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Abstract. In short-term experiments (10 days), urea applied foliarly as the sole N source promoted growth of ‘T-5’ tomato
(Lycopersicon esculentum Mill.) seedlings. The optimum urea concentration in the spray solution was 0.2% (w/w), and the
best application frequency was once a day. Higher urea concentrations suppressed growth, producing severe leaf dama
The growth observed with foliar urea was less than that observed when inorganic N was supplied to the nutrient solution
Tomato seedlings absorbed 75% of the foliar applied urea within 12 hours and 99% within 24 hours after application. Urea
concentrations in the plant tissues increased rapidly after foliar application. The maximum concentration was obtained
in shoots at 12 hours and in roots at 24 hours after application. After that, concentration in the tissue declined to its origina
value within 48 hours. Tissue ammonium concentrations also increased after foliar application of urea. Shoot and roo
ammonium concentrations reached a maximum after 12 hours and stayed constant for the remainder of the 48-hou
observation period. In the long-term experiment (5 weeks), the growth obtained with daily foliar applications of urea as
the sole N source was only 10% of that when mineral N was available in the nutrient solution. Ammonium concentrations
in the tissues of urea-treated plants were higher than those of plants treated with mineral N in the nutrient solution.
Although urea concentrations were initially higher in plants treated with mineral N, after 2 weeks urea concentrations
declined in these plants and increased in the shoots of plants receiving foliar applications of urea. These results indica
1) that urea applied foliarly can supply at least part of the N required to sustain growth; 2) that urea is absorbed and
assimilated fast enough to alleviate N deprivation; and 3) that failure to promote rapid growth with foliar urea is probably
due to phytotoxicity and not to N deprivation.
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Although the use of foliarly applied urea as a N source
common (Below et al., 1985; Bowman and Paul, 1990, 19
Vasilas et al., 1980), its physiological effects vary with cultiv
(Peltonen, 1993) and season (Han et al., 1989; Ippersiel e
1989; Peltonen, 1993; Vasilas et al., 1980). Field experiments
to be less consistent than greenhouse experiments in show
beneficial effect of foliarly applied urea (Peltonen, 1993). In fie
grown maize, the effects of the foliar sprays on shoot biom
grain yield, and protein quality were not uniform (Ippersiel et 
1989). The failure of foliar N applications to increase grain yie
of maize may result when foliarly applied N is incorporated int
different pool of N than had been formed earlier by soil-derive
(Below et al., 1985). Foliar application of 15N-urea (3.5%) during
fall on apple enhanced the retranslocation of leaf N to other p
parts and increased stored N, thus enabling the plant to pro
more growth during the following seasons (Han et al., 1989)
wheat, foliarly applied urea produced positive effects; these w
attributed to higher leaf photosynthetic rates and higher leaf ur
enzyme activities (Peltonen, 1993). When urea was foliarly 
plied to soybeans, yields were inconsistent depending on yea
cultivar used (Vasilas et al., 1980).

Plants generally acquire N through root absorption of NH4
+ or

NO3
– from the soil solution, but, under certain circumstanc

plants may obtain N from the atmosphere through the sho
Shoots can gain N in the gaseous forms of NH3 and NOx (Mar-
schner, 1995). Shoot uptake of dissolved N is a major source
SOC. HORT. SCI. 121(6):1117–1121. 1996.
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for epiphytes and carnivorous plants (Raven, 1988). For agr
tural crops, urea, NH4

+, and NO3
– are absorbed equally well whe

applied foliarly, but the first form is preferred because NH4
+ and

NO3
– can cause unacceptable damage (Bowman and Paul, 1

Perennial ryegrass turf, tall fescue, and creeping bentgrass
rapidly absorbed N applied foliarly during the first 12 h af
application, and old leaves absorbed more rapidly than new 
(Bowman and Paul, 1990, 1992). In maize, almost all of the 
applied foliarly was absorbed within 3 d (Ippersiel et al., 198
Similar results were obtained with wheat, for which only 18%
the applied urea remained on leaf surfaces after 4 h and negl
amounts were found after 4 d (Smith et al., 1991).

The main objective of the following experiments was to asc
tain if foliar urea applied as the sole N source can promote
growth of tomato plants and to determine the fate of this foliar u
We conducted a series of short-term (10 d) experiments to d
mine the optimum foliar urea concentration and the extent of 
absorption and assimilation. In a subsequent long-term experi
(5 weeks), we monitored the effects of urea as well as chang
tissue urea and NH4

+ levels in plants growing with foliar urea o
with NH4NO3 in the nutrient medium.

Materials and Methods

‘T-5’ tomato seeds (Lycopersicon esculentum) were obtained
from Richard Jones, Dept. of Vegetable Crops, Univ. of Cali
nia, Davis. ‘T-5’ is a fresh-market type and is a genotype w
which we have extensive experience (Bloom, 1994). The s
were germinated at room temperature in rolled paper towe
standing in 2 mM CaSO4. After 1 week, seedlings were transplant
to 1.7-L opaque plastic containers, four to six plants per conta
The containers were filled with a nutrient solution that consiste
micronutrients according to Epstein (1972): 2.0 mmol·L–1 CaSO4,
1.0 mmol·L–1 MgSO4, 0.6 mmol·L–1 K2SO4, 1.0 mmol·L–1 K2HPO4,
and either 50 µmol·L–1 NH4NO3 or no N when foliar applications
of urea were used. The nutrient solution was continuously aer
1117
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Fig. 1. Relative growth rate of 3-week-old tomato plants receiving different foliar
applications of urea. Plants were grown with 50 ± 10 µmol·L–1 NH4NO3 in the
nutrient solution for 1 week, received a N-free nutrient solution for 4 d, and then
received various concentrations of foliar urea as the sole N source plus a
surfactant for the last 10 d. Shown are the means ± SE for six plants.
Plants were grown for 2 d at moderate light intensity and t
transferred to a greenhouse. The containers were immerse
water bath that maintained root temperatures at 20 ± 0.2 °C. Shoot
temperatures varied between 25 and 35 °C. The greenhouse wa
furnished with supplemental 1000 W metal halide lamps to in
that light levels exceeded 1000 µmol·m–2·s–1 photosynthetically
active radiation over a 14-h day.

To determine the optimal urea concentration and frequenc
application, two short-term (10-d) experiments were conducte
the first experiment, plants were grown for 1 week with 
µmol·L–1 NH4NO3 in the nutrient solution, a concentration that c
sustain the full growth of tomato (Smart and Bloom, 1993). 
plants were transferred to a nutrient solution without N for 4 d,
then received daily applications of urea solutions consistin
0.0%, 0.1%, 0.2%, or 0.3% (w/w), which correspond to a con
tration of 17, 34, or 51 mmol·L–1, respectively. In the secon
experiment, the plants received the treatments immediately 
being transferred to the greenhouse. The treatments in this e
ment consisted of 0.0% or 0.2% (w/w) applied daily, 0.1% (w
applied twice a day, and 50 µmol·L–1 NH4NO3 in the nutrient
solution.

The urea treatments were applied with a plant sprayer f
Delta Industries. The surfactant α-alkylaryl-Ω-hydroxypoly
(oxyethylene) glycol (Spray-Mate; National Chelating Corp.) w
added to the urea solutions in the proportion of 0.3% (v/v). 
plants were sprayed until solution dripped off the leaves.
minimize urea leakage into the nutrient solution, a 4-cm clo
cell foam plug was fitted around the stem of each plant befor
experiments and the nutrient solution was changed every da

Before spraying the plants, daily samples of the nutrient solu
were taken and analyzed for NH4

+, NO3
–, and urea as described belo

The plants were oven dried at 70 °C and weighed at the end o
the experiments. Tomato at these developmental stages s
exponential growth (Smart and Bloom, 1993) so that rela
growth rate was calculated by the formula:

RGR = ln(Wfinal/Winitial)/t

where RGR is the relative growth rate (g·g–1·d–1), Wfinal is the plant
fresh weight at the end of the experiment (g), Winitial is the plant
fresh weight at the beginning of the experiment (g), and t is the
duration of the experiment (d).

Urea absorption and assimilation was determined in two ex
ments. In a short-term experiment, plants were grown for 1 w
in the greenhouse with 50 µmol·L–1 NH4NO3 in the nutrient
solution and then transferred to nutrient solution without N for 
The plants then received foliar applications of 0.3% (v/v) sur
tant and either 0.0% or 0.25% (w/w) urea solutions as abov
time 0, 4, 12, 24, and 48 h after application, four plants in e
treatment were used for urea uptake estimates. The shoots
submerged for 4 min in 100 mL of 1.0 mmol·L–1 K2HPO4 adjusted
to pH 7.0. This washing procedure optimized the amount of 
recovered from the leaves (recovery was >95%; data not sho
The washing solution was then analyzed for urea (Bowman
Paul, 1990). Plants were frozen in liquid N, freeze-dried, grou
and analyzed for levels of NH4

+ and urea in the tissue.
In the long-term experiment, the plants received either d

foliar applications of 0.2% (w/w) urea solution or 50 µmol·L–1

NH4NO3 in the nutrient solution for 5 weeks. The contain
received fresh nutrient solution every day to avoid nutrient s
tion contamination by urea. Six plants from each treatment w
harvested every week, frozen in liquid N, freeze-dried, ground
analyzed for tissue NH4

+ and urea.
To determine NO3

–, NH4
+, or urea in plant tissues, the samp
1118
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were extracted with 1.0 mmol·L–1 CaSO4. Nitrate was determined
by high-performance (pressure) liquid chromatography (Tha
and Huffaker, 1980). The column was a 10-µm anion-exchange
column (no. 8165; Alltech) and the eluent was 35 mM KH2PO4
adjusted to pH 3.0 with H3PO4. An autosampler (SIL-9A;
Schimadzu) injected a 50-µL sample, and the NO3

– eluting from
the column was detected by absorption at 210 nm. An integ
(CR501; Schimadzu) recorded peak heights. Ammonium 
determined with an NH3-selective electrode (model 95-12; Orion
An autosampler (SIL-9A) injected 0.5-mL sample into a ba
ground solution consisting of 10 µmol·L–1 NH4

+ and 1 mmol·L–1

CaSO4. The background solution and a solution containing 
mol·L–1 KOH (to bring the pH to above 12.0, converting the NH4

+

to NH3) and 200 mM diethylenetriaminepentaacetic acid (DTPA
chelator to prevent the precipitation of calcium compounds) w
mixed in a 50:1 ratio before the combined streams flowed pas
electrode. An integrator (CR501) recorded peak heights. Urea
analyzed by digestion of urea to NH4

+ with urease (EC 3.5.1.5.
Sigma), and the NH4

+ released was determined as described ab
Statistical analyses were performed with a one-way ANO

(Microsoft Excel). A probability of <5% was considered significa

Results

Growth of tomatoes receiving daily foliar applications of ur
as the sole N source varied significantly with concentration (
1). In these experiments, NO3

–, NH4
+, and urea in the nutrien

solution without N were undetectable (below 10.0 µmol·L–1).
Optimal growth was obtained with 0.2% urea when the plants w
grown either with NH4NO3 in the nutrient solution and then shifte
to urea (Fig. 1) or with urea alone (Fig. 2). In the last case, there
no significant difference between 0.1% urea applied twice a
and 0.2% urea applied once a day (Fig. 2). The urea-treated p
grew significantly less than the ones receiving NH4NO3 in the
nutrient solution.
J. AMER. SOC. HORT. SCI. 121(6):1117–1121. 1996.



oot
hose
s
ame

oots
d,
 were
).

itive
on.
 less
t
owth
 from
hen
l and
heat
eaf

 can
 the
cy

Fig. 2. Dry weight of 2-week-old tomato plants receiving either foliar applica
of urea or 50 ± 10 µM NH4NO3 in the nutrient solution as the sole N source. In 
0.1 × 2 treatment, 0.1% urea (w/w) plus a surfactant was applied foliarly tw
day, whereas for the other treatments either 0.2% urea plus a surfactant o
surfactant was applied once a day. Shown are the means ± SE for six plants.

ra
The amount of urea present on leaf surfaces decreased 
after application (Fig. 3A). After 24 h, the amount of
urea on the surface of urea-treated plants was similar
to that of plants receiving only the surfactant. The
urea concentration in the shoots of urea-treated plants
increased during the first 12 h after urea application
and then declined (Fig. 3B). With the exception of
the initial readings (0 h), plants receiving the urea
treatment had higher shoot urea levels than plants
receiving only the surfactant (Fig. 3B). Root urea
concentrations were highly variable and did not
significantly differ between treatments (Fig. 3C).
The NH4

+ concentration of urea-treated plants also
increased after application (Fig. 3 D and E) and
reached a maximum value after 12 h. In contrast to
the shoot urea concentration, the shoot NH4

+ concen-
tration remained constant for the remaining observa-
tion period (Fig. 3D). Tissue NH4

+ concentration of
urea-treated plants was always higher than that of
plants receiving only the surfactant. Root NH4

+ con-
centrations in either treatment was higher than shoot
NH4

+ concentrations (Fig. 3 D and E).
In the long-term experiment, cumulative dry

weight gain of plants grown with foliar application
of urea as the sole N source was much smaller than
that of plants grown with NH4NO3 in the nutrient
J. AMER. SOC. HORT. SCI. 121(6):1117–1121. 1996.

Fig. 3. Concentration on a dry mass basis of (A) urea on the leaf
surfaces, (B) urea within shoot tissues, (C) urea within root
tissues, (D) NH4

+ within shoot tissues, and (E) NH4
+ within root

tissues for 3-week-old tomato plants sprayed with a solution that
contained 0.25% (w/w) urea plus a surfactant (closed circles) or
just a surfactant (open circles). The solution was applied at time
zero. The plants had been grown for 1 week with 50 µmol·L–1

NH4NO3 in the nutrient solution, then transferred to a N-free
solution for the 4 d before the onset of the experiment. Shown
are the means ± SE for four plants, with small error bars
incorporated into the symbol.
solution (Fig. 4A). Urea-grown plants had higher NH4
+ concentra-

tions in shoots and roots than those grown with NH4NO3 in the
nutrient solution (Fig. 4B). During the first 2 weeks, shoot and r
urea concentrations of the urea-grown plants were lower than t
of plants grown with NH4NO3 in the nutrient solution, but, after thi
initial period, urea concentrations of the urea-grown plants bec
much higher than those of plants grown with NH4NO3 (Fig. 4C).
Urea concentrations in shoots were very similar to those in r
for the NH4NO3-grown plants during the entire growth perio
whereas after the second week, urea concentrations in roots
lower than those in shoots for the urea-grown plants (Fig. 4C

Discussion

Urea applied daily to the leaves of tomato plants had a pos
effect upon growth; 0.2% (w/w) was the optimal concentrati
The growth obtained with urea applications, however, was far
than that produced when NH4NO3 was available in the nutrien
solution. Higher urea concentrations generally decreased gr
because of excessive leaf damage. Leaf damage resulting
foliar application of urea has been reported previously w
soybean leaves were treated with urea solutions of 2% (Bare
Black, 1979) or 4% (Krogmeier et al., 1989, 1991) and when w
was treated with urea solutions of 11% (Peltonen, 1993). L
damage is the main factor that limits the total amount of N that
be supplied through foliar applications of urea. Understanding
causes of urea phytotoxicity is critical for improving the efficien
for this method of N supply.
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Fig. 4. On a dry mass basis, (A) Biomass, (B) NH4
+ concentrations, and (C) urea

concentrations in shoots (triangles) or roots (squares) of tomato plants grow
5 weeks with either daily foliar applications of a 0.2% (w/w) urea solution 
a surfactant (open symbols) or 50 µmol·L–1 NH4NO3 in the nutrient solution
(closed symbols) as the sole N source. Shown are the means ± SE for six plants,
with small error bars incorporated into the symbols.
Here, tomato rapidly absorbed the foliar urea (Fig. 3A). T
result is similar to that for soybeans in which leaves absorbed
of the urea applied within 18 h after application (Morris a
Weaver, 1983) and to those for tall fescue, bentgrass, and per
ryegrass (Bowman and Paul, 1990, 1992) in which most of 
applied foliarly was absorbed within 12 h. Even faster uptake
measured for wheat at heading, in which only 18% of the N app
remained on the exterior of the leaves after 4 h (Smith et al. 19
This result is consistent with the observation (Bowman and P
1990) that old leaves absorbed urea at a higher rate than new l

The washing method used here may overestimate urea ab
tion because it assumes that the urea absorbed equals the diff
between the amount of urea present on the surface of the lea
the time of application and that present after a certain time. S
authors (Morris and Weaver, 1983) have suggested that N c
lost from leaf surfaces by volatilization of ammonia. Nonethel
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the amount of N lost by ammonia volatilization after foliar ur
application in wheat was only 0.32% of the N applied (Smith et
1991). Moreover, no significant differences were found among
washing method and two other methods for estimating leaf u
absorption after urea application (Bowman and Paul, 1990). Th
findings support that, although some small overestimation m
occur, the washing method is a reasonable technique for estim
leaf urea uptake.

In the short-term experiments, foliar urea application cause
transient increase in the tissue urea concentrations. The 
pattern of change in urea concentrations was observed in tall fe
and bentgrass (Bowman and Paul, 1990), perennial ryegrass (
man and Paul, 1992), and maize (Ippersiel et al., 1989). 
transient increase was probably caused by rapid urea up
which increased the urea concentration, followed by rapid 
drolysis, which decreased it. As a result of rapid hydrolysis, p
NH4

+ concentration increased after urea foliar application (Fig
D and E) as has been observed in other studies (Bowman and
1990, 1992). In contrast with urea concentrations, the NH4

+ con-
centrations remained high after their initial increase, up to 4
after application. Whether these stable NH4

+ concentrations are
caused by the continuous generation of NH4

+ from urea hydrolysis
or by an inhibition of NH4

+ assimilation is unknown.
Results from the long-term experiment were similar to thos

the short-term experiments in that plant growth was much sma
when foliar application of urea was the sole N source than w
NH4NO3 was applied in the nutrient solution. Magalhaes a
Wilcox (1983) obtained similar results, which they explained
the basis of the lower tissue N concentrations in the pla
receiving foliar fertilization. Here plants grown with foliar appl
cations of urea had higher NH4

+ concentrations than those grow
with NH4NO3. The discrepancy between the two studies m
derive from the use of different N concentrations in the nutri
solutions. Magalhaes and Wilcox (1983) used 8 mmol·L–1 of
either NH4

+ or NO3
–, whereas we used a concentration of 

µmol·L–1 ammonium nitrate, a concentration that can sustain
full growth of tomato (Smart and Bloom, 1993). Therefore,
deficiency is probably not the cause of slower growth under fo
application of urea.

A more probable cause of slower growth under foliar appli
tions of urea is the accumulation of urea in the shoot tissues 
4C). Toxicity related to foliar application of urea has been repo
for several species (Barel and Black, 1979; Krogmeier et al., 1
1991; Peltonen, 1993) and may be caused by the direct effec
urea or by NH4

+ released by urease. Using phenylphospho
diamidate to inhibit urease activity, Krogmeier et al. (198
demonstrated that phytotoxicity was the direct effect of ur
rather than of NH4

+. This finding was supported by a subseque
experiment in which Ni-deficient plants showed lower urea
activity and more leaf-tip necrosis than Ni-sufficient on
(Krogmeier et al., 1991). In wheat, leaf burn also increased w
leaf urea content of the foliar spray (Peltonen, 1993). The rea
for urea toxicity are not known. Moreover, the high levels of NH4

+

present after urea was applied to the leaves (Figs. 3 D and E an
can also be, at least partly, responsible for inhibiting grow
through feedback inhibition of urease activity. The tissue N4

+

concentrations observed here are well below 350 µmol·g–1 dry
matter, the level at which tomato plants show severe symptom
NH4

+ toxicity (Barker and Corey, 1991)
Although urea applied to the leaves of tomato plants 

promote growth, this growth is slower than that observed w
NH4NO3 is applied to the nutrient solution. Slower growth 
apparently the result of urea toxicity.

n for
plus
J. AMER. SOC. HORT. SCI. 121(6):1117–1121. 1996.
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