycerol spray concentrations on carrot taproot color parameters from

internal carrot cut 1 cm below shoot.”

Color parameters”

Glycerol concn (mL-L™") L* a* b* C* H*

0 3281 a 14.07 a 18.84 a 2348 a 0.896 a
1 32.82 ab 17.37b 20.69 ab 37.20 ab 0.895 a
3 33.01 ab 1792 b 21.79 b 28.27b 0.892 a
5 35.83b 18.17b 22.08 b 28.55b 0.890 a
10 34.49 ab 18.51 b 22.25b 28.78 b 0.885 a
25 3281 a 18.96 b 22.29b 28.92 b 0.868 b
50 3281 a 19.31b 22.29b 28.96 b 0.843 b
r 0.504 0.594 0.549 0.524 0.259

P 0.0184 0.0013 0.003 0.0047 0.0186

“Sprays were administered twice over an 8-week growth period.

YL* (Y)=32.848 + 12.517*exp[0.5*abs(x-7.4)/1.887]"4.375;a* (Y) = 12222.8-17208.8/[1 + 810.6(x)]"*1/
34916.8; b* (Y) = 22.294-3.456[1 + 0.251(x)]"1/34916.8); C* (Y) = 29.003-5.521/[1 + 1.766(x)]"1/
0.907; H* (Y)=1/[1.116 + 0.0014(x)]. Data were averaged from three readings from three different taproot
replications/treatments. Measured (L*, a*, and b*) and calculated (C* and H*) predicted means are
presented. Predicted mean values within a column followed by the same letters are not significantly
different based on overlap of the 95% confidence intervals from their respective regression equations.
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Fig. 1. (A-D) Influence of aqueous glycerol spray concentrations applied twice over an 8-week growth
period on carrot growth parameters. All correlation coefficients are significant.
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values of the response variables from individ-
ual equations were obtained from the REG
procedure of SAS (Version 8.2; SAS Institute,
Cary, NC).

Measurement of taproot color. The thick-
est part of the carrot taproot (=1 to 2 cm below
the emerging shoot portion) was halved and
evaluated for color parameters. Three readings
were conducted for each root and averaged.
Color was read using the Commission In-
ternational de I’Eclairage (CIE) Laboratory
parameters (L*, a*, b*) with a spectrophoto-
colorimeter LabScan XE Scanner equipped
with Universal Software Version 4.0 (Hunter
Laboratory, Inc., Reston, VA).

Results and Discussion

The addition of glycerol to carrot shoots
as a spray did not affect their leaf number or
shoot height. However, carrot taproots were
different as a result of glycerol spray treatments.
Taproot diameter for carrot plants sprayed
with 5 mL-L™" glycerol was 53.8% greater
than untreated controls (Fig. 1B). Shoot fresh
weights increased 22.9% and 9.1% with 3 and
10 mL-L™" glycerol compared with controls,
respectively. Taproot fresh weights exhibited
a somewhat similar response to glycerol spray
treatments (Fig. 1A). The highest taproot fresh
weights occurred from plants given 5 and 10
mL-L™" glycerol levels and exhibited 150.8%
and 140.3% increases, respectively, compared
with untreated controls. Carrot plants given 25
and 50 mL-L" glycerol sprays had 101.3%
and 82.1% increases in fresh weight over
untreated controls (Fig. 1C-D). The greatest
fresh and dry weights were observed in the
5 or 10 mL-L" glycerol treatments. For
example, 10 mL-L ™' glycerol sprays resulted
in a significantly higher fresh weight of
41.25 + 1.17 g and a dry weight of 5.38 +
0.10 g compared with untreated controls,
which exhibited a fresh weight of 20.84 +
0.87 g and a dry weight of 1.87 £0.08 g. This
translated into fresh and dry weight increases
of 97.9% and 173.2%, respectively, com-
pared with untreated controls. Increasing
the glycerol concentration above 10 mL-L™!
did not improve either shoot or root growth.
Growth decreased slightly when higher glyc-
erol concentrations were applied. Spraying
carrots with glycerol resulted in significantly
larger taproots with only a slight increase in
shoot mass compared with untreated carrots.
The percent shoot:root ratios based on dry

Table 3. Pearson correlation coefficients values
for carrot taproot color values and glycerol

concentrations.
Concn  L* a* b* Cc*
Concn  — -0.219 0.661* 0.438 0.575*
L* -0.219* — 0.399 0.703* 0.554*
a* 0.661* 0.399 — 0.017 0.978*
b* 0.438 0.703* 0.017 — 0.971*
C* 0.575* 0.554* 0.978* 0971* —

H*  -0.718* 0.017 —0.876* —0.582* —0.757*
“Values with asterisks were significant at P = 0.05.
Nine color observations were recorded per
concentration.
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weights were found to be 32.3%:67.7% for
controls, 21.2%:78.8% for 1l mL-L! glycerol,
17.8%:82.2% for 10 mL-L™" glycerol; and
20.8%:79.2% for 25 mL-L™! glycerol.

The addition of glycerol as a soil drench
did not affect either shoot length or leaf num-
ber. Examination of the roots showed signif-
icant differences in the taproots for the 3, 5,
and 10 mL-L™" glycerol treatments compared
with untreated controls (Fig. 2A-B). The larg-
est growth responses were obtained from the
1 to 10 mL-L™" glycerol treatments; however,
25 and 50 mL-L™' glycerol treatments had
similar biomass as the untreated controls
(Fig. 2C-D). Carrot plants treated with 5 mL-L™"
glycerol soil drench exhibited significant in-
creases of 22.6%, 71.4%, 52.5%, and 59.9%
for taproot diameter, taproot fresh weight,
plant fresh weight, and plant dry weight, re-
spectively, compared with untreated controls.
Growth responses were less in the soil drench
treatments compared with the foliar spray
treatments. For example, carrots drenched with
5 mL-L! glycerol had 5.74 + 0.26 g shoot
weight and 30.19 + 0.98 g root weight, whereas
sprayed carrots had 7.47 + 1.56 g shoot weight
and 35.37 + 1.56 g root weight. More sig-
nificantly, carrots drenched with 50 mL-L™!
glycerol had 3.46 + 0.13 g shoot weight and
16.49 + 1.05 g root weight, whereas sprayed
carrots had 6.09 + 0.19 g shoot weight and
29.26 + 0.85 g root weight. Although drench-
ing soil with glycerol could increase carrot
growth, the concentration is critical to max-
imize growth responses (Fig. 2).

Carrot plants that received glycerol sprays
were brighter compared with untreated carrots
and spectrophotometric analysis of the carrot
surfaces confirmed this observation (Table 2).
The intensities of redness, “a*,” yellowness,
“b*,” brightness, “L*,” and chromaticity, “C*,”
were greater in carrots with greater growth
responses related to glycerol concentrations
(Table 2). Significant correlation coefficients
were found when comparing glycerol concen-
trations with a*, C*, and H* (Table 3). Hue
values (H*) were lower in glycerol treatments
than in controls with carrots sprayed with
5 mL-L™" glycerol exhibiting taproots with col-
oration values of 18.2, 22.1, 35.7, 28.5, and
0.89 for a*, b*, L*, C*, and H*, respectively,
whereas untreated carrots manifested color pa-
rameters of 14.1, 18.8, 32.8, 23.4, and 0.89 for
a*, b* L* C* and H*, respectively (Table 2).
There was no difference in spectrophotometric
color from taproots drenched with glycerol to
those in spray treatments. Like the spray treat-
ments, drenched carrots produced taproots
with brighter color values than undrenched
carrots. Differences in taproot color between
treated and untreated carrots are probably re-
lated to the increased growth stimulation caus-
ing enhanced maturation of the taproot caused
by the glycerol treatments. Color parame-
ters examined through spectrocolorimeters in
carrots have been used as a measurement of
changes in secondary products, namely carot-
enoids (ot-carotene, B-carotene, and lutein) (Sun
and Temelli, 2001). The “natural” food color-
ants in carrots consist of provitamin A and
carotenoids (Sun and Temelli, 2006). Carrot
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carotenoids are o-carotene (10% to 40%),
B-carotene (60% to 80%), lutein (1% to 5%),
and some other minor carotenoids (0.1% to
1%) (Sun and Temelli, 2006). Glycerol has
also been noted to aid the retention of cut flower
and plant color (Anonymous, 2011). We noted
that glycerol-treated carrots had taproots,
whether sprayed or drenched, exhibiting a
brighter orange color and retained this color
better than untreated controls. It is possible
that glycerol might have a role in post-harvest
storage of carrots.

Spearmint plants increased growth when
treated with foliar spray treatments containing
glycerol (Fig. 3). Spearmint cuttings given
the 5 mL-L™' concentration exhibited 46.6%,
68.7%, and 102.5% increases in whole plant
fresh weight, whole plant dry weight, and shoot
length, respectively, compared with untreated
controls. Unlike the response in carrots, there
was no effect on root biomass increases when
compared with shoot biomass because the
ratio of root dry weight:shoot dry weight re-
mained constant among the treatments. Shoot
fresh weights and root fresh weights in spear-
mint plants sprayed with 5 mL-L™" glycerol
increased 45.2% and 50.5%, respectively,
compared with untreated controls. Glycerol
sprays stimulated the biomass of the spear-
mint plant uniformly and did not selectively
increase root biomass over shoot biomass yields
or vice versa. The 10 mL-L' spray treatments
were not as effective in causing growth in-

creases as the lower glycerol concentrations
(Fig. 3).

Corn plants exhibited enhanced growth
responses using 0.1 to 1 mL-L™" glycerol fo-
liar spray treatments (Fig. 4). The increasing
concentrations of glycerol when tested between
0.1 and 1 mL-L™" did not result in a dosage—
growth response relationship (Fig. 4). For
example, corn plants treated with 0.5 mL-L™'
exhibited 83.5%, 154.6%, and 90.9% in-
creases in fresh weight, dry weight, and shoot
length, respectively, compared with untreated
controls. No root biomass increases occurred
with the ratio of root weight:shoot weight
remaining constant among all treatments. Glyc-
erol sprays increased the biomass of the corn
plant rather selectively promoting shoot bio-
mass over root biomass.

In past studies, glycerol has been used as
a penetrating agent in combination with plant
regulators and pesticides (Anonymous, 2011;
Babiker and Duncan, 1975; Bahadur et al.,
2007; Raupach and Kloepper, 1998). Woody
or semiwoody plants treated with 0.5% to 1%
colchicines were mixed with a 10% glycerol
solution to enhance its effect (Anonymous,
2011). In other cases, glycerol is used with
copper and zinc salts to aid in the preservation
of twigs and buds natural colors and shapes
(Anonymous, 2011). In these studies, the di-
rect application of glycerol alone had positive
growth promotive effects on three different
plant species. The results from these studies
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confirm prior observations that glycerol can pro-
mote plant growth (Ali et al., 2008; Anonymous,
2011; Bellettre et al., 1999, 2001; Ben-Hayyim
and Neumann, 1983). Growth responses with
other plant species may be possible. It is not
unreasonable to suggest that glycerol may
have a market in the agricultural, floriculture,
and horticultural fields as a growth-promo-
tive plant product provided its application
adheres on the plant. Research should con-
tinue that examines the responses of different
plants and crops to glycerol and how to most
effectively administer this product.
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