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Abstract 15 

BACKGROUND: Most of the N fertilizers added to the soil are not efficiently used by 16 

plants and are lost to the atmosphere or leached from the soil, causing environmental 17 

pollution and increasing cost. The barley seed encapsulation in calcium alginate gels 18 

containing free or immobilized urease was investigated to enhance plant utilization of 19 

soil N.  20 

RESULTS: Urease was immobilized with soil humic acids (HA). A central composite 21 

face-centered design was applied to optimize the immobilization process, reaching an 22 

immobilization yield of 127%. Soil stability of urease was enhanced after the 23 

immobilization. The seed encapsulation with free urease (FU) and humic-urease 24 

complex (HUC) resulted in an urease activity retention in the coating layer of 46 and 25 

24%, and in germination rates of 87 and 92%, respectively. Under pot culture 26 

conditions, the pots planted with seeds encapsulated with FU and HUC showed higher 27 

ammonium N (NH4
+-N) (26 and 64%, respectively) than the control soil at 28 days after 28 

planting (DAP). Moreover, the seed encapsulation with FU and HUC increased the N 29 

uptake 83 and 97%, respectively, at 35 DAP.  30 

CONCLUSION: The seed encapsulation with urease could substantially contribute to 31 

enhance the plant N nutrition in the early stages of seedling establishment. 32 

KEYWORDS: Enzyme immobilization; Nitrogen availability; Plant growth; Seed 33 

coating; Seed encapsulation; Soil urease  34 

35 
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INTRODUCTION 36 

The application of N fertilizer is a common practice to increase crop productivity, 37 

since N is a limiting factor for plant growth. The global consumption of N fertilizer is 38 

closely related with the cereal production. Thus, in example, of the total N fertilizers 39 

consumed in world in 2010/11, 55.2% it is estimated to have been applied to cereal 40 

production.1 Barley ranks fourth among the cereals in worldwide production. In Spain is 41 

one of the most important crops, representing up to 40% of the total cereal production.2 42 

However, most of N fertilizers added to the soil are not efficiently utilized by plants. 43 

For example, the N use efficiency (NUE) of N fertilizers in the global cereal production 44 

had been estimated at 33%.3 Moreover, the N fertilizers that are not used by plants are 45 

lost to the atmosphere or leached from the soil which, besides increasing production 46 

cost, has adverse effects on the environment including greenhouse effect and surface 47 

and ground water pollution.4  48 

Nitrogen occurs in soils in both inorganic and organic forms. Although there is 49 

evidence that soluble organic forms of N (such as amino acids) can be taken up by 50 

plants, inorganic N forms (NO3¯ and NH4
+) have classically been considered to 51 

dominate plant uptake.5 In this way, amidohydrolases play an important role in organic 52 

N mineralization in soils and thus, N supply for plants. These enzymes catalyze the 53 

hydrolysis of C-N bond other that peptide bonds in linear amides.6 Among 54 

amidohydrolases, urease is one of the most studied enzymes. Urease is a ubiquitous 55 

enzyme in the soil, where it is produced by a vast number of both eukaryotic and 56 

prokaryotic organisms. This enzyme catalyzes the hydrolysis of urea to CO2 and NH3. 57 

Urea is commonly found in natural environment derived from urine excretion by 58 

animals (animal wastes) and the decomposition of nitrogenous compounds (i.e. amino 59 
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acids, purines) from dead organisms.7 Moreover, urea is quantitatively the most 60 

important N fertilizer.5 In this way, urease activity of soil has a great importance in 61 

agriculture due to urea serves as a readily available N source for the plant growth. 62 

Enhance the NUE by plants is essential for a sustainable agriculture. Thereby, an 63 

increase in the rate of utilization of soil organic N in the plant rhizosphere could 64 

improve the NUE, avoiding or reducing the application of N fertilizers. This increase 65 

may be achieved by means of seed coating with stabilized enzymes. The seed coating 66 

allows the application of “materials” onto the natural seed coat in such a way that they 67 

can affect the seed or soil at the seed–soil interface.8 Enzymes can be stabilized by their 68 

association with humic colloids, which protect them against proteolytic activity and 69 

other processes leading to its inactivation in soil.9,10 Pilar-Izquierdo et al.11,12 reported 70 

that the seed coating with alkaline phosphatase stabilized by immobilization in soil 71 

humates enhanced the utilization by plants of accumulated soil P. A similar strategy, 72 

using stabilized urease, may be helpful to mineralize naturally occurring soil organic N, 73 

by hydrolysis of urea compounds to ammonia, and benefit N uptake by plants. Among 74 

the techniques that can be used for seed coating (film-coating, pelleting, encrusting and 75 

encapsulation),8,13,14 the encapsulation in calcium alginate capsules12 have been 76 

successfully applied for the coating of barley seeds.12,15 By means of encapsulation the 77 

coating material is enclosed inside the calcium alginate capsule formed around the seed 78 

and, after seed drying, a uniform film adhered to the seed surface is formed.12 Applying 79 

this technique no coating material losses or seed agglomeration have been observed,15 80 

two important problems that can occur when seeds are coated. 81 

In this context, the aim of this work was to synthesize a stable HUC and to study the 82 

effect of the encapsulation of barley seeds in calcium alginate gels containing free or 83 
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immobilized urease on N uptake and plant growth. Specifically, this research can be 84 

very valuable in order to develop “fertilizers” enriched with stabilized enzymes as a 85 

means of bringing about localized solubilization of soil organic N, avoiding the 86 

deleterious effects of excessive application of N chemical fertilizers.  87 

MATERIALS AND METHODS 88 

Experimental design 89 

Urease (urea amidohydrolase EC 3.5.1.5) from jack bean (Canavalia ensiformis) 90 

(Calbiochem, San Diego, CA) was immobilized by co-flocculation with HA and Ca2+. 91 

A central composite face-centered star points design (CCF) was applied to evaluate the 92 

effect of immobilization parameters. The properties and stability of the HUC were 93 

studied. Barley seeds (Hordeum vulgare L., var. vanessa) were coated by encapsulation 94 

in Ca-alginate gels containing FU or HUC. A germination test was performed to assess 95 

the viability of the encapsulated seeds. A pot culture experiment was carried out to 96 

study the effect of the coating on the plant growth and N uptake. The soil used in the 97 

experiment was collected from the farm field surface of 0-10 cm at Ribera del Arlanza 98 

in Burgos (Spain). Before use, the soil was air-dried at room temperature and then 99 

gently ground to pass through a 2-mm sieve. Relevant soil properties are: pH 7.0, total 100 

C 26.8 g kg-1, organic C 20.7 g kg-1 and total N 13.2 g kg-1.  101 

Non-treated and treated seeds were germinated on a wet filter paper at 26 ºC in a 102 

growth chamber (Conviron E7) for 96 h. For each type of seeds, five seedlings were 103 

transplanted to a plastic pot (containing 150 g of non-amended soil) at 10 mm below the 104 

soil surface, and then the pots were transferred to a controlled environment chamber. 105 

The plants were grown under environmental conditions of 20/15ºC photo/dark period 106 
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temperature and 16 h photoperiods per day. The pots were watered everyday with 15 ml 107 

of deionized water. Each experiment was conducted five times. Five plants (one plant of 108 

each replicate) were carefully freed from soil at 7, 14, 21, 28 and 35 DAP. After each 109 

harvest the plant growth was determined by measuring length, dry weight and N 110 

concentration of the shoot. Parallel, soil samples were taken in order to evaluate NH4
+-111 

N and urease activity in the bulk soil. The inorganic N of soil was extracted according 112 

to Keeny and Nelson16 and the NH4
+-N present in the solution was evaluated following 113 

the method proposed by Keeney and Bremner17 and modified by Beck.18  114 

Enzyme immobilization 115 

Urease was immobilized by co-flocculation with HA and Ca2+. The HA were 116 

obtained according to Busto et al.19 The HUC were obtained as described by Pilar et al. 117 

,20 with some modifications. Briefly, 2 mL of HA (ranging from 2 to 6 mg mL-1) was 118 

added to 2 mL of the urease solution (0.25 mg mL-1) and 3 mL of phosphate-citrate-119 

borate buffer (PCBB: 100 mM phosphate, 57 mM borate, 36 mM citrate) at different pH 120 

value (6.0-10.0). The resulting immobilization solution was mixed by orbital shaking 121 

(150 rpm) at different agitation times (from 30 to 180 min) and temperatures (from 4 to 122 

50 ºC). The mixture was flocculated by the addition of 2 mL of 0.5 M CaCl2 and shaken 123 

gently (150 rpm) for 6 h at 20 ºC. The suspension was centrifuged (15400 g) for 15 min 124 

at 4 ºC and the pellet was washed five times with 0.1 M calcium acetate buffer (pH 4.5). 125 

The insoluble complexes were resuspended in 10 mL PCBB (pH 7) and assayed for 126 

urease activity. The immobilization yield (IY, %) was determined as follows: 127 

IY (%) = (AHUC – AH) x 100/Ao                                                          (1) 128 

where AHUC, AH and A0 were the urease activity of the HUC, the HA and the activity 129 

added for immobilization, respectively. 130 
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Assay of urease activity 131 

Urease activity was measured following the method reported by Kandeler and 132 

Gerber21 with some modifications. Briefly, the activity was determined by incubating 1 133 

mL of 50 mM urea (Sigma, St. Louis, MO), 3.5 mL of PCBB (pH 7) and 0.5 mL of the 134 

enzyme solution at 37 ºC for 15 min. For the urease activity of coated seeds and soil, 135 

samples of five seeds and 1 g of fresh soil, respectively, were added to 4 mL of PCBB 136 

(pH 7). After the reaction, 15 mL of 1 M KCl and 10 mM HCl was added to the mixture 137 

and shaken gently (150 rpm) for 30 min at room temperature to extract the NH4
+-N  138 

released from urea. Then, 2 mL of 0.5 M CaCl2 was added (to flocculate the organic 139 

matter) to the mixture. The resulting solution was shaken gently (150 rpm) for 30 min at 140 

room temperature and filtered (Whatman No. 6), and the NH4
+-N present in the filtrate 141 

was determined. In parallel, a standard curve of NH4
+-N in the range of 0-20 µg mL-1 142 

was run. One enzymatic unit was defined as the amount of urease that produces 1 µg of 143 

NH4
+-N from urea over 1 h under the assay conditions.  144 

Properties and stability of the immobilized urease 145 

The Michaelis constants (Km) of FU and HUC were determined by measuring initial 146 

rates of the reaction at urea concentrations ranging from 6 to 30 mM. The Km values 147 

were calculated by using a Lineweaver-Burk plot. The effect of pH on FU and HUC 148 

activity was studied using PCBB with pH values ranging from 4 to 10. The optimum 149 

temperature for hydrolysis of urea was determined by measuring the urease activity at 150 

incubation temperatures from 30 to 80º C. 151 

To test the stability in soil, FU (0.0375 mg g-1 soil; 1190 U g-1 soil) and HUC (0.06 152 

g g-1 soil; 1684 U g-1 soil) were incorporated in samples of soil described above. The 153 

soil was held at 20ºC for 30 days and the residual urease activity measured periodically. 154 
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To calculate the activity of FU and HUC added to soil, activity of endogenous urease 155 

was also measured and subtracted. The residual activity of the FU and HUC was 156 

calculated as a percentage of the initial activity measured in soil after their addition. 157 

Seed coating and germination test 158 

Barley seeds were encapsulated in Ca-alginate gels containing FU and HUC using 159 

the method described by Pilar et al.15 (modified from Patel et al.22) and modified as 160 

follow: the encapsulation solution contained 6% (w/v) carboxymethylcellulose (CMC) 161 

(Sigma, St. Louis, MO), 2% (w/v) calcium chloride and different enzyme/CMC solution 162 

ratios (FU: 0.1, 0.2 and 0.4 mg mL-1; HUC: 0.1 g mL-1). The coating urease activity was 163 

defined by the ratio of the urease activity of the encapsulated seeds to the activity of the 164 

free or immobilized enzyme used in the coating process (FU: 1159 U mg-1; HUC: 213 U 165 

g-1). Determinations were replicated five times. The germination test was assayed as 166 

described by Pilar-Izquierdo et al.11 167 

Plant analysis 168 

Length, dry weight and shoot N concentration were determined. Dry weight was 169 

determined by oven-drying the shoots at 105 ºC for 48 h. The inorganic N content was 170 

evaluated following the method of Hevia and Cioccia.23 Plant N uptake was calculated 171 

by multiplying the dry weight by shoot N concentration.  172 

Statistical methods 173 

The immobilization parameters were optimized using response surface 174 

methodology.24 A CCF was employed in this regard. Optimized conditions and response 175 

surfaces were calculated and drawn, respectively, with Statgraphics Centurion 16.1.07. 176 
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This software package was also used to fit the second-order model to the independent 177 

variables by using eq 2 178 
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where y is the dependent variable (response variable) to be modelled, Xi and Xj are the 180 

independent variables (factors), bo, bi, bii and bij are regression coefficients and e is the 181 

error. The model was simplified by dropping terms which were not statistically 182 

significant (p>0.05) by analysis of variance (ANOVA). 183 

Analysis of variance and regression analysis were performed by Statgraphics 184 

Centurion 16.1.07 for Windows. The standard errors of the mean (SEM) are given in 185 

Tables and Figures. The standard errors of difference (SED) were calculated to test 186 

differences in urease activity of the soil, NH4
+-N in soil and plant growth between 187 

encapsulated seeds and control (soil planted with non-treated seeds).   188 

RESULTS 189 

Urease immobilization 190 

Preliminary experiments were carried out to screen the parameters that influence the 191 

preparation of the HUC and the experimental domain. From these experiments, four 192 

factors were investigated: temperature (X1), HA concentration (X2), immobilization pH 193 

(X3) and contact time (X4). Table 1 presents the experiment matrix, together with the 194 

experimental results. The immobilization yield ranged from 53 to 116%. High 195 

percentages of immobilization (>110%) were reached when a low level of temperature 196 

was used at high or central values of both HA concentrations, immobilization pH and 197 

contact time (runs 5 and 9, respectively). 198 
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Analysis of variance (ANOVA) was used to determine the adequacy and the 199 

significance of the quadratic model. The R2 value of the model was 0.92, indicating that 200 

92% of the variability in the response can be explained by the model. The adjusted R2 201 

value of 0.82 suggested that the model was significant. A very low value of the 202 

coefficient of variation (CV = 4.44%) clearly indicated a very high degree of precision 203 

and a good reliability of the experimental values. 204 

A regression analysis was performed in order to determine the coefficients of the 205 

significant effects of each response variable. The effects showing less than 95% 206 

significance were omitted. In this sense, eq 3 explains the data obtained in this 207 

experiment. 208 

IY (%) = -79.794 -0.217 X1+ 0.036 (X1)2-0.169 X1X3- 0.003 X1X4- 209 

 - 4.796 (X2)2+0.043 X2X4-0.037 X3X4  210 

The response surface plots for the immobilization yield showed an increase as the 211 

temperature was decreased and a slight increase when the immobilization time 212 

increased (Figure 1a). The effect of the HA concentration and pH on the response at a 213 

fixed temperature and time of 4 ºC and 180 min is illustrated in Figure 1b. The response 214 

value reached its highest level at 4.5 mg mL-1 HA, whereas pH showed a maximum at 215 

pH 8.0. Under these conditions, the model predicted an immobilization yield of 127%. 216 

To confirm this result, a validation assay was conducted in the conditions imposed at 217 

the optimum. In this assay an immobilization yield of 121% was obtained. This value is 218 

in good agreement with the predicted values for the analyzed response, validating the 219 

mathematical models attained in the studied region. 220 

Properties and stability of the immobilized enzyme 221 

(3) 
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Figure 2 shows Lineweaver-Burk plots for FU and HUC. The FU followed 222 

Michaelis-Menten kinetics over the range of substrate concentration studied. However, 223 

the HUC did not follow pure Michaelis-Menten kinetics. The shape of this graph was 224 

typical of enzymes exhibiting substrate inhibition at high substrate concentration.25 In 225 

this case, the determination of apparent Km was possible by using the linear portion of 226 

the curve at low substrate concentration.26 The Km value for the HUC was higher (129.5 227 

mM) than that of the FU (19.5 mM), increasing it by a factor of 6.6. The pH activity 228 

profile of both FU and HUC is plotted in Figure 3a. The FU showed optimal activity at 229 

pH 5.5, whereas the optimum pH of the HUC was determined at pH 6.2. 230 

The dependence of the urease activity on temperature is shown in Figure 3b. The 231 

optimum temperature of both FU and HUC was found at 60ºC. At temperature values of 232 

70 and 80ºC, the HUC showed the activities of about 8.4 and 9.4% higher than FU, 233 

respectively, which can be due to the protective effect of the immobilization support. 234 

The stability of both FU and HUC in soil was studied (Fig. 4). The FU was almost 235 

inactivated after 3 days, whereas the HUC retained about 35% and 13% of its initial 236 

activity after 7 and 30 days, respectively, of its addition to soil. 237 

Seed encapsulation and germination test 238 

The effect of the barley seed encapsulation with different FU concentration on the 239 

coating urease activity was studied. When encapsulation was performed with 240 

enzyme/CMC solution ratios of 0.1 and 0.2 mg mL-1 the urease activity retained in the 241 

coating layer was similar (31 and 33%, respectively). However, at the highest enzyme 242 

concentration assayed (0.4 mg mL-1), a significant increase (p < 0.01) in the coating 243 

urease activity was observed (46%). The seed encapsulation with immobilized urease 244 

was carried out at a fixed HUC/CMC solution ratio of 0.1 g mL-1. Under this assay 245 
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condition, the coating urease activity was 24%. This enzyme concentration was chosen 246 

in order to achieve an adequate level of urease activity in the coating layer. In this way, 247 

Pilar-Izquierdo et al.12 found that the seed encapsulation with higher concentrations of 248 

humic-enzyme complexes resulted in a remarkable increase in the thickness of the seed-249 

coating layer, which limited the substrate diffusion. As far as the germination of seeds is 250 

concerned, the seeds encapsulated with FU and HUC germinated 88% (for all enzyme 251 

concentration assayed) and 92%, respectively, in comparison with non-treated seeds. 252 

Effect of seed encapsulation on urease activity and NH4+-N of soil 253 

The effect of seed encapsulation on urease activity and NH4
+-N of the soil is shown 254 

in Table 2. A significant increase (p < 0.05) in the urease activity in the bulk soil of pots 255 

planted with encapsulated seeds was observed at the end of the study period. Thus, at 35 256 

DAP, the soil urease activity of pots planted with seeds encapsulated with FU and HUC 257 

was increased 15 and 21%, respectively, in comparison with control soil. No significant 258 

differences between the seed coating with FU and HUC were found. The NH4
+-N in soil 259 

was increased with time to maximum rates at 28 DAP in all pots, and then decreased to 260 

a concentration similar to that at the start of the experiment. Moreover, this increase was 261 

significantly higher in pots planted with treated seeds from 21 DAP. Thus, the NH4
+-N 262 

in soil planted with seeds encapsulated with FU and HUC increased 56 and 21%, 263 

respectively, at 21 DAP, and 26 and 64%, respectively, at 28 DAP. However, at the end 264 

of the study period, only the pots planted with seeds encapsulated with HUC showed a 265 

significant increase (23%) in the NH4
+-N in soil. 266 

Effect of seed encapsulation on plant growth and N uptake 267 
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The effect of seed encapsulation with FU and HUC on plant growth and N uptake is 268 

shown in Table 3. The seed encapsulation significantly increased the shoot length 269 

during the first four weeks of plant growth. Thus, at 7 DAP, plants grown from seeds 270 

encapsulated with both FU and HUC showed higher shoot length (38%) than the 271 

control. However, although control plants grew more slowly, they reached a shoot 272 

length similar to the plants grown from encapsulated seeds at the end of the study 273 

period. The shoot dry weight of plants grown from coated seeds, like the shoot length, 274 

was significantly increased (p< 0.01) during the first three weeks of growing. Moreover, 275 

the seed encapsulation with FU increased the shoot dry weight 15%,  in comparison 276 

with control plants, at the end of the study period. The shoot N content was significantly 277 

higher (p = 0.00) in plants grown from seeds encapsulated with FU and HUC than in 278 

control plants, showing an increase of 55 and 87%, respectively, after 35 DAP. 279 

Moreover, this increase was significant higher in plants grown from seeds encapsulated 280 

with HUC than that with FU since 21 DAP to the end of the experiment. A decrease in 281 

the shoot N concentration with time was observed in all pots, which as expected, since 282 

is known that the N content of tissues decreases with the life cycle of plant.27 Finally, 283 

the seed encapsulation with urease significantly increased (p = 0.000) the N uptake by 284 

plants. Thus, at 35 DAP, the plants grown from seeds encapsulated with FU and HUC 285 

showed an increase in the N uptake of 83 and 97%, respectively. 286 

DISCUSSION 287 

Stabilized extracellular soil enzymes, in particular hydrolases such as urease, play an 288 

important role in the availability of nutrients for plants. Soil enzymes can be stabilized 289 

through association with clay minerals, particulate organic matter and HA.10,30 In this 290 
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way, soil urease is crucial for the N cycle and its association with HA is a fundamental 291 

requirement for its stability.28 292 

The chemical complexity of the humic substances still prevents a full understanding 293 

of their interactions with reactive biomolecules presents in the environment, such as 294 

extracellular enzymes.29 However, several mechanisms have been proposed for the 295 

stability of humic-enzyme complexes. Thus, humic compound may adsorb enzymes by 296 

ion exchange, covalent complexation and hydrogen bonding.30 Moreover, enzymes can 297 

be trapped within the humic net and also immobilized at the surface by adsorption 298 

forces.31 Recent studies applying nuclear magnetic resonance spectroscopy indicate that 299 

enzymes are stabilized by encapsulation in humic aggregates32 or by non-covalent 300 

interactions, such as van der Waals, H-bonds and π-π bonds.29 Anyway, insufficient 301 

data are available to draw definitive conclusions about the nature of the interaction in 302 

the samples examined here. 303 

It is well known that immobilization can affect enzyme activity and catalytic 304 

properties. In the present study, the binding of urease to soil HA increased the enzyme 305 

activity, reaching immobilization yields higher than 100% under optimal conditions. 306 

Busto et al.19 also observed immobilization yields higher than 100% in humate-β-307 

glucosidase and humate-carboxymethyl cellulase complexes by 180 and 350%, 308 

respectively. In contrast, Pilar et al.18 reported a loss of activity in phosphatase-humate 309 

complexes with respect to the initial enzyme concentration. The enzymes attached to the 310 

humic matrix have a microenvironment quite different than that of free enzymes in 311 

solution,23 because they are affected by different diffusion, charge and steric effects.31 312 

Therefore, the activity of the humic-enzyme complexes toward substrates may be 313 

different from that of the free enzyme.  314 
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With regard to the catalytic properties of the immobilized urease, the increase in the 315 

Km value observed after immobilization indicate a lower affinity of the immobilized 316 

enzyme by its substrate in comparison with the soluble enzyme, which may be caused 317 

by steric hindrance of the active site by the support, the loss of enzyme flexibility 318 

necessary for substrate binding or by diffusion limitations of the substrate.33 In general, 319 

enzymes bound to soil components have higher Km values than the free enzymes.34 The 320 

shift in the pH-activity curves towards alkaline region observed upon immobilization 321 

has been attributed to the microenvironment created by the charged carriers. Tan35 322 

reported that dissociation of COOH in humic matter starts at pH 3.0, and the humic 323 

molecule becomes negatively charged. As a result of a negative surface charge the pH 324 

in the microenvironment of the enzyme will be lower than the bulk pH. A higher bulk 325 

pH is required in providing an optimum pH in the microenvironment of the enzyme and 326 

hence a shift to higher values is encountered.36 The higher stability of the immobilized 327 

urease added to the soil, in comparison with their soluble counterpart, suggests that the 328 

association of the enzyme with the HA protects it from degradation in soil. Therefore, 329 

given the increase in the activity and stability of urease immobilized in the humic 330 

support, the seed coating with the HUC synthesized is expected to improve the NUE in 331 

the plant rhizosphere.  332 

The values of enzyme activity retained to the seed coating layer may be related with 333 

the coating process. Firstly, a leakage of the enzyme can occur during the encapsulation 334 

process, probably before the alginate capsule was formed,37 which could result in a 335 

decrease in the calculated coating yield. Thus, Vikartovska et al.38 reported enzyme 336 

losses of about 56% during the first step of the encapsulation of glucose oxidase in 337 

polyelectrolyte complex capsules. Moreover, the enzyme added during the seed 338 
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encapsulation is enclosed inside the capsule formed, which could cause diffusional 339 

restrictions so that not all the activity of the immobilized enzyme was expressed.39 340 

Germination of coated seeds can be affected by the coating composition, coat 341 

thickness and species, among others, which may increase, decrease or not affect the 342 

germination rates.40 In this work, a slight decrease in the germination rate of 343 

encapsulated seeds was observed. These results were similar to those reported by Pilar-344 

Izquierdo et al.12 when barley seeds were encapsulated with phosphatase free and 345 

immobilized in HA. This decrease in the germination rate could be attributed to the 346 

coating acting as an oxygen barrier or the hardness of the Ca-alginate capsule formed 347 

around the seed. Film-coating polymers decreased seedling emergence in wet soils with 348 

low oxygen diffusion rate.41 Moreover, a delay of 24 h in germination of encapsulated 349 

seeds in comparison with control was observed. In this way, Ester et al.42 found that the 350 

germination of seed film-coated with an insecticide was delayed, although after a few 351 

days the growth of plants from film-coated seeds was similar to control plants. Since the 352 

FU/CMC solution ratio had no effect on the germination percentage of encapsulated 353 

seeds, 0.4 mg mL-1 was selected as the optimal enzyme concentration taking into 354 

account the coating urease activity. 355 

Increases in NH4
+-N concentration with time in soils incubated under laboratory 356 

conditions have been reported.4,43 Moreover, Abbasi et al.4 also observed a similar trend 357 

in the NH4
+-N concentration in a control soil, in which this concentration increased with 358 

time to a maximum and then declined to background level at the end of the experiment. 359 

The increase in the NH4
+-N with time indicates that the mineralization of organic N 360 

present in soil has occurred. Moreover, the significantly higher NH4
+-N concentration 361 

observed in pots planted with encapsulated seeds from 21 DAP, in comparison with 362 
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control soils, may be attributable to the urease activity added in the seed coating layer. 363 

Thus, although increases in the urease activity of bulk soil were only detected at the end 364 

of the study period, a higher rhizosphere urease activity in the first weeks of the pot 365 

experiment could be expected. On the other hand, the decrease in the soil NH4
+-N 366 

concentration observed in all pots at the end of the study period could be partially due to 367 

the nitrification of NH4
+-N to NO3

--N. Nitrification is often considered the major fate of 368 

NH4
+ in agricultural soil.44 Thus, increases in the NO3

--N in soils incubated under 369 

laboratory conditions have been reported.4,45 Furthermore, the decrease in the soil NH4
+-370 

N could be also due to the increase observed in the plant N uptake. In addition, the 371 

changes in the NH4
+-N concentration observed in the pots with time could be related 372 

with the microbial activity.44,46  373 

CONCLUSION 374 

In this research the synthesis of a stable HUC and the application of FU or HUC to 375 

barley seed encapsulation for improving plant utilization of soil N was studied. The 376 

results obtained in the pot experiment showed the beneficial effect of the seed 377 

encapsulation by increasing the shoot N content and the N uptake. No significant 378 

differences in the N uptake of plants grown from seeds encapsulated with FU and HUC 379 

were found at the end of the study period. Nevertheless, althought the shoot N content 380 

in plants grown from seeds encapsulated with HUC was higher than in plants grown 381 

from seeds encapsulated with FU, at 35 DAP, the value of N content was in the same 382 

order of magnitude. These results, together with the higher NH4
+-N concentration found 383 

in the pots planted with encapsulated seeds, could be explained by a higher urease 384 

activity in the root vicinity as a consequence of the coating applied on the seeds. 385 



 18 

The seed encapsulation with urease could potentially enhance the N plant nutrition, 386 

without the massive addition of N fertilizers. However, further research to evaluate the 387 

NUE is necessary. Moreover, it would be necessary to carry out field experiments to 388 

evaluate the effect of the seed encapsulation with urease on the plant growth and grain 389 

yield under natural conditions. 390 
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 527 

Table 1. Experimental design and results according to the central composite face-
centered design.  

 Variable level* 
HUC 

activity† 

IY (%)‡ 

Assay X1 X2 X3 X4 Exptl Predicted 

1 4 6 6 30 730 85 80 
2 4 2 6 180 2174 93 92 
3 4 2 10 30 2347 101 101 
4 4 2 10 180 2055 88 87 
5 4 4 8 105 1326 110 114 
6 4 2 6 30 1986 85 83 
7 4 6 6 180 780 109 114 
8 4 6 10 30 825 98 102 
9 4 6 10 182 961 116 114 
10 27 2 8 105 1402 59 67 
11 27 6 8 105 645 74 71 
12 27 4 8 180 1139 93 93 
13 27 4 6 105 606 78 85 
14 27 4 8 30 1072 88 95 
15 27 4 10 105 971 78 78 
16 50 6 6 30 692 80 84 
17 50 2 6 180 2100 90 89 
18 50 2 10 30 2141 92 90 
19 50 2 10 180 1270 53 53 
20 50 4 8 105 1167 96 99 
21 50 2 6 30 2450 106 103 
22 50 6 6 180 835 99 95 
23 50 6 10 30 678 78 75 
24 50 6 10 180 539 59 64 

25 (cp) 27 4 8 105 1123 92 87 
26 (cp) 27 4 8 105 1106 90 87 
27 (cp) 27 4 8 105 1199 99 87 

*Variable level X1, X2, X3 and X4 were temperature (ºC), HA concentration (mg mL-1), 
immobilization pH and contact time, respectively. 
†In U mg-1 HA 
‡IY = Immobilization yield. Soil HA solution: AH = 99 U mg-1 HA; urease activity 
added for immobilization: A0 = 4453 U 
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 531 

Table 2. Urease activity and  NH4
+-N of soil planted with non-treated seeds (control) and seeds 

encapsulated with FU and HUC. Values are presented as the mean (n=3) and SEM (in 
parenthesis)* 
  Seed treatment 

Parameter DAP Control FU HUC 
SED 

(4DF)† 
SED 

(4 DF)‡ 
SED 

(4 DF)§ 
Urease activity 
(U g-1 dried soil) 

7 178 (28) 176 (36) 147 (13) ns ns ns 
14 148 (18) 156 (26) 176 (11) ns ns ns 
21 137 (4) 148 (5) 150 (9) ns ns ns 
28 154 (0) 142 (1) 158 (7) 1.1 ns 1.1 
35 156 (6) 180 (6) 189 (4) 8.6 6.9 ns 

        NH4
+-N  

(mg NH4
+-N kg-1 dried 

soil) 

7 2.7 (0.11) 2.9 (0.18) 2.9 (0.12) ns ns ns 
14 3.2 (0.01) 2.7 (0.12) 3.3 (0.06) 0.1 ns 0.1 
21 3.4 (0.11) 5.3 (0.27) 4.1 (0.22) 0.3 0.2 ns 
28 7.3 (0.29) 9.2 (0.28) 12.0 (0.01) 0.4 0.3 0.3 
35 2.6 (0.25) 2.8 (0.13) 3.2 (0.06) ns 0.3 0.1 

* Soil urease activity at t=0: 132 (7) U g-1 dried soil. NH4
+-N at t=0: 2.5 (0.06) mg NH4

+-N kg-1 dried soil. 
† SED to compare the coated seeds with FU and control at different DAP. 
‡ SED to compare the coated seeds with HUC and control at different DAP. 
§ SED to compare the coated seeds with FU and HUC at different DAP. 
ns, not significant; DF, degrees of freedom. 
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 544 

Table 3. Influence of the seed encapsulation with FU and HUC on the plant growth (dry weight, 
length and shoot N content) and N uptake. Values are presented as the mean (n=5) and SEM (in 
parenthesis) 

  Seed treatment 

Parameter DAP Control FU HUC 
SED 

(8 DF)* 
SED 

(8 DF)† 
SED 

(8 DF)‡ 
Shoot length  
(mm) 

7 93 (5.5) 129 (4.4) 128 (4.2) 7.0 
 

6.9 ns 
14 203 (8.4) 265 (9.4) 244 (5.8) 12.6 10.2 9.4 
21 261 (16.1) 306 (12.0) 314 (13.9) 16.2 17.7 ns 
28 291 (17.8) 328 (8.7) 321 (6.6) 13.2 11.9 ns 
35 316 (11.5) 319 (7.5) 314 (7.7) ns ns ns 

        Shoot dry weight  
(mg plant-1) 

7 13.1 (0.67) 18.2 (0.77) 18.1 (0.57) 1.0 0.9 ns 
14 27.6 (1.02) 43.6 (2.20) 34.5 (1.84) 2.4 2.1 2.2 
21 49.0 (2.26) 63.6 (4.56) 63.1 (3.45) 5.1 4.1 ns 
28 67.1 (4.05) 72.3 (2.41) 72.0 (2.66) ns ns ns 
35 88.1 (1.55) 101.4 (4.25) 92.6 (3.43) 4.5 ns 4.3 

        Shoot N  
(g kg-1 dried weight) 

7 42.6 (1.55) 64.4 (2.39) 49.5 (1.07) 2.8 1.9 2.4 
14 22.8 (0.57) 30.0 (0.57) 30.8 (0.63) 0.8 0.8 ns 
21 23.6 (0.76) 30.6 (0.49) 36.7 (1.12) 0.9 1.4 0.5 
28 20.0 (0.72) 23.8 (0.92) 26.9 (0.52) 1.2 0.9 0.9 
35 7.5 (0.40) 11.6 (0.31) 14.0 (0.33) 0.5 0.5 0.3 

        N uptake  
(mg plant-1) 

7 0.56 (0.020) 1.15 (0.043) 0.88 (0.016) 0.05 0.03 0.04 
14 0.63 (0.016) 1.32 (0.025) 1.04 (0.021) 0.03 0.03 0.03 
21 1.17 (0.038) 1.99 (0.032) 2.38 (0.073) 0.05 0.08 0.03 
28 1.33 (0.048) 1.67 (0.064) 1.98 (0.039) 0.08 0.06 0.06 
35 0.62 (0.033) 1.24 (0.034) 1.26 (0.030) 0.05 0.04 ns 

* SED to compare the coated seeds with FU and control at different DAP. 
† SED to compare the coated seeds with HUC and control at different DAP. 
‡ SED to compare the coated seeds with FU and HUC at different DAP. 
ns, not significant; DF, degrees of freedom. 
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FIGURE CAPTIONS 549 

 550 

Figure 1. Response surface plot for immobilization yields as a function of: a) 551 

temperature and contact time (HA concentration, 4 mg mL-1; pH, 8); b) immobilization 552 

pH and HA concentration (temperature, 4 ºC; contact time, 180 min). 553 

 554 

Figure 2. Lineweaver-Burk plot for free (FU) and immobilized (HUC) urease activity. 555 

 556 

Figure 3. Effect of pH (a) and temperature (b) on free (FU) and immobilized (HUC) 557 

urease activity. 558 

 559 

Figure 4. Stability in soil of free (FU) and immobilized (HUC) urease.  560 
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Figure 1. Response surface plot for immobilization yields as a function of: a) 575 

temperature and contact time (HA concentration, 4 mg mL-1; pH, 8); b) immobilization 576 

pH and HA concentration (temperature, 4 ºC; contact time, 180 min). 577 
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Figure 2. Lineweaver-Burk plot for free (FU) and immobilized (HUC) urease activity. 581 
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Figure 3. Effect of pH (a) and temperature (b) on free (FU) and immobilized (HUC) 590 

urease activity. 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 



 32 

 604 

 605 

Figure 4. Stability in soil of free (FU) and immobilized (HUC) urease.  606 
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