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ABSTRACT

Przednowek, David William Andrew. M. Sc., The University of Manitoba, January,
2003. The Effect of Pulse Crop Rotation and Controlled-Release Urea on the Nitroeen
Accumulation and End-use Quality of canada western Red spring wheat.
Professor; Donald N. Flaten.

The main goal of this study was to evaluate the effect of pulse crop rotation and

controlled-release urea (CRU) on soil nitrogen (N) status and N accumulation of Canada

Western Red Spring (CWRS) wheat. Spring wheat (Trítícum aestivum L. cv. AC Barrie)

was grown at Carman and Brandon, MB, on field pea (Pisum sativum L.) and flax (Linum

usitatissímum L) stubble at three rates (0, 30, and 90 kg N ha-t¡ of N from two fertilizer

N sources, ammonium nitrate (AN) and CRU, a polyurethane-coated urea with an N

content of 43 per cent. Wheat was grown at Swift Current, SK, on field pea and durum

wheat stubble at three rates of N (34, 50, and 78 kg N ha-r) based on soil test

recommendations. The effect of previous crop on N uptake pattem was more consistent

than the effect of fertilizer N source. Significantly higher soil NO:-N at planting on field

pea stubble at two of three Manitoba sites resulted in higher wheat plant and grain N

yield. Contrary to a number of similar western Canadian studies, apparent net

mineralized N during the growing season and per cent post-anthesis N uptake were

higher for what grown on flax stubble (F-W) compared to wheat grown on field pea

stubble (P-W) at the two sites; the result was attributed to rapid N mineralization

following field pea harvest. Wheat end-use quality was assessed with the Mixograph,

dough micro-extension tests, and the Canadian Short Process bake test. At the same flour

protein content (FPC), flour from wheat grown on field pea stubble had significantly

lower Mixograph work input-to peak and dough strength index, as well as shorter dough
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development time at FPC < 14 per cent. Samples from Swift Current in 2001 produced

much weaker, more extensible dough than samples from the other four site years,

indicating that growing season conditions can have a pronounced effect on end-use

quality. A protein extraction method based on the differential solubility of flour protein

in 50 per cent 1-propanol yielding soluble protein, insoluble glutenin, and residue protein

was used to evaluate flour protein composition. As a proportion of total FPC, each

protein fraction quantified remained relatively stable as N suppty and FPC increased.

Unexplainable differences in protein composition among site years were also observed.

Protein composition could not be used to explain the differences in end-use quality

attributed to previous crop and environment; a more precise method such as size

exclusion-high performance liquid chromatography (SE-HPLC) might provide more

useful information in explaining differences in end-use quality.
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2.0 LITERATUR,E R.EVIE\il

2.1 trmportance of SoiI Nitrogen to Crop Productivity

Nitrogen (N) is the most frequently limiting nutrient to crop production (Havlin et

al. 1999). Soils are more coÍìmonly deficient in N than any other nutrient (Salisbury and

Ross 1992). While N on a plant weight basis represents a very small portion of total dry

weight, it is critical to plant function, since over 90% of N in the wheat plant is found as

protein (Borghi 1999). N is a key component of proteins, chlorophyll, enzymes, and

amino acids, is essential for carbohydrate utilization (Olson and Kurtz 1982), and plays a

key role in metabolic processes (Havlin et al. 1999). Given the critical nature of N in

higher plants, an understanding of crop N requirements is important when considering

yield goals.

When the Prairies were first cultivated, crop yield responses to N were not

observed, since inherent soil N fertility was high (Cowell and Doyle 1993a). Yield

responses to N fertilizer were first observed in western Canada on a greater scale in the

1950s, although N fertilization had little effect on wheat PC (Hedlin et al. 1957). Since

1970, wheat and barley yield responses to N fertilizer have averaged 40o/o or more in

Manitoba, and 35o/o or more in Saskatchewan (Cowell and Doyle 1993a). The

importance of N fertilization to increased crop productivity has grown to a point where N

fertilizers are applied regularly and in large quantities.



2.2 Major Forms of Nitrogen in the Soit

The amount of N available to plants depends not only on total soil N content, but

also the forms of soil N. The two major types of N in soil are organic N and inorganic N.

Organic N refers to N present as proteins, amino acids, and amino sugars, all of which are

found in soil organic matter (SOM). Organic N is estimated to represent 90 to 95o/o of

total soil N (Havlin et al. 7999; Stevenson 1982), and is not readily available to plants.

Therefore, organic N must be converted to an inorganic form via mineralization in order

to facilitate plant uptake.

The six forms of inorganic N in the soil are ammonium (NHa*), nitrate (NOsl,

nitrite (NOz), nitrous oxide CNzO), nitric oxide CNO), and elemental N Q.{2) (young and

Aldag 1982). With respect to the N nutrition of higher plants NO3- and NH+n are the

most important inorganic forms of soil N, since they exist in a readily available form for

plant uptake.

2.2.1 Nitrate Nitrogen

The amount of NOg- available for plant uptake depends on the concentration of

NO:- in the soil, which in turn depends in part on the availability of fertilizer N.

Availability of NO3- also depends on mineralization and the subsequent conversion of

NH¿n to NO3- via nitrification. Wheat takes up more NO3- than NHa+, except in the case

of waterlogged conditions or where high levels of NH+n-containing fertilizers are applied

(Borghi 1999). Since NO¡- is readily mobile and does not adhere to soil particles, NO¡- is

readily carried along by water via mass flow to satisfy the transpirational demands of the

plant (Olson and Kurtz 1982). Although the movement of NO¡- to the piant roots
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depends on plant water demand, NO3- uptake is a highly regulated process that depends

on soil NO3- concentration and plant metabolic processes (Tourraine and Gojon 2001).

2.2.2 Ammonium Nitrogen

Like NO3-, NH¿* is an inorganic form of N that can be supplied via the addition of

fertilizer N or through mineralization. Because NH¿* is positively charged. and soil is

negatively charged, NH+* can be retained on the surfaces of soil colloids at points called

exchange sites (Nommik and Vahtras 1982). Ammonium held on soil colloids in this

malìner is still reasonably readily available to plants and is protected from leaching.

While NH¿* is preferentially absorbed when ample supplies of NO¡- aad NHa* are

available to the root surface (Olson and Kurtz 1982), NH+* does not move readily with

water through soil since it is held on exchange sites.

Conversely, non-exchangeable NH¿* is not readily available for plant uptake. The

ability of the soil to fix NHa* in this manner depends in part on the presence of 2:I clay

minerals (Nommik and Vahtras 1982). Along with potassium (K*), NH+* saturates the

interlayers of 2:l clay minerals, causing the collapse of the interior layers and trapping

the K* and NH+* ions. Although the proportion of non-exchangeable NH¿* in the soil is

typically high in western Canada, its release over time is slow (Havlin et al. 1999).

Therefore, exchangeable NH¿* is the NH¿* form of primary interest when evaluating

plant N availability.
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2.3 Nitrogen Supplying Fower of Soils

Total plant-available N supply is strongly related to yield (Soper and Huang 1963;

Soper et al. I97I) and N uptake (Alkier et al. 1972; Olson et al. 1976; Sanford and

Hairston 1984). For non-leguminous. crops, there are three major sources of

plant-available N during the growing season, namely residual inorganic nitrogen in the

soil at seeding, mineralization of organic N during the growing season, and the

application of organic or inorganic N-fertilizers (McGill 1967; Schoenau 1995). The

relative contribution of each of these three N sources to total plant N uptake depends on

crop management and environmental factors, and varies throughout the growing season.

2.3.1 Residual Inorganic Soil Nitrogen

Residual soil N is defined as N that is not utilized by the crop in a given season

and which carries over to the period of growth of the succeeding crop (Broadbent I9S4).

The amount of residual N available at planting can represent an important source of N for

a crop during the growing season, and has been positively related to yield and N uptake

in many studies involving cereals (McGill et al. 1967; Olson et al. 1976; Rhoads 1984;

Soper and Huang 1963; Stanford and Legg1984). In semiarid and subhumid areas such

as westem Canada and the U.S. Great Plains, residual soil N is an important

consideration when planning a fertilizer management program, since the likelihood of

removal of NO¡- from the profile during the fall and winter as a result of leaching or

denitrification is relatively low (stanford 1982).
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2.3.1,,1 Effect of \ilater Use Pattern of Previous Crop on R.esidual Soil Nitrogen

The amount of residual soil N available to a crop at seeding is in part related to

the rooting depth of the previous crop. In a recent review of crop water usage in western

Canada, Johnston et al. (1996) reported spring wheat rooted to a depth of 91 to 130 cm,

although the majority of wheat roots are typically found in the top 60 cm (Campbell et al.

1977a). Bauer et al. (1989) found almost no available water in the upper 90 cm of soil at

harvest after spring wheat was grown, and that some available water remained at depths

grøater than three feet. When wheat is grown in semiarid environments, it is expected to

exhaust the soil water in at least the top 60 to 90 cm.

Since wheat does not typically follow wheat in rotation, the rooting depth of other

crops grown prior to wheat is of great consideration with respect to residual N levels.

Johnston et al. (1996) reported flax rooted to a depth of 61 to 76 cm, and field pea rooted

to a depth of ó1 to 100 cm. Campbell and Zentner (1996) found flax left more soil N and

water below a depth of 60 cm compared to wheat, while Lafond et al. (1992) reported

that spring wheat grown on pea stubble had more available water at a depth of 60 to 120

cm compared to spring wheat grown on cereal stubble. Miller et al. (1998a) observed

significantly lower water usage by field pea compared to spring wheat in a soil profile of

0-120 cm, but especially at the 60-90 cm and 90-120 cm depths. Miller et al. (2002b)

reported that between 60 and 120 cm, plots sown to field pea and dry bean held 7 and 10

Ílm more watet, respectively, than wheat stubble. Crops will not extract NO3- at a depth

below the rooting zone; therefore shallow-rooted crops may leave more residual soil N

than deep-rooted crops.
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2,3.1.2 Effect of Moisture Availability on Wheat Rooting Depth

Plant N uptake depends on mass flow. Crops will extract the greatest amount of

water (along with NO3) from areas where the rooting density is the greatest. For a given

crop, rooting depth is expected to vary from year to year, since crop water demand is a

function of dry matter yield, which in tum is positively related to N uptake (Clarke et al.

1990; Sanford and Hairston i984). Dry matter production increases in response to

increasing water availability by increasing shoot and root dry mass (Campbell et al. 1993;

Nuttall et al. 1979; Rhoads 1984; Steppuhn and Zentner 1987). Under drier conditions,

plants develop a more extensive and intricate root morphology in order to take advantage

of soil water throughout the soil profile compared to plants grown under ideal moisture

conditions (Sharma and Ghildyal 1977). Wheat that is subjected to excessive moisture

conditions during the vegetative phase of development develops a shallower root system

and may not necessarily take advantage of N available at deeper depths.

2.3.1.3 Effect of Soil Nitrogen Availability on Wheat Rooting Depth

Increased plant N availability also increases water usage in response to crop

demand (Black et al. 1982; Bond et al. l97l; Brown T971; Campbell et al. 1993).

N-fertilized wheat does not necessarily root deeper, but instead extracts a greater amount

of soil water from the same soil depth compared to unfertilized wheat. Rapid growth

early during plant development allows the root system move deeper into the profile and

increase in density, particularly at shallower depths (Borghi 1999). When soil moisture is

limiting in the upper soil profile, particularly later in the growing season in semiarid

environments, NO3- present in significant quantities deeper in the soil profile can be a
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significant source of plant N as the plant utilizes water at deeper depths (Cochran et al.

T978; Lotfollahi et al. 1997).

2.3.2 Nitrogen Mineralization

The amount N available to a crop as a result of mineralization is difficult to

quantifu (Schoenau 1995; Thicke et al. 1993), since its contribution to plant-available N

is variable and depends on a number of environmental and crop management factors

(El-Haris et al. 1983; Jansson and Persson 1982; Schoenau 1995; Stanford and Smith

1972). A thorough understanding of the contribution of mineralization to the

N-supplying power of soils is essential in making informed crop management decisions.

N mineralization is defined as the transformation of N from the organic state into

NH+* or NHE (Jansson and Persson 1982). Mediated by heterotrophic soil

microorganisms, mineralization proceeds in two steps (Havlin et al. 1999). Aminization

is the first step of mineralization, where soil-derived proteins are broken down into

secondary organic N compounds such as amino acids, amines, and urea.

Ammonification, the second step of mineralization, is the conversion of secondary

organic N compounds to NH¿* or NH¡.

Immobilization, defined as the transformation of inorganic N compounds

(NH+*, NH3, NO3-, NOz-) into the organic state (Jansson and Persson 1982), proceeds at

the same time as mineralization. Therefore. the relative rate and balance of

mineralization and immobilization influences plant-availability of N. Mineralizationmay

generate large quantities of inorganic N, but if immobilization is proceeding aI a similar

rate,plantN availability attributed to minerahzationmay appear to be low.



t3

2.3.2.1 Effect of Temperature on Mineralization

. The two major environmental factors that influence the rate of mineralization arc

temperature and soil moisture (Cassman and Munn 1980; Havlin et al. 1999; Schoenau

1995). Generally, a rise in temperature results in an increase in mineralization

(Biederbeck and Campbell 1973; Campbell and Biederbeck 1972; Cassman and Munn

1980). Furthermore, Biederbeck and Campbell (1973) observed that microbial activity

was considerably higher at constant temperature compared to diurnally fluctuating

temperatures. The importance of temperature to the contribution of mineralizationto soil

N-supplying power is especially relevant to westem Canada, since in the spring, soils

take longer to warm up relative to areas with higher average ambient temperatures. In

evaluating the contribution of mineralization to soil N supply in southem Manitoba,

McGill (1967) determined that 60% of spring wheat N uptake occurred before

mineralization had even started.

2.3.2.2 Effect of SoiI Moisture on Mineralization

Soil moisture exerts a significant influence on mineralization, since soil moisture

regulates the relative proportions of aerobic and anaerobic soil activity (Havlin et al.

1999). As the proportion of anaerobic activity increases as a result of excessive soil

moisture, microbial efficiency decreases. Dry soils also have low levels of microbial

activity. In a laboratory incubation experiment, Cassman and Munn (1980) found that as

soil water content decreased, N mineralization decreased in a linear fashion.

Furthermore, Jowkin and Schoenau (1995) observed significantly higher plant N
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availability in chemical fallow plots in the absence of a crop as a result of higher soil

moisture levels compared to conventional fallow plots.

Since the majority of soil microbial activity is concentrated near the soil surface,

and since soil moisture in the upper soil profile is quickly utilized early in the growing

season, topsoil moisture availability later in the growing season influences the

contribution of late season mineralization to plant N availability. In an experiment

carried out with winter wheat in Georgia, the contribution of mineralization to plant N

supply increased as the season progressed, due largely to favorable topsoil moisture

conditions during the filling period (Harper et al. 1987).

2.3.2.3 Effect of substrate Availabilify and Quality on Mineralization

The carbon to nitrogen ratio (C/l{ ratio) has been widely used to characterize the

quality of organic materials added to soils, since it determines in part whether net

mineralization or immobilization occurs (Grenier 1992; Jansson and Persson 1982:

Janzen and Kucey 1988; Mooleki et aL.1997). A CAI ratio of 20:1 is considered to be the

dividing line between whether mineralization or immobilization will occur, although

other estimates range from 25:1 or 30:1 (Smith and Peterson t982, cited in Grenier

1992). Residue N concentration (Ianzen and Kucey 1988; Rees et al. 1993) and

biochemical composition (Fox et al. 1990, cited in Fu et al. 1999) have also been used to

evaluate residue quality. Understanding the dlmamics of N timing and availability from

plant residues is a critical consideration in managing soil N fertility.

'When 
residues are added to soil, soil microbial activity is stimulated due to the

increase in the amount of available carbon. Addition of grain straw, which typically has
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a CA{ ratio of 80:1 (Havlin et al. 1999) usually results in an initial net reduction of plant

avallable N (immobilization), since there is a lack of N relative to carbon to meet the

nutritional demands of the microbial population (Schoenau 1995). Conversely, legume

residues have a lower CAI ratio compared to cereal residues (Bremer and van Kessel

1992; Janzen and Kucey 1988; Ladd et al. 1983). The C/lr{ ratio of legume residue is in

the range of 11:1 (Ladd et al. 1983) fo 37:l (Jaruen and Kucey 1988), depending on soil

N status and whether the residue added is fresh or mature. Residues with a low CA{ ratio

usually result in net N mineralization, in turn increasing N availability.

The CA{ ratio is also an indicator of the length of time required until a portion of

the residue N is made available, which in tum affects the temporal distribution of residue

N availability. Upon residue addition, N is made available from residues with a low CA{

ratio more quickly compared to residues with a high CÆ{ ratio, resulting in net initial

mineralization (Havlin et al. 1999). Mooleki ef al. (L997) observed that at three of four

sites in Saskatchewan, N derived by spring wheat from lentil residue was higher

throughout the growing season compared to N derived from wheat residue, and was also

made available earlier in the growing season.

2.3,2.4 Crop Residue Quality and Placement

Lohnis (1926, cited in Jansson and Persson 1982) suggested the addition of fresh

green manure rich in readily available sources of energy and N resulted in enhanced

mineralization and immobilization of soil organic N and C. A number of researchers

have noted fertilizer N uptake efficiency as measured by the difference method (Tomar

and Soper 198lb) is higher than that measured by using labeled-N, suggesting that there
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is more organic N mineralized in fertllized plots (Fu et al. 1999). This observation is

referred to as the'þriming effect" (Cowell and Doyle 1993; Fu et al. 1999; Jansson and

Persson 1982; Tomar and Soper 7987;Yaacob and Blair 1980). The contribution of the

priming effect to soil inorganic N supply depends on the nature of the amendment as well

as characteristics of the soil system to which the amendment is added (Yaacob and Blair

1980). Of importance to the overall inorganic N supply is whether net mineralization or

immobilization occurs, since mineralization and immobllization are both enhanced upon

the addition of residues to a soil system.

Residue quality and placement may also affect the availability of applied fertilizer

N as a result of fertilizer N immobllization. When the CÆrl ratio is high and soil

microorganisms exhaust the residue N supply, fertilizer N can be immobilized. Tomar

and Soper (1987) investigated the effect of crop residue and lsN-labeled urea placement

method on l5N recovery of canola, and observed that because of the interaction of

residues and fefülizer (in the presence of soil microorganisms), recovery of lsN in canola

that received point injected urea was higher than when urea was mixed throughout the

soil. N fertilizer that is broadcast is generally more prone to immobilization than N

fefülizer that is banded due to increased contact of the fertllizer with the crop residue and

soil (Harapiak et al.1987).

2.3.2.5 Nitrogen in Microbial Biomass

Mineralization of plant residue N is not the only source of mineralized N. While

soil microorganisms facilitate the decomposition of crop residues and mineralization of

organic N, soil microorganisms are also a large N sink (Bremer and van Kessel 1992).
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Smith and Paul (1990, cited in Bremer and van Kessel 1992) estimated the microbial N

content of Prairie soils to vary between 48 to 385 kg ha-I. Changes in microbial

population composition and size during the course of the growing season will therefore

exert a significant effect on soil N status.

2.3.3 FertilÍzer Nitrogen

As inherent soil N-supplying power has declined in western Canada, greater

reliance has been placed on the use of synthetic N fertilizers. At present, N is by far the

most important fertilizer nutrient used by westem Canadian producers (Harapiak et al.

1993). For example, in the year ending June 30, 2001, 2.463 million tones (MT) of N

fertilizer was applied in western Canada (Canadian Fertilizer Institute 2001). Urea

represents 50o/o of total N fertilizer usage, followed by anhydrous ammoni a (22o/o),

ammonium sulfate (14%), and ammonium nitrate (< 1%).

2.3.3.1 Urea

The N content of granular urea is roughly 460/o (Havlin et al. T999). Hydrolysis

of urea (CO(NH2)2) by the urease enz).rne takes place when soil moisture is favorable,

resulting in the formation of ammonium carbamate (NHaCOONH2) (Koelliker and Kissel

1988). Because it is unstable, ammonium carbamate dissociates into ammonia [NH3) and

carbon dioxide (COz).

CO(NH2)2 + 2HzO -+ NH¿COONHz -+ 2NH¡ + COz

The NH¡ formed as a result of the dissociation of ammonium carbamate enters

equilibrium with NHa* in soil solution. As soil pH increases, the proportion of
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ammoniacal N present as NH¿* decreases (Nelson 1982). NH+* may be temporarily

bound to soil particles or nitrified to form NO¡-. When conditions are favorable for crop

growth (i.e. adequate soil moisture and warm temperatures), completion of urea

hydrolysis occurs in a few days (Harapiak et al. 1987).

The urease enzyme is an important consideration when urea is applied, as the rate

of urea hydrolysis is directly affected by the activity of urease (Kissel and Cabrera 1988).

However, urease activity tlpically does not limit urea hydrolysis, since urease functions

effectively in any soil in which plants can grow (Fenn and Hossner 1985). Urease

activity is also related to soil temperature and soil moisture. Enzymatic reactions are

enhanced at higher temperatures while urease activity decreases as moisture becomes

more limiting (Kissel and Cabrera 1988).

Urea can be broadcast or banded in granular form. The volatile loss of NH3 is

generally higher when urea is broadcast, reducing fertllizer efficiency (Malhi et aL. 1996;

Raczkowski and Kissel 1989). Conventional urea may be modified to inhibit urea

hydrolysis and delay plant N availability. Urease inhibitors such as NBPT (N-(n-butyl)

thiophosphoric triamide) have been demonstrated to reduce the rate of urea hydrolysis

and volatile NH3 losses, as well as increase N recovery (Grant et al. 1996). Granular urea

can also be coated with sulphur or polymer coatings in order to delay N availability and

improve N recovery (Hauck 1985).

2.3,3,2 Ammonium Nitrate

The N content of ammonium nitrate (AN) is between 33 and 34o/o (Havlin et al.

1999). AN is a unique granular N source, since it contains 50% of its N in the NO¡- form
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and 50yo of its N in the NH¿* form (Harapiak et al. 1987). Because 50% of the N is

akeady in the NO¡- form, it is the fastest acting granular N fertilizer and most readily

available to plants (Harapiak et al. 1987). Its enhanced plant availability makes AN the

most popular granular N source for topdressing, although AN can be both broadcast and

banded (Havlin et al. 1999).

2.3.3.3 Nitrogen Use Efficiency

Fertilizer nitrogen use efficiency (NUE) is expressed as the percentage of

fertllizer N utilized by the crop (Cowell and Doyle 1993b), and rarely exceeds 50% due

to a number of factors. Depending on fertilizer N source, N losses may be due to

immobilization by soil microorganisms (Cowell and Doyle 1993b Ladd and Amato

1986; Tomar and Soper 1987\, NH+* fixation (Nommik and Vahtras 1982; Olu Obi et al.

198ó); denitrification (Firestone 1982), No¡- leaching (Nyborg et al. l9g3), and NHg

volatllization (Nelson 1982; Terman, 1979). Therefore, the goal of fertilizer N

application should be to minimizethe amount of N lost from the cropping system through

these processes. When fertilizers are placed properly and application (and availability) is

timed as much as possible to coincide with crop uptake, different fertilizer sources are

similar in effectiveness (Olson andKurtz 1982), since the potential of N losses from the

system are reduced.

2.4 Physiological Aspects of Nitrogen Uptake

N is unique among plant nutrients, since it can be taken up either in the anion

(NO¡-) or cation (NH+-) form (Goos et al. 1999). For annual crops, N is taken up
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primarily as NO3-, since NHa*, whether applied as N fertilizer or made available as a

result of mineralization, is quickly nitrified to NO3- in most circumstances (Borghi 1999;

Olson and Kurtz 1982). A combination of NO3- and NH+* is generally optimal for plant

growth (Camberato and Bock 1990a; Camberato and Bock 1990b; Goos et al. 1999:

Wang and Below 1992).

Since NO3- moves via mass flow, the rate of NO¡- uptake is dependent on the

concentration of NOE- in the soil solution and the volume of water utilized by the plant

(Olson and Kurtz 1982). Therefore, the rate of NO¡- uptake is closely related to the rate

of plant growth and is therefore regulated by a complex anay of repressive and

derepressive signals in the plant rather than solely being a function of NO¡- concentration

in proximity to the roots (Tourraine and Gojon 2001). Roots are able to control the

amount of NO:- uptake based on signals transported to roots from shoots via the phloem

that indicate the nutritional status of the plant as a whole (Tourraine and Gojon 2001).

Plant uptake of NO3- is against an electrochemical gradient (Abrol et al. 1984). In

order to prevent a buildup of negative charge as a result of NO:- uptake, the plant

concurrently takes up cations such as calcium, potassium, and magnesium, and excretes

bicarbonate (HCOg-) and hydroxyl (OH) groups, increasing the pH of the rhizosphere.

Upon absorption, NO¡- is reduced to NHa+ in roots or shoots in a proces s catalyzed by

two enz5rmes, namely nitrate reductase and nitrite reductase (Naik et al. 1982; Borghi

1999). Since accumulation of NH¿* is toxic to plants (Salisbury and Ross lggz),NH¿* is

converted to glutamine) a reaction catalyzed by glutamine synthetase. Glutamate

synthase then transfers the amide group of glutamine to one of the carbon molecules of

cx-ketoglutarate, forming two moiecules of glutamate. Glutamate undergoes
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transamination reactions to form a variety of amino acids (principally glutamic acid,

aspartic acid, and arparagine) that can be transported to vegetative tissues (Salisbury and

Ross 1992).

2.5 Pattern, Rate, and Duration of Dry Matter Production and Nitrogen Uptake

A number of researchers have evaluated the evolution of dry matter (DM)

production and plant N uptake over the course of the growing season in winter wheat

(Darroch and Fowler 1990; Entz and Fowler 1989; Karlen and Whitney 1980; Spiertz and

Ellen 1978; Waldren and Flowerday T979) and spring wheat (Bauer et al. 1987 a; Bauer et

al. 1987b; Boatwright and Haas 1961; Campbell et al. 1977a; Campbell et al. 1977b;

Campbell et al. 1979; Campbell et al. 1990; Clarke et al. 1990; Frank et al. 1989, McNeal

et al. 1968; Miller et al. 1994). The relationship between DM production and N

accumulation is important in understanding the dynamics of yield and PC, especially in

relation to environmental factors and crop management practices.

Spring wheat aboveground DM and N accumulation follow a sigmoidal pattern

(Boatwright and Haas 196T; Johnston and Fowler 1990; Spratt and Gasser 1970).

However, the point at which accumulation rate significantly increases differs for DM and

N. In the early stages of development, N accumulation rate exceeds DM production

(Campbell et al. I977a: Cowell and Doyle 1993b; Darroch and Fowler 1990). Campbell

et al. (1977a) demonstrated that N accumulated in spring wheat plants at the flag leaf

stage represented 70o/o of total N uptake at harvest, while only 50 to 650/o of DM had

accumulated. In winter wheat, Waldren and Flowerday (1979) reported DM production

was 40 o/o of total DM production by the flag leaf stage, while N accumulation reached
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70%o of total N. In no-till winter wheat, Darroch and Fowler observed that on aveÍage,

70o/o of total DM (varying between 57 to 89%) and 89o/o of total N (varying between 70

to 106%) was present in the plant by anthesis. Johnston and Fowler (1991) determined

that notill winter wheat reached maximum plant N content by the mid-boot stage. DM

production reached 620/o of maximum by mid-boot stage and reached its maximum at

mid-anthesis. Therefore, N availability early in the growing season is essential to overall

plant N uptake, since a large portion of N uptake occurs before anthesis.

The rate of DM and N accumulation changes temporall¡ varying with crop stage

and environmental conditions. Johnston and Fowler (1991b) determined winter wheat

DM accumulation rate reached its maximum between Zadoks 30 (pseudo-stem erection)

and 45 (swollen boot). However, when low precipitation and high evaporative demand

occurred during that period, maximum DM accumulation rate occurred between Zadoks

45 and 65 (mid-anthesis). N accumulation rate reached its maximum during the earliest

growth stage that was monitored (Zadoks 22, or seedling with 2 tillers). Campbell et al.

(1977a) found the highest rate of spring wheat N uptake was observed during the greatest

period of crop water usage, namely between tillering and the flag leaf stage.

2.6 Factors Affecting Nitrogen Uptake

Given the results reported by Darroch and Fowler (1990), the quantity and

percentage of N taken up after anthesis varies greatly. Post-anthesis N uptake depends on

a number of environmental factors, and can have a considerable impact on the

relationship between yield and PC. In general, N taken up prior to the boot stage
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promotes DM production and grain yield, while N taken up after the boot stage

contributes more to PC (Darwinkel 1983; Selles etal.1997; Wuest and Cassmanlgg2a;).

N made available to the plant near or after anthesis as N fertilizer (Alcoz et al.

1993; Hogg and Brown 1997:'Miceli et al. 1992;Tran and Tremblay 2000; Wuest and

Cassman 1992a), mineralized N, or residual N (Broadbent 1984; Cochran et al. 1978;

Lotfollahi et al. 1997; Olson 1984) is more effectively transported to grain than N

supplied at planting. Environmental conditions such as moisture availability (Campbell

et al.1977b; Campbell et al. 1990; Darroch and Fowler 1990) and temperature (Campbell

and Davidson 1979; Campbell et al. 1981) also affect the efficiency of N applied near or

after anthesis.

2.6.1 Effect of Dry Matter Production on Nitrogen Uptake

Plant N uptake is positively related to DM production and available water (Clarke

et al. 7990), since NO3- movement to the plant depends on mass flow, which in turn is

dependent in part on plant water demand. Campbell et al. (1990) evaluated the dynamics

of kernel N and DM accumulation of four spring wheat cultivars grown under dryland or

irrigated conditions. Kemel N accumulation was dependent on kernel DM response,

since increased water availability increased DM production and facilitated N uptake.

Compared to dryland wheat, the duration of the filling period was extended by 33% with

irrigation, permitting plant N uptake and DM production to increase considerably after

anthesis for irrigated wheat. Under dryland conditions, Johnston and Fowler (199lb) also

found that increased moisture availability during the filling period permitted growth and

N uptake to occur for a longer period, and delayed maximum N and DM accumulation.
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Soil N fertility also exerts a significant influence on N uptake and DM

production. Campbell et al. (1977a) observed differences in water usage related to N

fertilizer rate as early as the tillering phase, where available water decreased with

increasing N fertility. Darroch and Fowler (1990) found winter wheat N fertilization

increased both DM and N yield, particularly where residual soil N levels were

intermediate to high. Boatwright and Haas (1961) determined the crop stage at which N

content reached its maximum differed for spring wheat subjected to different N regimes.

Wheat fertilized with N reached maximum DM and N accumulation at the soft dough

stage, while wheat that did not receive N fertilizer reached the same maxima at maturity.

The authors speculated that N deficiency in unfertllized plots reduced DM accumulation

and that unfertilized wheat depended more on soil N during grain filling.

2.6.2 ß,ffect of Soil Moisture Availability on Nitrogen Uptake

Given favorable moisture conditions, plants are able to produce more DM and

accumulate a greater amount of N compared to when soil moisture is lacking. Campbell

et al. (I977b) reported wheat accumulated only 25 to 40Yo of total DM and 33 to 600/o of

total N by the flag leaf stage in a wet environment, compared to 50-650/o and 70o/o,

respectively, for adry environment. McNeal et al. (1968) found 92o/o of plant N was

accumulated by anthesis for wheat grown under dryland conditions compared to 80% for

wheat grown under irrigated conditions. The amount of available N will be depleted

more rapidly under more optimal moisture conditions, since the rate of DM accumulation

is elevated (Campbell et al. 1977b).
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Soil moisture availability after anthesis also has a dramatic effect on N uptake.

Cl'arke et al. (1990) evaluated the N uptake of two spring wheat and two durum wheat

cultivars grown under dryland conditions at Swift Current. Between 67 to l02o/o of total

plant N was accumulated by anthesis, similar to the results reported by Darroch and

Fowler (1990) for notill dryland winter wheat. Post-anthesis uptake of N was greater

under moist environments relative to dry environments, and total N uptake was

proportional to available water. In conditions where late season soil water and N supplies

are ideal, the proportion of N taken up after anthesis can be as high as 44 to 51o/o (Spiertz

and Ellen 1978).

2.6.3 Effect of Temperature on Nitrogen Uptake

Temperature interacts with soil moisture and N fertility to influence N uptake, and

indirectly affects N uptake by influencing yield. As reported in a series of studies carried

out by Campbell et al., Manitou spring wheat was grown under three combinations of

day/night temperature regimes (27/12'C,22112"C, and 17172'C), three fertllizer N rates

and three degrees of moisture stress of varying lengths (Campbell and Davidson 1979;

Campbell et al. 1981; Davidson and Campbell i984). Temperature affected

photosynthesis and growth the most; temperature and moisture affected the N status of

the plant by affecting yield, while the effect of N rate on plant N status was direct.

Furthermore, the effect of N availability on protein content was twice as

important as the effect of temperature, and 15 times more important than the effect of

moisture (Campbell et al. 1981). Temperature was the main factor that influenced the

number of spikelets, seed weight, and time to maturity, thereby affecting yield. Although
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grain PC increased from approximately 10 to 10.3% when the temperature regime

changed from 17 /12"C to 22/12oC, PC increased to t4.8Yo when the 27 /12"C temperature

regime was imposed, due to the effect of increased temperature on enhanced moisture

stress and its subsequent effect on reduced carbohydrate synthesis.

2.7 Effect of Crop Management Practices on Nitrogen AvaÍlabitity and Uptake

The effect of cropping practices, both in terms of crop rotation and fertilizer

management, clearly have a profound impact on the N-supplying power of the soil.

Environmental factors, such as weather variables or soil properties, regulate N

availability. This section deals with the effects of crop rotation on the N-supplying

power of cropping systems and crop N uptake.

2.7.1 General Effects of Annual Legumes on Wheat Yield, Nitrogen Availability
and Nitrogen Uptake

Production of annual grain legumes such as field peas, lentils, and chickpeas has

increased considerably in western Canada over the past 15 years (Biederbeck et al. 1996).

The most recognized benefit to the production of a cereal following the production of an

annual legume is an increase in yield (Evans et al. 1991; Felton et al. 1998; McDonald

1989; Stevenson and van Kessel 1996). In northern Alberta, Wright (1990) found that

compared to barley grown after barley, barley yield was increased an average of 2Io/o

when grown after field pea, faba bean, or lentil. Using producer yield data from

Manitoba, Bourgeois and Entz (1996) found the yield of wheat grown after pea was 25Yo

higher compared to the yield of wheat grown after wheat. Similar results have been
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reported in Australia in comparing the yield of wheat grown after wheat versus wheat

grown after field peas (Evans et al. 1991; Silsbury 1990; Strong et al. 1986), lentil

(Heenan et al. 1998), lupin (Chalk et al. 1993; Doyle et al. 1988; Evans et al. l99l;.

Reeves et al. 1984; Rowland et al. 1988), and chickpea (Felton et al. 1998; Holford and

Crocker 1997; Marcellos 1984; Strong et al. 1986).

Along with increases in yield, increases in wheat N uptake (Beckie et al. 1997;

Doyle et al. 1988; Fu et al. 1999;' Holford and Crocker T997; Miller et al. 1998b; Miller et

al. 2002b; Mooleki et al. 1997; Reeves et al. 1984; Strong et al. 1986b; Wright et al.

1990) and soil N availability (Beckie et al. 1997; Chalk et al. 7993; Evans et al. 19911'

Felton et al. 1988; Fu et al. 1999; Miller at al.2002b; Mooleki et al. 1997; Rowland et al.

1988; Strong et al. 1986a) have been demonstrated when wheat grown on legume stubble

is compared to wheat grown on non-legume stubble.

2.7.2 Nitrogen and Non-Nitrogen Benefits of Annual Legumes

The N residual effect is defined as the amount of fertilizer N required for a

non-legume crop grown on non-legume stubble to produce the same yield as that of the

non-legume grown on legume stubble (Beckie and Brandt 1997). Estimates of the N

residual effect of legumes vary from 27 kgha-r (Beckie and Brandt lggT) to 100 kg ha-r

(Wright 1990), and can be attributed to both N and non-N benefits.

When the difference in yield potential for a cereal following a cereal in rotation

versus a cereal following a legume can be made up for with the addition of N fertilizer,

yield differences are considered to be due to the N benefit (Beckie and Brandt 1997).

The non-N benefit is defined as the remainder of the rotational benefit that carrnot be
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compensated for by N fertilizer (Stevenson and van Kessel 1995), which can include

breaks in disease cycles (Evans et al. 1991; Felton et al. 1998; Reeves et al. 1984;

Stevenson and van Kessel 1996), reduction in weed populations (Stevenson and van

Kessel 1996), and the sparing of soil water (Elliott et al. 1987; Miller et al. 1998a; Miller

et al. 2002b). The relative N and non-N benefits of a legume to the succeeding cereal

depend on a number of factors. In order to distinguish the N benefits of various stubble

types from non-N benefits, reference crops must be chosen that have comparable non-N

benefits, thereby effectively eliminating the non-N benefits to the subsequent crop.

2.7.3 Direct Nitrogen Benefïts of Annual Legumes

The N benefit of a legume to the subsequent crop can be divided into direct and

indirect N benefits, each having specific sources on N from which they are generated

(Stevenson and van Kessel 1995). The direct N benefit comes from N made available

through the mineralization of the legume residue, which is a function of the amount of N

fixed in the residue and the desree to which the N fixed in the residue is made available

to the following crop.

2.7 .3.1 Nitrogen Fixation

The major N benefit of legumes in rotations is usually attributed to the release of

biologically-fìxed N from legume residue (Wright 1990). Legumes do not acquire their

total N requirement solely via N-fixation; a portion of their total N needs is satisfied by

soil mineral N. Using the lsN natural abundance technique, Androsoff et al. (1995)

estimated the percentage of N derived from the atmosphere (%Ndfa) of field pea at
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44.5o/o, with a range of 0 to 92.8yo, depending on landscape position, soil NO¡- levels,

and seed yield. Using the same technique, Stevenson et al. (1995) recorded a similar

range in field pea at flowering (24 to 94% Ndfa) and harvest (41 to 100% Ndfa),

depending principally on soil inorganic N content. When soil N levels are high, legumes

exhibit a lower %Ndfa, since a greater proportion of the legume's N requirement can be

acquired from the soil.

Legumes may fix alarge amount of N, but the percentage of N removed with the

seed, also known as the N harvest index, is typically in the range of 60 to 80% (Peoples et

al.1995). McCallum et al (2000) found the amount of N fixed in field pea shoot DM was

between l2I to 175 kg ha-I, yet 115 to 151 kg ha-l of N was removed with the seed.

Despite total field pea N fixation of 220 to 227 kg ha-r and atmospheric N fìxation of 133

to 183 kgha-l (60to 8l %Ndfa), Peoples etal. (1995) reported 135 to l62kgha-rN was

exported with the seed, leaving an N balance of l to +21 kg ha-r N. The %Ndfa above

gains to soil N were likely to occur from lupin and pea was estimated by Evans et al.

(1989) to be 50 and 650/o, respectively. In evaluating the N contribution of grain legumes

to a subsequent cereal crop, the idea that the production of a grain legume will always

result in an improvement of the soil N status is false, since a low %Ndfa reduces the

legume N benefit.

2.7.3.2 Nitrogen in Crop R.esidues

The direct N contribution of a grain legume is strongly related to the amount of

DM produced by the legume (Adderley et al. i998; Armstrong et al. i994; Beckie and

Brandt 1997; Evans et al. 1989; McCallum et al. 2000). Beckie and Brandt (1997)
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determined the N residual benefit of field pea to a succeeding non-legume crop to be 15

kg N ha-r for every 1000 kg ha-r of seed produced in the Black soil zone. Biederbeck et

al. (1996) estimated the average N value of field pea and lentil to be 18.1 and

9.4 kg N ha-l in western Canada, respectively, although the N credit is higher in areas

where soil moisture levels are more favorable such as the Black soil zone.

Once legume grain is harvested, the sole direct N benefit of a grain legume is

from plant residue N. The amount of N in aboveground pea residue is usually less than

35 kg ha-I, and is estimated to be not more thart 25 kg ha-l above the amount found in

cereal residue (Wright 1990). Biederbeck et al. (1996) estimated the amount of N in

aboveground grain legume residue to be between 5 to 25 kgha-I. However, in order for

legume residue N to be available to the subsequent crop, it must undergo mineralization,

a process that depends on a number of factors.

Because annual legume residues have a lower C/1.{ ratio compared to cereal

residues (Bremer and van Kessel 1992; Janzen and Kucey 1988; Ladd et al. 1983),

mineralization is expected to occur more quickly for legume residue, in tum affecting the

amount and timing of residue N availability to the following crop. Estimates of the

percentage of legume residue N recoveredby a subsequent cereal crop are commonly in

therange of 25to 30%(Beckieetal. 1997; SenaratneandHardarson 1988). Therefore,

compared to plant recovery of fertilizer N, recovery of legume residue N tends to be

lower (Bremer and van Kessel 1992; Jaruen et al. 1990; Ladd and Amato 1986).

During the first growing season after legume harvest, a significant portion of

legume residue N is retained as organic N, particularly in semiarid environments. Ladd

et al. (i986) measured the recovery of medic (Medicago littoralis) residue N by wheat at
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17%; 62% remained as organic N in the soil. Other authors have reported similar

findings (Ladd et al. 1981; Ladd et al. 1983; Amato et al. 1984; Muller and Sundman

1988). In comparing the direct N benefit of lentil and wheat residues to a wheat crop in

western Canada, Bremer and van Kessel (1992) found 7Yo of the lsN-labeled wheat and

lentil residue was mineralized by the end of the growing season, compared to 37o/o of

lsN-labeled lentil green manure, since the green manure had a much lower CA{ ratio.

Only 5.5% of the l5N added in the wheat and lentil straw was recovered by the wheat

crop, while roughly 40%o of the green manure N was potentially plant-available.

In environments where NO3- leaching or denitrification is a problem, the potential

N release from legume residue may be underestimated. Jensen (1993) found an average

of 600/o of the N mineralized from mature pea residue was recovered by winter barley and

winter rapeseed when the crop was established immediately after incorporation of pea

residue, versus 36 and 15%o for fall and spring-sown crops, respectively. Therefore, the

net direct N benefit of legume residue depends strongly on factors that influence

mineralization as well as other soil N processes.

2,7,4 lndirect Nitrogen Benefits

The indirect N benefit of annual legumes in crop rotations is a function of

increased plant N uptake of N from N fertilizer, soil organic mater (SOM), and residual

N. However, the indirect N benefit is not necessarily independent of the non-N benefit,

since improvements in plant health that result from a non-N benefit will increase N

uptake (Stevenson and van Kessel 1995). Two major indirect N benefits associated with
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arrnual legumes are the conservation of soil N (Beckie et al. 1997; Chalk et al. 1993;

McDonald 1989) and increased N uptake from non-iegume sources (Fu et al. 1999).

2.7.4.1 Conservation of Soil Nitrogen

When grain legumes are able to fix a considerable portion of their N needs via

biological N fixation, the proportion of plant N derived from inorganic soil N is generally

reduced. Given the uncertainty surrounding the timing and amount of N made available

through the decomposition and mineralization of legume residue, the "N sparing" or "N

conserving" effect (Beckie et al. 1997; Chalk et al. 1993; McDonald 1989) of grain

legumes can be of considerable contribution to the total N benefit.

After the harvest of a variety of cereal, oilseed, and legume crops, Strong et al.

(1986a) monitored NOr--¡ and NHa*-N in the top 120 cm of the soil profile. Forty days

after harvest, soil inorganic N was higher where legumes were grown (34 to 76 kg ha-t)

compared to where oilseeds or cereals were grown (16 to 30 kg ha-t). The net soil

mineral N increase 145 d after the first soil sampling was much higher for legume stubble

(53 to 85 kg ha-l¡ than for cereal (21 to 27 kgha-l) or oilseed (a0 kg ha-r) stubble.

In a similar study, Francis et al. (1994) determined soil N removal by barley,

rapeseed (Brassica napus L.), and lupins was in the range of 104 to 119 kg ha-],

compared to a range of 50 to 74kg ha-' for field beans, field peas, or lentils. The high N

removal by lupin was attributed to higher lupin grain N yield rather than grain yield.

The amount of mineral N conserved by lupin or pea was estimated by Evans et al. (1991)

to be up to 60 kg ha-r to a depth of only 10 cm. Compared to the total N accumulated in
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the legume residue (up to I52 kgha-l;, the authors estimated the soil N conserving effect

was responsible for 77o/o of the N benefit to a subsequent wheat crop.

2.7.4.2 Increased Nitrogen Uptake from Non-Legume Sources

The other main indirect N benefit attributed to wheat grown after legumes is the

increased uptake of N from SOM and fertllizer N (Stevenson and van Kessel 1995).

Where fertilizer N uptake efficiency as measured by the difference method is higher than

that measured by using labeled-N, more organic N is being mineralized (and probably

immobilized) in fertilized plots (Fu et al. 1999). The difference between the two values

is attributed to the priming effect (Cowell and Doyle 1993b; Fu et al. 1999; Jansson and

Persson 1982; Tomar and Soper 1987). The simultaneous stimulation of mineralization

and immobilization when legume residues are added means that recovery of 'tN ûom

residue is often low, even when the residue has a low CAt ratio and is expected to result

in net mineralization (Stevenson and van Kessel 1995; Stevenson and van Kessel 1991).

In a study comparing the N contribution of chickpea and wheat residues to a

subsequent wheat crop, Fu et al. (1999) hypothesized that since net 'sN recorrery will be

subject to other soil N processes such as immobilization, estimates of the amount of

legume residue N mineralized will be low. The added nitrogen interaction, defined as the

increase or decrease in mineralization of native soil N following fertllizer application,

and was determined to be 1.80 kg N ha-t for chickpea residue, compared to -0.82 kg

N ha-l for wheat residue. N recovery by wheat from chickpea residue in footslope

positions was also significantly higher compared to N recovery from wheat residue. The
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lack of differences in shoulder positions was athibuted to a Iack of moisture, reinforcing

the importance of soil moisture on mineralization of N from crop residues.

2.7.5 Relative Contribution of Nitrogen and Non-Nitrogen Benefits

The N and non-N benefits of legumes are most often studied by comparing the

productivity of wheat grown after a cereal versus wheat grown after a legume. In a

number of these studies, the contribution of the legume in breaking disease cycles has

been considerable (Felton et al. 1998; Reeves et al. 1984; Stevenson and van Kessel

1995; Stevenson and van Kessel 1996; Stevenson and van Kessel 1997). Comparing

wheat produced on field pea and wheat stubble, Stevenson and van Kessel (1996)

attributed gIYo of the yield advantage (equivalent to a 129 kg hal increase in soil N

supplying power) of wheat grown after field pea to reduced leaf disease severity and

reduced grassy weed infestations.

In annual cropping sequences in westem Canada, a broadleaf crop such as an

oilseed or pulse crop often follows a cereal crop in order to break disease cycles. By

using two reference crops that are expected to provide similar reductions in pest pressure,

the N benefits of legumes can be more effectively evaluated. Using wheat, pea, and

canola as reference crops, Stevenson and van Kessel (1998) found wheat grain yield was

14% higher when either canola or pea was used as a reference crop compared to using

wheat. Leaf disease severity was reduced 1l to 30% when canola and pea were used as

reference crops compared to wheat. The authors attributed the wheat yield increase

associated with non-cereal reference crops to be solely a result of the non-N benefit.



?5

Conversely, pea and flax were used by Beckie as the reference crops preceding a

wheat crop (Beckie and Brandt 1997; Beckie et al. 1997). By using two non-cereal

reference crops, differences in the non-N benefits of the reference crops were effectively

limited. The total N benefit was equivalent to the residual N effect, meaning the amount

of fefülizer required for wheat grown on flax stubble to produce the same yield as wheat

grown on pea stubble was attributable solely to the N contribution of pea to the wheat

crop. Reference crops must be chosen carefully in order for research to provide

meaningful results with respect to current and accepted crop management practices.

2.8 Controlled-Release F ertilizers

One of the ways fefülizer N recovery can be increased is via the use of fertilizers

designed to time N release to match crop uptake (Haderlein et al. 2001; Hauck 1985;

Shaviv 2001; Shaviv and Mikkelsen 1993). Controlled-release fertilizers (CRFs) have

been designed with this idea in mind. The pattem of N release from CRFs is different

from slow-release fertilizers (SRFs) (Haderlein et al2001; Shaviv 2001). SRFs release a

given nuhient more slowly than conventional fertilizers, but the pattern and rate of

release are not well controlled (Shaviv 2001). Conversely, the nutrient release pattern of

CRFs is well-defined and predictable (Haderlein et al. 200i; Tindall and Detrick 1999).

One type of CRF, namely polymer-coated urea (PCU), is a water-soluble fertilizer

coated with a polymer (Haderlein et al. 2001; Tindall and Detrick T999). When PCU is

placed in moist soil, the polymer coating absorbs moisture. The rate at which water is

absorbed depends on the thickness and type of pol¡rmer. Therefore, the rate of nutrient
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release is not dependent on soil moisture content per se, and can be both controlled and

predicted accurately (Tindall and Detrick 1999).

Global CRF usage is roughly 0.5 million tonnes, or 0.15o/o of total global fertilizer

use (Shaviv 2001). The high cost of CRFs is roughly 2.5 to 8 times that of a

corresponding conventional fertllizer (Shaviv and Mikkelsen 1993) and is part of the

reason behind their lack of adoption by producers. CRF use is currently targeted to

intensively grown, high value crops such as vegetables, citrus crops, and golf course turf

(Shaviv 2001), although the fertilizer manufacturer Agrium is developing a low cost

controlled-release urea product (CRU) for use in large-scale conventional field crop

production (Haderlein et al. 2001).

2.8.1. Use of Controlled-Release Urea in Field Crop Production

Limited research exists on the utility of CRFs in large-scale field crop production.

Tindall and Detrick (1999) cited a number of fertilizer trials carried out with the PCU

Polyon Ag where yields of winter wheat, corn, and soybeans increased with Polyon Ag

when compared to typical producer fertllizer practices. Haderlein et al. (2001) compared

the effect of side-banded CRU and urea in spring wheat production and found CRU

resulted in significantly higher PC and NUE relative to conventional urea. The authors

cited increased N uptake and recovery from CRU later in the growing season as the

reason for the differences between fertllizer N sources. In comparing three forms of

controlled release N with AN in potato production, Wahab and Hogg (1995) found the

variety Russet Burbank produced higher yields when fertilized with controlled release N

while Norland potato did not. Cultivar differences with respect to N response were
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attributed to differences in N requirements later in the growing season; Russet Burbank is

a more vigorous late maturing potato that requires N over a longer period.

Crop recovery of PCU is greater compared to conventional fertilizer due in part to

a reduction of N losses such as NO3- leaching and denitrification (Haderlein et al. 2001;

Nyborg et al. 1993 (cited in Haderlein et al. 2001); Shoji et al. 1991). Shoji et al. (1991)

also found substantially higher plant recovery of PCU relative to conventional urea in

years when precipitation is excessive. lncreased PCU N recovery results in potential N

loss and reduces negative environmental impacts.

2.9 Frotein Content

Wheat PC is defined as the concentration of N in the grain multiplied by 5.7

(Simmonds and O'Brien i981). Wheat PC ranges from 8 to 20Yo (Selles and Zentner

1998) and is a function of both genotype and environment, the latter being a combination

of the amount of N available to the plant and weather conditions during the growing

season (Campbell et al. 1997; Smika and Greb 1973). In the Great Plains of North

America, environment has a greater effect on PC compared to genotype (Terman et al.

1969), although under the same environmental conditions, different wheat genotypes

within the same class have been shown to respond differently to increasing N availability

(Campbell et al. 1990; Clarke et al. 1990; Gauer etal.1992).

2.9.1 Relationship Between Yield and Protein Content

The inverse relationship between yield and protein has been widely documented

(Campbell et al. 1997;Entz and Fowler 1988; Hutcheon and Paul 1966; McNeal et al.
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1972; Selles et aL 1997; Terman et al. 1969). The majority of the wheat is composed of

carbohydrate, of which the majority is starch. Protein is the second most plentiful

component of the grain, although it represents only 7 to 15o/o of total grain weight

(Shewry and Miflin 1985). Therefore, the amount of carbohydrate in the kernel in

relation to N dictates grain PC. In a study of a number of spring wheat crosses, McNeal

et al. (1972) observed that N uptake and N translocation efficiency varied little between

the crosses, meaning grain N yield was similar. However, PC differed considerably

among the crosses due to the amount of carbohydrate translocated into the grain.

Therefore, factors that limit carbohydrate and DM production during the plant's

reproductive phase will result in higher PC.

During the filling period, kernel N and carbohydrate content vary. Under dryland

conditions, Campbell et al. (1990) found the concentration of N in the kernel of four

spring wheat cultivars increased linearly with time; Bauer et al (I987b) and Sofield et al.

(1977) reported similar findings. Under irrigated conditions, however, N concentration in

the kernel followed a curvilinear pattern, the rate of increase decreasing after anthesis and

reaching a minimum between 28 to 37 d after anthesis. In irrigated plots, the rate of DM

accumulation throughout most of the filling period exceeded the rate of N accumulation,

in tum depressing kernel N concentration. Near maturity, N concentration increased.

Soil N and moisture levels were high during filling, permitting continued N uptake while

DM production decreased due to the senescence of plant tissues.
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2.9.2 Translocation of Nitrogen and Carbohydrates to the Grain

The quantity of N in the wheat kernel is dependent on two sources, namely N

assimilated during vegetative development and N taken up during grain filling (Abrol et

al. 
.T984). 

N translocated from vegetative material is the principal source of grain N for

the kemel (Boatwright and Haas 1.961; Campbell et al. 1990; Clarke et al. 1990; Darroch

and Fowler 1990; Spiertz and Ellen 1978), although N must first be converted into a

translocatable form in order to be transported to the kernel. Most of the N in vegetative

tissues exists as protein; in leaf tissue the principal protein is the chloroplast enzyme

ribulose-l,5-bisphosphate carboxylase, or Rubisco (Peoples et al. 1980). Protein is

hydrolyzed by peptide hydrolases (Waters et al. 1980), and the N is translocated

principally as glutamine, asparagine, glutamate, and aspartate (Salisbury and Ross 1992).

Not to be overlooked, translocation of carbohydrates is also an important

consideration during grain filling. Carbohydrates are assimilated before anthesis, stored

primarily in the stem, and translocated to the grain afrer anthesis (Palta et al. 1994;

Spiertz and Ellen 1978; van Herwaarden et al. 1998). Water-soluble carbohydrate

reserves in the stem become alarger fraction of total grain biomass when post-anthesis

moisture stress limits DM production (Palta et al. 1994; van Herwaarden et al. 1998).

With increasing N fertility, the relative importance of vegetative material as a

source of translocatable N increases. Boatwright and Haas (1961) observed that wheat

ferttlized with N reached maximum DM and N accumulation at the soft dough stage,

while wheat that did not receive N fertilizer reached the same point at maturity. The

authors speculated that reduced DM accumulation as a result of N deficiency on

unfertilized plots reduced N uptake, and that unfertilized wheat depended more on soil N
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during grain filling. When wheat was restricted to a soil N level of 0 kg ha-l by Nair et

al. (1978), the uppermost three leaf blades contributed 22.7o/o of total grain N.

Conversely, when wheat was grown at a soil N level of 120 kg ha-r, the uppermost three

leaf blades contributed 48.5% of total grain N. The amount of N translocated from other

plant parts to the grain did not differ considerably between the different soil N regimes,

meaning the leaf tissue was the main sink for the extra N prior to the filling period.

However, N translocation from roots late in development may also be a significant source

of grain N. Campbell et al. (1977b) observed increased N uptake under drought

conditions along with a concurrent decline in root DM and N content. Maximizing

translocation efficiency from vegetative tissue to grain increases the kernel N quantity,

and is especially important when soil N levels are high.

Assuming there is N and water available for plant uptake, N uptake can continue

until late in the filling period, even in dryland environments (Campbell et al. 1990;

Clarke et al. 1990). Clarke et al. (1990) observed increased N uptake during the soft

dough phase of kernel development exceeded N translocation from leaves and stems.

2.9.3 Effect of Fertilizer Nitrogen Application Rate on Protein Content

The effect of fertilizer N application on yield and PC has been widely studied

(Bole and Dubetz 1986; Campbell and Davidson 1976; Fowler et al. 1990; Grant et al.

i991; Selles et al. 1997), since N is the most important nutrient that influences PC (Olson

and Kurtz 1982). Many researchers have demonstrated the positive relationship between

fertlhzer N application rate and PC (Bole and Dubetz 1986; Bole and Pittman 1980;

Gauer et al. 1992; Gehl et al. 1990; Grant et al. I99I).
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Knott (1974) demonstrated that across a range 0 to 168 kg ha-r of applied N,

barley grain DM and N yield showed a quadratic response, while PC showed a linear

response, meaning PC does not increase at as rapid a rate as grain DM or N yield in

response to the first few increments of fertilizer N. The proportionately larger increase in

grain DM yield dilutes grain N yield, thereby decreasing PC. This effect, called the "lag"

phase, has been reported by many other researchers, particularly when soil N levels are

low (Bole and Pittman 1980; Fowler and Brydon 1989; Fowler et al. 1990; K¡ott 1974).

The second phase of the yield-PC relationship has been called the increase phase

(Cowell and Doyle I993b; Fowler et al. 1990). This phase commences once N is no

longer the principal factor affecting grain yield, at which point PC begins to increase.

Any environmental factor that increases yield potential will increase the amount of N

needed to commence this phase (Fowler et al. 1990). The rate of yield increase decreases

and eventually levels off with additional increments of N, while PC continues to increase.

2.9.4 Effect of SoiI Moisture on Protein Content

PC is modified by the availability of soil water, since yield is related strongly to

moisture availability (Clarke et al. 1990;Entz and Fowler 1988; Grant et al. 1991; Henry

et al. 1987). In the event of low moisture availability, the main effect of N is to increase

PC, since moisture is below the optimum for maximum grain yield (Hutcheon and Paul

1966; Terman 1979; Terman et al. 1969). As the amount of N fertilizer applied increases

with increasing soil moisture, grain yield and N yield increase. PC will not increase in

direct proportion to yield, since grain yield generally increases more than PC with
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increasing moisture supply. Where the supply of water is intermediate, both yield and PC

increase with increasing N supply (Hutcheon and Paul 1966; Terman et al. 1969).

Da:roch and Fowler (1990) found when residual soil N levels were low to

intermediate and moisture conditions were adequate, N fertilization increased grain N

yield more so relative to PC. When residual soil N levels were intermediate to high, both

grain N yield and PC increased in response to N fertilization. Therefore, the yield

response to fertilizer N will not be as great and the PC response may be relatively larger

where soil N levels are high prior to fertllizer N application (Darroch and Fowler 1990;

Lloveras et al. 2001).

2.9.4.1 Effect of Timing of Moisture Stress on Protein Content

The timing of moisture stress also has a dramatic effect on PC. For winter wheat

production in westem Canada, Entz and Fowler (1988) determined that environmental

stresses between Zadoks stage 2I (main shoot * 1 tiller) and Zadoks stage 65

(mid-anthesis) had the greatest effect on grain yield, DM production, and grain N yield,

since this phase corresponded to the plant's most rapid period of growth and demand for

water. Grain PC was affected by moisture stress before and after anthesis, and was most

strongly correlated with root zone water at anthesis.

When moisture stress is imposed during kernel development, grain PC increases

considerably relative to grain yield, since N remobilization to the grain from vegetative

tissue is less affected by moisture stress compared to carbohydrate synthesis (Hutcheon

and Paul 1966; Panozzo and Eagles 1999). An increased rate of N remobilization has

also been suggested as an explanation of higher PC as a result of moisture stress (Palta et
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al. 1994; Panozzo and Eagles 1999). However, in extremely dry conditions, N

remobilization from vegetative tissues may be severely retarded, decreasing N recovery

in the grain and lowering translocation efficiency (Spratt and Gasser 1970).

2.9.5 F.ffect of Temperature on Protein Content

Temperature and moisture stress interact to affect yield and PC. Temperature is

inversely related to yield and related directly to PC (Campbell and Davidson 1979).

Campbell et al. (1981) observed the highest spring wheat PC under high N fertility and

temperature when moisture was applied from near boot stage to maturity. The lowest PC

was observed under cool conditions with medium N fertility, where moisture stress was

applied from late anthesis until maturity. Soil moisture levels were observed by Sosulski

et al. (1962) to have a greater effect on PC at higher temperatures compared to lower

temperatures due to an increase in overall plant water stress. High temperatures during

kernel development result in reduced starch synthesis relative to protein synthesis,

especially when moisture is not limiting, in turn increasing PC.

2.9.6 F;fïect of Fertilizer Nitrogen Source and Timing on Protein Content

Timing N availability to a wheat crop modifies the relationship between yield and

PC. By delaying the availability of N until later in the growing season, N will contribute

more to PC relative to grain yield, since the potential for yield increase is more limited

(Fowler and Brydon 1989; Fowler et al. 1990; Johnston and Fowler 1991). Therefore,

fertilizer type is an important consideration with respect to wheat protein dynamics, since

different fertilizer types have different release characteristics.
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A number of studies in western Canada have evaluated the relative efficiencv of

AN versus urea for cereal production (Campbell et al. 1991; Fowler and Brydon 1989;

Matus et al. 19961' Johnston and Fowler I99Ia; Johnston and Fowler 1991b; Matus et al.

1999). In two of the aforementioned studies, fertilizer source did not influence yield or

PC (Campbell et al. l99l; Matus et al. 1996). However, in a later study, higher spring

wheat yields were observed with urea when compared to AN by Matus et al. (1999),

despite higher levels of l5N-labeled urea remaining in the soil at harvest. The authors

suggested differences might have been attributable to NO3- loss from AN due to

denitrification or leachins.

Fowler and Brydon (1989) compared the effectiveness of broadcasting and

banding AN and urea at different times on winter wheat productivity. Broadcast urea

resulted in lower grain yield and grain N yield compared to broadcast AN in three trials.

N losses were likely due to volatile loss of NH3, since urea is prone to volatile loss of

NH: in certain conditions (Nelson 1982). Where spring broadcasting of AN or urea was

followed by dry conditions, N availability was decreased, resulting in large increases in

PC for both N sources. Compared to broadcasting AN or urea early in the spring,

delaying spring broadcasting by three weeks resulted in lower winter wheat DM yields

and delayed N uptake (Johnston and Fowler 1991b). In a similar study, Johnston and

Fowler (I991a) observed grain N yield and PC response to early spring broadcast urea

and banded urea was 89o/o of the response observed with early spring broadcast AN.

Therefore, yield and PC response to conventional types of fertilizer may differ

considerably depending on environmental conditions, emphasizing the importance of

proper fertilizer placement and timing.
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In a comparison of side-banded CRU versus conventional urea, Haderlein et al.

(2001) found spring wheat yields were not statistically different. However, CRU

produced higher PC and NUE across an N application range of 0 to 100 kg ha-'. The

authors suggested the release characteristics of CRU permitted more N to be taken up in

later growth stages when N is more likely to be concentrated in the grain. Similar field

studies comparing conventional urea with urea amended with nitrification inhibitors have

not shown significant differences in yield or PC (Bronson et al. 1991 ; Goos et aL. 1999).

2.9.6.1 Effect of Delayed Fertilizer Nitrogen Application on Protein Content

Since N taken up later in the growing season contributes more to PC than to yield,

using split applications of N to increase N availability later in the growing season

frequently results in increased PC compared to when N applied solely at seeding (Hogg

and Brown 1997; Hucklesby et al. l97l; Morris and Paulsen 1985; Miceli et al. 1992;

Selles et aI. 1997; Tran and Tremblay 2000;' Wuest and Cassman 7992a). The overall

recovery of fertilizer N applied closer to anthesis is also frequently higher than when N is

applied solely at seeding. In Québec, Tran and Tremblay (2000) observed recovery of

lsN-labeled AN applied to spring wheat at the boot stage was 49.8%o, compared to 36.2%o

when ltN-labeled AN was applied at seeding. Under irrigated conditions in California,

Wuest and Cassman (1992a) recorded similar results. Recovery of lsN-labeled

ammonium sulfate applied at anthesis varied from 55 to 80o/o, compared to 30 to 55o/o for

ttN-labeled ammonium sulfate applied at seeding. Both experiments, however, were

carried out under favorable moisture conditions that permitted N applied later in plant

development to be made readily availabie to the plant.



46

Under semiarid conditions, the effects of split N applications on PC have been

variable. In Colorado, Vaughan et al. (1990) evaluated the effect of fall-applied,

spring-applied, and split applied AN on winter wheat yield and PC. Spring-applied AN

increased yield and PC to a greater extent compared to fall-applied AN or split

applications of AN. In order to achieve the same grain yield and PC as winter wheat that

received AN in the spring, 20 and 18olo more fall-applied and split-applied N was

required, respectively. ln southern Saskatchewan, Selles et al. (T997) found topdressing

of spring wheat at anthesis that had received N at seeding had no effect on grain yield and

marginally increased PC. Topdressing N at the five-leaf stage increased yield and PC.

Topdressed N at anthesis applied directly to the soil was less effective than foliar N since

timely rains were not received after N application. Furthermore, in some cases, foliar N

resulted in substantial leaf burn when applied at the flag leaf stage or anthesis, reducing

PC. Therefore, the effectiveness of midseason broadcast and foliar-applied N application

under semiarid conditions is heavily dependent on environmental factors, particularly

rainfall events to move the fertilizer into the root zone.

2.10 Influence of Protein Content on End-Use Qualify

Besides grain grade, PC is traditionally recognized as the most influential factor

affecting wheat breadmaking quality (Bushuk et al. 1969; Bushuk and MacRitchie 1989;

Finney and Barmore 1948; Schofield 1994; Shewry and Miflin i985; Shewry et al. i986;

Tipples et al. 7994; Wooding et al. 2000a). The importance of PC to end-use quality

relates to its substantial effects on some of the most important technological properties of

wheat, namely absorption of water by flour (Ayoub et al. 1994; Kosmolak and Crowle
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1980; Tipples et al. 1994), dough rheological properties (Kosmolak and Crowle 1980;

Pechanek et al. 1997; Preston and Tipples 1980; Wooding et al. 2000a), and bread loaf

volume, or dough gas retention (Bushuk et al. 1969; Bushuk and MacRitchie 1989;

Firurey and Barmore 1948; Timms et al. 1981).

2.10.1 Effect of Protein Content on Flour Water Absorption

There are two types of water absorption that are relevant to the discussion of the

effect of PC on end-use quality, namely Farinograph absorption and baking absorption

(Tipples et al. 1994). Farinograph absorption is defined as the amount of water that can

be added to a fixed weight of flour to produce dough having a specific consistency when

mixed at a specified speed using the Brabender Farinograph (Tipples et al. 1994). The

Farinograph is a torque measuring, recording dough mixer that is used to provide an

initial estimate of baking absorption. Farinograph absorption depends strongly on PC; as

flour PC increases, Farinograph absorption increases (Ayoub et al. 7994; Finney 1945;

Kosmolak and Crowle 1980; Tipples etal.1994).

Optimum baking absorption is the maximum amount of water that can be added

to flour and yield dough of a consistency that can be conveniently handled by bakery

equipment without the occurrence of problems such as dough stickiness (Finney 1945).

Since bread flour is sold on a weight basis, and since bread yield will increase as water

absorption increases, flour with a higher PC is more valuable to a baker compared to

flour that is capable of absorbing less water.
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2.10,2 Effect of Protein Content on the Rheological Properties of Dough .

When wheat flour is mixed with water, dough is formed that exhibits

characteristic visco-elastic properties (Bushuk and MacRitchie 1989; Hoseney 1988).

The unique rheological properties conferred to dough by protein are generally regarded as

being responsible for breadmaking quality (Fido et al. 1997; Schofield 1986). No other

cereal grain flour exhibits these characteristics (Bushuk and MacRitchie 1989).

Numerous studies have involved the use of the Farinograph to evaluate dough

rheology (Ayoub et al. 1994; Bushuk etal. 1969; Parades-López et al. 1985; Pechanek et

al. 1997; Tipples et al. 1977; Wooding et al. 2000b). Generally, as flour PC increases,

the time required to mix the dough to peak consistency increases. Farinograph stability

and mixing tolerance index, which are both measures of tolerance of dough to mixing

past peak consistency, also improve as PC increases. However, when PC is excessively

high (e.g. 17%o on a 13.5o/o moisture basis), negative effects on mixing characteristics

(Tipples et al. 1977) can result. Increasing PC increases dough mixing requirements and

positively affects dough strength to a point, but very high PC results in detrimental

effects on end-use quality.

Like the Farinograph, the Mixograph is a torque-measuring, recording dough

mixer. Compared to the Farinograph, the Mixograph is generally run at constant water

absorption and the dough mixing action differs, resulting in very different results for the

same flour sample. At constant water absorption, as flour PC increases, the time required

to reach peak dough resistance to mixing (MDT) decreases, while peak dough resistance

(PDR) increases (Kosmolak and Crowle 1980; Luo et al. 2000; Moss et al. 1981;
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Wooding et al.2000a). Like the Farinograph, stability and resistance to mixing past peak

development increase as PC increases (Preston and Tipples 1980).

While the Farinograph and Mixograph measure resistance of dough to mixing, the

Extensigraph measures dough extensibility. There are two key parameters that the

Extensigraph generates, namely maximum resistance to extension and extensibility, or

the degree to which a dough piece is able to stretch without breaking (Bangur et al.

1997). As dough strength increases as a result of increased PC, resistance to dough

extension (Moss et al. 1981b) and extensibility (Kettlewell et al. 1998; Moss et al. 1981b;

Zhao et al. 1999) increase. When PC is excessively high, resistance decreases markedly,

resulting in poor quality dough for breadmaking (Tipples et al 1977). The role of grain

sulphur content in influencing dough extensibility is also an important consideration

along with PC, since sulfhydryl groups and disulphide bonds play a critical role in the

visco-elastic properties of dough (Kettlewell et al. 1998; Zhao et al. 1999).

2.10,3 Effect of Protein Content on Loaf Volume

The ability of dough to retain gas during fermentation is responsible for the

volume associated with a loaf of bread, and is attributable to the gluten proteins (Hoseney

1988). Finney and Barmore (1948) demonstrated a strong, positive, linear relationship

between loaf volume and PC when evaluating a series of winter and spring wheat

varieties over a wide range of flour PC, although the loaf volume potential of different

cultivars differed along the same range of PC. Other researchers have also found that

increasing PC results in increased loaf volume (Ayoub et al. 1994: Bushuk and

MacRitchie 1989; Bushuk et al. 1969; Finney and Barmore 1948; Timms et al, 1981).
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2.11 Protein Quality

Where end-use quality differs significantly among samples with similar PC,

differences in end-use quality are attributable to differences in protein quality. While PC

is simply the percentage of N in the grain multiplied by 5.7 (Simmonds and O'Brien

1981), protein quality is much more complex. Protein quality refers to the composition

of distinct fractions of protein in endosperm or flour, each of which contributes uniquely

to end-use quality.

2.12 Protein Classification and Nomenclature

Basically, wheat proteins can be classified as gluten (forming) proteins or

non-gluten proteins. Non-gluten protein, namely the albumin/globulin fraction, plays a

relatively small role in determining end-use quality. Gluten proteins, which are

responsible for protein functionality in breadmaking, represent 80 to 90Yo of total flour

protein, and increase as a percentage of total protein as PC increases (Schofield 1994;

Stone and Savin 1999). The relative quantity and composition of the two protein

fractions that constitute gluten protein, namely gliadin and glutenin, are of the most

interest to researchers because of their tremendous influence on quality (Gupta et al.

1992; Hamada et al. 1982; MacRitchie 1992; MacRitchie et al. 1991; Schofield 1986;

Schofield 1994; Shewryet al. 1986; Stone and Savin 1999; 'Wall 1979). Gliadin, which

is a very heterogeneous protein fraction, is responsible for the viscous properties of

dough during mixing (Fido et al. 1997; Wooding et al. 2000b). Conversely, glutenin is

pollnneric protein that exhibits a high degree of inter-molecular bonding (Gianibelli et al.
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2001), reduces dough extensibility (Wieser and Kieffer 2001) and is the protein fraction

responsible for dough strength (Schofield 1986; Wall 1979).

Wheat proteins were first classified into groups based on their sequential

solubility in a series of solvents by Osborne in 1907 (Shewry et al. 1986; Wall 1979).

Traditionally, these groups have been called albumins (soluble in water), globulins

(insoluble in water but soluble in dilute solutions of salts), prolamins (soluble in aqueous

alcohol), and glutelins (soluble in dilute acid or alkali). The majority of wheat flour

protein is comprised of prolamin and glutelin, which are present in roughly similar

amounts in gluten (Shewry et al. 1986; Stone and Savin 1999).

Instead of using extractability criteria to classify wheat proteins, Shewry et al.

(1986) proposed that gluten proteins be classified into groups based on amino acid

sequence and composition, including the presence or absence of inter- or intramolecular

disulphide bonds. S-poor prolamins (ogliadins), S-rich prolamins (s-, Þ-, 1-gliadins, and

low molecular weight glutenin subunits), and high molecular weight (HMW) prolamins

(HMW glutenin subunits) each contribute uniquely to dough strength and extensibility

(Bushuk and MacRitchie 1989; MacRitchie 1992; Schofield 1986; Schofield 1994), and

can be separated based on their molecular size. In the following discussion, gliadin

sub-fractions are referred to individually (cx-, F-, T-, and r+gliadins). Glutenin is referred

to as either small or large polymers (glutenin molecules), or in terms of in its chemically

reduced form as low molecular weight glutenin subunits (LMW-GS) or high molecular

weight glutenin subunits (HMW-GS).
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2.12.1 Albumin and Globulin Frotein

The albumins and globulins represent roughly 15 to 20%o of total protein in flour

(Shewry et al. 1986; Stone and Savin t999). These proteins have almost no direct effect

on breadmaking protein functionality, though because this fraction contains a number of

enzyrnes, namely amylases and proteases, the albumin/globulin fraction may contribute

indirectly to breadmaking quality (Bushuk and MacRitchie 1989). Approximately half of

the albumin/globulin fraction is located in the embryo, which is removed during white

flour milling (Stone and Savin 1999).

2.12.2 Characterization of Gliadin

The gliadin fraction is very heterogeneous, and is composed of up to 50 different

single-chain polypeptides in a given wheat genotype (Schofield 1986). Gliadin

molecules associate non-covalently by hydrogen bonding or hydrophobic interactions.

Gliadin molecules are generally considered to be non-aggregating, although they may

interact with glutenin (Sapirstein and Fu 2000; Shewry et al. 198ó). Upon hydration,

pure gliadin forms a mass that is easily stretched and does not hold its form well (Wall

1979), and is responsible for dough extensibility rather than elasticity (Schofield 1986;

Shewry et al. 1986; Schofield 1994; Stone and Savin 1999; Wall 1979).

Gliadin can be further classified into cr-, F-, T-, and r+gliadin fractions based on

electrophoretic mobility under acidic conditions (Wall 1979; Wrigley and Bietz 1988).

The cr-, B-, and ¡gliadins have a MW of 30000 to 45000 kDa and have roughly 2-3%

cysteine and methionine residues. Mainly because of the presence of an even number of

cysteine residues (typically 6 or 8), gliadin molecules participate only in intramolecular
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bonding (Wall 1979; Shewry et al. 1986). Polypeptides similar to ¡gliadins are

incorporated into glutenin via disulphide bonding (Huebner et al.1997; Lew et aL.1992).

However, these polypeptides have an odd number of cysteine residues, meaning they can

participate in inter-molecular disulphide bonds. The ogliadins have a MW of 40000 to

70000 kDa and lack S-containing amino acids, namely cysteine and methionine (Shewry

et al. 1986; Shewry and Tatham 1997).

A few studies have reported the relative of proportion of gliadin fractions in

relation to total gliadin content. Wieser et al. (1994) found the proportion of cx-*Ê-, T-,

and ogliadins in a wide range of wheat cultivars to be 43.9-59.9,30.5-45.6, and

6.2-20.0o/0, respectively. When the French soft wheat cultivar Thésée was exposed to a

range of N supply and temperature regimes, Daniel and Triboi (2001) reported the

proportions of a-*B-, y-, and cugliadins to be 42-58, 24.5-32, and 10-l9o/o, respectively.

The reason for the differences in the reported values is likely due to a combination of

differences in methods of extraction, as well as the effects of genotype and environment.

2.12.3 Characterization of Glutenin

Glutenin is polymeric protein composed of many individual subunits, each with a

MW between 12000 to 130000 kDa (MacRitchie et al. 1990; Stone and Savin 1999\.

Glutenin molecules are able to aggregate because of intermolecular disulphide bonding

(MacRitchie et al. 1990). Because of the high degree of intermolecular bonding and

aggregative behaviour of pol¡..rneric glutenin, the MW of an individual glutenin molecule

can be as high as several million kDa, making glutenin the largest known protein

molecule found in nature (Wrigley 1996). Up to 20 different polypeptides comprise
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glutenin, making it less heterogeneous than gliadin (Schofield 1986). Upon hydration,

pure glutenin forms a tough mass that is elastic and resistant to stretching (Wall 1979).

These properties make glutenin responsible for dough strength (Hamada et al. 1982;

Shewry et al. i986; Stone and Savin 1999;Wall1979; Weegels et al. 1996).

Reducing glutenin by breaking disulphide bonds yields two classes of subunits,

namely LMW-GS and HMW-GS (Kasarda 1989). LMW-GS have an average MW of

30000 to 45000 kDa, and an amino acid sequence similar to the o-, 0-, and 1-gliadins

(S-rich gliadin); the structure of LM.W-GS most closely resembles y-gliadin (Lew et al.

1992). The cysteine residues of LMW-GS participate in either intra- or intermolecular

disulphide bonds. Cysteine residues capable of inter-molecular bonding allow for the

formation of glutenin polymers (Lew et al. 1992) via formation of disulphide bonds with

other LMW-GS or HMW-GS (Shewry and Tatham 1997). Generally, the ratio of

LMW-GS to HMW-GS is 2:1 to 3:1 (Kasarda 1989). Gupta et al. (1993) reported

sodium dodecyl sulfate (SDS)-soluble glutenin contained 70% LMW-GS and 30%

HMW-GS, while SDS-insoluble glutenin contained 60% LMW-GS and 40% HMW-GS.

The MW of HMW-GS have been reported to be 80000 to 120000 kDa, although

estimates based on derived amino acid sequences indicate a MW between 60000 to

90000 kDa (Gianibelli et al. 2001). In terms of their amino acid sequence, HMW-GS

contain relatively more glycine and less glutamine/glutamic acid than o-, P-, or

1-gliadins. More importantly, HMW-GS contain only 0.5 to I.5o/o cysteine, and are

therefore classified as being S-poor (Zhao et al. 1,999a). The cysteine residues of

HMW-GS allow for intermolecular disulphide bonding between LMW-GS or other
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HMW-GS, and occur only within 100 residues of each end of the polypeptide chain

(Kasarda 1989).

Glutenin molecules can be also classified into sub-groups based on their solubility

in SDS (Gupta et al. 1993; Stone and Savin 1999) or other solvents such as acetic acid

(Orth and Bushuk 1972) or propanol (Sapirstein and Johnson 2000). The MW of

SDS-soluble polymer is lower than the MW of SDS-insoluble polymer due in part to the

higher ratio of HMW-GS to LMW-GS in SDS-insoluble glutenin (Gupta et al. 1993;

Stone and Savin 1999\.

2.13 Effects of Individual Protein Fractions on Dough Rheological Properties

As mentioned previously, gliadin and glutenin have dramatically different effects

on the rheological properties of dough. The same can be said of the contribution of

individual gliadin and glutenin fractions to dough strength and extensibility.

2.13.1 Effect of Gliadin on Dough Rheological Properties

Gliadin is mainly responsible for the viscous properties of dough during mixing.

V/ith respect to the Mixograph, the quantity of gliadin is negatively correlated to dough

mixing strength, peak dough resistance, and stability (Fido et al. 1997, MacRitchie 1987;

Uthayakumuran et al. 1999; Uthayakumuran et aL.2000; Wooding et al. 2000b). As for

studies involving the Extensigraph, many studies have confirmed gliadin increases the

extensibility of dough while decreasing maximum resistance (Khatkar et al. 1995;

Uthayakumuran et al. 1999;' Uthayakumuran et aL.2000; Wooding et al. 2000b).
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2.13.1,1 Effect of Xndividual Gtiadin Fractions on Dough Rheological Properties

The effect of individual gliadin fractions on dough strength has also been

investigated (Branlard and Dardevet 1985; Fido et al. 1997; Huebner et al. 1997; Scanlon

et al. 1990; van Lonkhuijsen et al. 1992). However, because gliadins are encoded by

complex gene loci and inherited in blocks, they are closely linked genetically. Therefore,

research surrounding the effects of individual gliadins on end-use quality is not as

well-defined as it is for slutenin.

Branlard and Dardevet (1985) observed cr- and B-gliadins were positively and

moderately correlated with swelling (G), as measured with the Alveograph, while weak,

negative correlations were observed between individual gliadin fractions (c-, F-, y-, and

ogliadins) and the ratio of tenacity (P) to extensibility (L). Fido et al. (1997) evaluated

the contribution of individual gliadins to dough strength and demonstrated the addition of

purified gliadins to low and high protein flours resulted in decreased dough strength. For

the Mixograph, the relative weakening effects were in the order of c> = cx- = Þ- > 1, while

the order for the Extensigraph was y- > a- = Ê- = ú). Given the different contributions of

individual gliadin fractions to dough strength, environmental factors that influence the

quantity or composition of gliadin are expected to affect end-use quality.

2.13.2 Effect of Glutenin on Dough Rheological properties

In comparing the relative contribution of gliadin and glutenin to end-use quality,

research clearly points to the much greater importance of glutenin (Gupta et aI. 1992;

Gupta and MacRitchie 1991; Huebner and Wall 1976; MacRitchie 1987; Orth and

Bushuk 1972; Sapirstein and Fu i998; Schofield 1986; Weegels et al. 1996). As flour
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glutenin content increases, Mixograph dough development time decreases, peak dough

resistance increases (Preston and Tipples 1980; Gupta et al. 1992; Wooding et al. 2000b),

and dough resistance to over-mixing increases (Preston and Tipples 1980). When flour is

evaluated with the Farinograph, dough development time increases as glutenin content

increases (Hamada et al. 1982; Preston and Tipples 1980), and dough stability and

mixing tolerance index improve (Preston and Tipples 1980).

The effect of glutenin content on dough extensibility has also been evaluated.

Using a device similar to the Extensigraph, Uthayakumaran et al. (2000) determined that

increased levels of glutenin increased rupture viscosity but decreased rupture strain of a

dough, confirming that glutenin contributes to strength properties of dough rather than

extensibility. As glutenin content increases, dough maximum resistance and extensibility

(Antes and Wieser 2001; Gupta et al. 1992; Gupta et al. 1993; Singh et al. 1990; Southan

and MacRitchie 1999) are expected to increase, although a negative relationship between

glutenin content and extensibility has also been reported (Wieser and Kieffer 2001).

2.13.2.1 Contribution of HM\ry-GS and LMW-GS to Dough Rheological Properties

The contribution of HMW-GS to end-use quality is generally considered to be

greater than that of the LMW-GS (Gupta and MacRitchie 1991; Hamada et al. l9g2:

Kasarda 1989; MacRitchie 1991;Weegels et al. 1996). Using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (sDS-PAGE), the effect of HMW-GS on dough

development time was determined by Pechanek et al (1997) and Wooding et al (2000b) to

be more pronounced than that of LMW-GS, though increasing the quantity of both

LMW-GS and HMW-GS positively influenced dough strength.
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Differences of opinion surrounding the overall effect of glutenin on extensibility

may be due to the significantly different contribution of HMW-GS versus LMW-GS to

glutenin functionality (Fu et al. 1998). The positive effect of HMW-GS on dough

extensibility properties has been demonstrated by many researchers (Antes and Wieser

200I; Gupta et al. l99l; Verbruggen et al. 2001; Wieser and Kieffer 2001). Gupta et al.

(1991) showed that as a percentage of total protein, increasing the percentage of

HMW-GS increased maximum dough resistance to extension much more than when the

percentage of LMW-GS increased. In a similar study, Wieser and Kieffer (2001)

reported that the addition of twice the amount of LMW-GS was required to get the same

degree of maximum resistance to extension achieved with the addition of HMW-GS.

Furthermore, the addition of LMW-GS to base flour has been shown to actually decrease

maximum resistance and extensibility (Antes and Wieser 2001; Verbruggen et al. 2001).

Hamada et al. (1982) postulated that stronger wheats must contain a higher percentage of

HMW-GS, since dough mix time and stability increased when gluten was of a higher

MW. Clearly, environmental factors that modifu the ratio of HMW-GS to LMW-GS will

influence dough rheological properties.

2.13.2,2 Effect of Average Polymer size on Dough Rheological properties

The size distribution of glutenin polymers is an important consideration with

respect to dough functionality (Fu et al. 1998). The positive effect of glutenin on dough

strength is attributed in large part to the molecular size of glutenin, since as average

polymer size increases, dough strength increases (Gupta et al. 1993; Gupta and

MacRitchie 1991; Kasarda 1989; MacRitchie 1987; Orth and Bushuk 1972; Sapirstein
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and Fu 1998; Schofield 1986; Shewry and Tatham 1997; Singh and MacRitchie 2001:

Weegels et al. 1996). However, the contribution of large and small polymers to dough

strength differs, which may explain the inconsistencies sometimes observed in the

relationship between total glutenin content and dough strength parameters (Gupta et al.

1993; South and MacRitchie 1999). A number of researchers have reported a higher ratio

of HMW-GS of LMW-GS in SDS-insoluble glutenin compared to SDS-insoluble

glutenin (Southan and MacRitchie 1999; Stone and Savin 1999). As such, the differences

in GS composition are thought by some to be the reason behind the stronser contribution

of larger glutenin to dough strength.

2.14 Effects of Individual Protein Fractions on Loaf Volume

Finney and Barmore (1948) demonstrated a strong, positive, linear relationship

between loaf volume and PC, as well as differences in loaf volume potential of different

cultivars along the same range of PC. The latter was postulated to be due in part to

differences in protein composition. Given the dramatic differences in the contribution of

gliadin and glutenin to dough strength and extensibility, it should come as no surprise

that these protein fractions has significantly different effects on breadmaking quality.

2.14,1 Effect of Gliadin on Loaf Volume

Results regarding the effect of gliadin on loaf volume are variable. In a flour

reconstitution study, MacRitchie (1987) found that the first 50% of protein extracted

(using increasing concentrations of HCI), which corresponded to gliadin, maintained or

slightly depressed loaf volume. Other researchers (Johansson et al. 2001; Martin et al.
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1992; Pechanek et al. 1997) have found a positive relationship between loaf volume and

gliadin content, which is not surprising since as PC (and loaf volume) increases, gliadin

content also increases. Other researchers have reported weak relationships between

gliadin and loaf volume (Gupta et al. 1992; Hamada et al. 1982; MacRitchie et al. l99l:

Martin et al. 1992; Scanlon et al. 1990), while loaf texture was found by Martin et al.

(1992) to be strongly correlated with gliadin.

2-14.1.1 Effect of Individual Gliadin Fractions on Loaf volume

Studies involving the effect of individual gliadin fractions on loaf volume have

clarified this controversy. Using wheat varieties with a constant HMW glutenin-A

subunit composition, van Lonkhuijsen et al. (1992) determined variation in gliadin

composition was responsible for 82%o of the variation in loaf volume. Furthermore, the

peak most highly correlated with loaf volume, as well as positively correlated, was an

¡gliadin peak. Three other peaks, of which two corresponded to cugliadins while the

other corresponded to a B-gliadin, were negatively correlated with loaf volume. The

positive relationship between gliadins and loaf volume was also reported by Huebner et

al- (1997), who also found ü-, Þ-, and r+gliadins were negatively correlated with loaf

volume, while y-gliadin was positively correlated with loaf volume. However, sine the

¡gliadin fraction did not increase proportionately with loaf volume as compared to cx-,

B-, and r*gliadins, the positive influence of ¡gliadin on loaf volume decreased as pC

increased. While all of the gliadin fractions tend to weaken dough and confer

extensibility, the y-gliadins appear to weaken dough the least and. may have positive

effects on loaf volume.
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2.14.2 Effect of Glutenin on Loaf Volume

The positive effect of glutenin on loaf volume has also been demonstrated by

many researchers (Huang and Khan 1997; Huebner and WalI 1976; MacRitchie et al.

1991; Martin et al. 1992; Pechanek et al. I 997; Preston and Tipples 1980; Sapirstein and

Fu 2000; Timms et al. 1981), as has the greater contribution of HMW-GS to loaf volume

compared to LMW-GS (Antes and Wieser 2001; Pechanek et al. 1997; Timms et al.

1981; Weegels et al. 1996). HMW-GS was determined by Pechanek et al. (1997) to be

much more strongly correlated to loaf volume than LMW-GS, while Martin et al. (1992)

found both LMW-GS and HMW-GS were strongly correlated to loaf volume. Addition

of HMW-GS to a base flour was demonstrated by Antes and Wieser (2001) to increase

loaf volume, while the opposite was true of the addition of LMW-GS. Regardless, a

higher proportion of HMW-GS relative to LMW-GS is likely to increase loaf volume

(Timms et al. 1981).

Given the importance of HMW-GS to end-use quality, it should be no surprise

that as the average molecular size of glutenin increases, loaf volume also increases

(Daniel and Triboi 2002; Huang and Khan 1997; Jia et al. 1996b; Weegels et al. 1996).

Comparing the effects of the addition of acid-soluble and acid-insoluble glutenins to base

flour (relatively comparable to SDS-soluble and SDS-insoluble polymer), preston and

Tipples (i980) demonstrated similar increases in loaf volume with the addition of gluten

proteins and acid-soluble glutenin. The addition of acid-insoluble glutenin significantly

reduced loaf volume, although the loaf volume decreases v/ere recorded only when the

acid-insoluble glutenin \¡/as added in excess. These results were in disagreement with

those of Orth and Bushuk (1972). Tipples (1980) attributed the decrease in loaf volume
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to acid-insoluble glutenin that disaggregated during dough mixing rather than the

acid-insoluble glutenin fraction as a whole. Zhu and Khan (2001) demonstrated loaf

volume was positively correlated to the proportion of insoluble glutenin in flour, while

the proportion of insoluble glutenin was negatively correlated to loaf volume.

2.15 Effect of the Ratio of Gliadin to Glutenin on End-use euarity

Although the importance of the relationship between gliadin and glutenin in

determining end-use quality is well established, research surrounding the importance of

the ratio of gliadin to glutenin on wheat end-use quality has not yielded consistent results.

While some research suggests the ratio of gliadin to glutenin is a key factor in

determining dough rheological properties and breadmaking quality (Janssen et al. 1991;

Timms et al. 1981; Uthayakumuran et al. 1999; tJthayakumuran et al. 2000), other

researchers have found the ratio of gliadin to glutenin has no value as a predictor of

end-use quality (Bushuk and MacRitchie 1989; Johansson et al.200I; Orth and Bushuk

1972; Pechanek et al. 1997). These differences in experimental results may be due to

different extraction procedures or other methods of fractionation. Two recent papers by

Uthayakumaran et al. (1999,2000) strengthen the case for use of the gliadin to glutenin

ratio as a predictor of end-use quality. For example, increases in the glutenin to gliadin

ratio at constant protein content resulted in increased mix time, peak dough resistance,

maximum resistance to extension, and loaf volume (Uthayakumaran et al. 1999)

There are a several theories for the interaction between gliadin and glutenin and

its impacts on end-use quality. Sapirstein and Fu (2000) suggested that strong mixing

wheats have glutenin molecules of larger size compared to weaker wheats. As polS.nner
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size increases, specific surface area decreases, reducing the amount of surface area

available for interaction with other proteins such as gliadins. Khatkar et al. (1995)

proposed that gliadin acts as a plasticizer in intemrpting the interaction between glutenin

molecules during mixing, in turn increasing extensibility and decreasing resistance to

extension. Regardless, the interaction of gliadin and glutenin has been proposed to

explain at least part of the role of gliadin in determining end-use quality, as well as the

effect of increasing the ratio of gliadin to glutenin.

2.16 Protein Accumulation in the Developing Grain

The accumulation of individual protein fractions in the grain have been evaluated

by many researchers using methods that are based solely on extractability and/or

SDS-PAGE (Bollini et al. 1981; Castle and Randall 1987; Dell'aquila er al. 1983; Khan

andBushuk1976; Galterio etal. 1987; Johansson etal. 1994;Kaczkowskietal. 19gg;

Kaczkowski et al. 1987). However, given the wide variety of extraction techniques

employed by different researchers, what one group considers glutenin may be considered

gliadin by another goup. The use of size-exclusion high-performance liquid

chromatography (SE-HPLC) has been suggested as a more accurate tool in assessing the

contribution of individual protein fractions to end-use quality (Batey et al. l99I;

Dachkevitch and Autran 1989; Pechanek et al. 1997), since protein can be classified

according to molecular size as well as extractability. In order to simpliSr the discussion,

the following section focuses on research utilizing SE-HPLC to track the pattern of

protein accumulation in the developing grain (Bénétrix et al. 1994; Daniel and Triboi

2001; Daniel and Triboi 2002; Gupta et al. 1996; Huebner et al. 1990; Jamieson et al.
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ZjjI;Panozzo et al.200T; Stone and Nicolas 1996a; Stone and Nicolas 1996b; Stone and

Savin 1999; Triboi et al. 1990; Triboi and Leblevenec 1995; Wright et al. 2000 Zhu and

Khan 1999), though other research will be referred to periodically.

2.16,1 General Paffern of Protein Accumulation

The accumulation of individual protein fractions is asynchronous and highly

ordered, both in terms of initiation and rate of protein synthesis (Daniel and Triboi 2002;

Jamieson et al. 2001; Stone and Nicolas t996a; Stone and savin lggg). The

accumulation of protein fractions in the kernel can be expressed as the percentage of total

grain protein or as the quantity of protein in the kernel (Daniel and Triboi 2002; Stone

and Nicolas I996a; Triboi et al. 1990). When expressed on the basis of weight, the

accumulation of gliadin and glutenin, like N itself, is linear as a function of thermal time.

(Daniel and Triboi 2002; Jamieson et al. 2001; Triboi and Leblevenec 1995).

Depending on environmental conditions, N accumulation in the kernel may

proceed for as long as 40 to 50 days after anthesis (DAA) (Gupta et al. 1996; Panozzo

and Eagles 2001; Stone and Nicolas 1996a). The order of appearance of the three main

protein fractions is 1) albumin/globulin 2) gliadin 3) glutenin, although the initiation of

synthesis of each fraction is not nearly as well understood (Gupta et al. 1996; Jamieson et

al.200I; Stone and Nicolas 1996a).
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2.16.2 Accumulation of Albumin/Gtobulin Fraction

During the first 10 DAA, the albumin/globulin fraction is readily detectable

(Daniel and Triboi 2002; Jamieson et al. 2001; Panozzo et al. 2001; Stone and Nicolas

1996ai, Stone and Savin 1999), and represents over 80% of total protein in the kernel

(Panozzo et al. 2001). Accumulation of the albumin/globulin fraction has been reported

to continue up to 10 DAA (Jamieson et al. 2001), 19 DAA (Gupta et al. 1996; Stone and

Savin 1999) or even 40 DAA (Stone and Nicolas 1996a). However, the rate of synthesis

of the albumin/globulin fraction is greatest within the first 10 DAA, and then proceeds at

a very slow rate, if at all. At maturity, the albumin/globulin fraction represents between

20 to 30Yo of total grain protein (Panozzo et al. 2001; stone and savin 1999).

2.16.3 Accumulation of Gliadin

The gliadin fraction is detectable within the first 7 to 10 DAA (Dell'aquil a et al.

1983; Gupta et al. 1996; Johansson et al. 1994; Panozzo et al2001; Stone and Nicolas

1996a), and is the first storage protein fraction to accumulate in quantity. The rate of

gliadin synthesis is most rapid during mid-development of the wheat kernel. Gupta et al.

(1996) determined maximum gliadin synthesis occurred between 22 to 31 DAA, while

Stone and Nicolas (1996a) andPanozzo et al. (2001) found maximum gliadin synthesis

occurred between 10 to 30 DAA and 7 to 21 DAA, respectively. By the time the rapid

phase of gliadin accumulation is complete, gliadin typically represents 30 to 40o/o of total

protein and maintains that level until maturity (Panozzo et al. 2001; Stone and Nicolas

7996a; Stone and Savin 1999).
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2.16.3.1, Accumulation of Individual Gliadin Fractions

The accumulation pattern of individual gliadin fractions has also been studied

(Bénétrix et al. 1994; Huebner et al. 1990; Kaczkowski et al. I9g7; Mecham et al. 19g1;

zhu and Khan 1999). zhu and Khan (L999) detected the presence of G-, Ê-, y-, and

ogliadins 10 DAA, and found the proportion of ¡gliadins increased during the filling

period, while the proportion of cr- and B-gliadins remained relatively constant, arriving at

a stable level 19 to 25 DAA. The synthesis of o-, Ê-, and y-gliadins were found to

increase considerably between 12 to 18 DAA (first and second sampling periods) by

Mecham et al. (1981). Kaczkowski et al. (1987) detected cr>-gliadins 10 to 12 DAA, while

o-, Ê-, and T-gliadins were detected 18 DAA. Differences in extraction procedures may

be responsible for the confusion surrounding the accumulation pattern of individual

gliadin fractions.

2.16.4 Accumulation of Glutenin

The synthesis of glutenin proceeds at a slower rate than that of gliadin. The

glutenin fraction is detectable in small quantities within the first 7 to l0 DAA (Gupta et

aL.1996; Huebner et al. 1990; Panozzo et al2001; Stone and Nicolas I996a). Glutenin is

not present in large quantities until the latter half of the filling period, and is readily

detectable around 20 DAA (Gupta et al. 1996; Panozzo et al. 2O0l; Stone and Nicolas

1996). The increase in glutenin synthesis was found by Panozzo et al (2001) to

commence at the same time as the decrease in gliadin synthesis (21 d), while Huebner et

al. (1990) determined the rate of glutenin synthesis did not exceed the rate of gliadin

synthesis until the fifth week after anthesis. Given these results, the ratio of eliadin to


