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This review covers protein formation in pea as well as what is known about nutrient management 
strategies’ effect on pea protein content.  
 
Introduction 
 
The pea protein market is expanding. In 2015, the U.S. pea protein market was valued at $22.8 M, and is 
projected to exceed $34.0 M by 2020 (Markets and Market, 2015). Market growth is being driven by 
consumer preference for vegetarian, non-GMO and gluten-free sources of protein which has given pea a 
marketing advantage over dairy and soy-based protein sources. Further, new processing technologies have 
made pea protein extraction efficient and affordable.  
 
Examples of major food companies that use pea protein in their products include (Fig 1):  
 

1. General Mills—Larabar ALT protein bar 
2. Hampton Creek—Just Mayo  
3. Now Sports—Pea Protein 
4. Kirkland—Nature’s Domain Dogfood 
5. Barilla—Pasta noodles      

 
 
Montana led the nation in dry pea production in 2016 with nearly 600,000 acres harvested (NASS, 2017).  
If consistently high protein content can be maintained in Montana-grown pea, the pea protein industry 
may target and pay more for Montana grown pea, which could increase producer revenues.  
 
Protein content hinges on growing conditions and management. Montana’s major agricultural regions are 
characterized as semi-arid with highly variable precipitation and temperature patterns (Padbury et al., 
2002). Pea is typically seeded in April and terminal drought forces the crop to mature by July, which 
means drought will affect physiological processes related to pea protein formation. Management options 
may also affect protein formation, with the use of inoculant and fertilization being the most pertinent to 
Montana.   

   

Figure 1. Food products in which pea protein is a key ingredient. 
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As the protein market continues to expand, studies addressing how management affects pea protein in 
drought-prone regions will become increasingly important in helping Montana producers decide how to 
manage pea for high protein. For instance, understanding how protein is influenced by different 
fertilizers, inoculant types, or crop rotations in a wet or dry growing season could help producers assess 
the financial risk of various management plans under climatic uncertainty. The objective of this document 
is to a) provide a basic physiological framework for protein formation in pea under ideal, drought, and 
nutrient-deficient growing conditions, and, b) present information on management effect on pea protein in 
drought-prone regions similar to Montana. 
 
Protein Formation in Pea 
 
Pea protein content is directly related to seed nitrogen (N) content—high seed N means high protein. At 
the plant level, pea protein depends on plant N uptake and remobilization of N to seeds. Under ideal 
growing conditions—meaning water and nutrients do not limit pea growth—soil nitrate (NO3

-) is initially 
taken up by pea roots and stored in shoots and leaves until pods begin to fill. During pod-fill, roughly 
60% of N stored in shoots and leaves is remobilized to the seed, while around 50% of N being taken up at 
that time is sent directly to the seeds (Schiltz et al., 2005; Fig. 2.). Final seed N concentration is lastly 
determined by seed number—with fewer seeds per plant, final seed N is more concentrated and protein 
content is higher.  
 

Figure 2. During vegetative growth, soil nitrate (NO3
-) is absorbed by roots and stored as N in pea 

roots, shoots, and leaves (1-2). During pod-fill, plant N stored in roots, shoots, and leaves are 
remobilized to the seed (2-3). More N remobilized to the seed results in higher protein content. This 
means plants with fewer seeds often have higher protein content. Drawing by M. Bestwick. 
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Differences in plant genetics may play a role in dictating final seed protein. For instance, varieties that 
produce fewer seeds are more apt to produce high seed protein (Lhuiller-Soudele et al., 1999). Similarly 
varieties that are more efficient at remobilizing shoot and leaf N to seeds during pod fill may produce 
higher protein compared to less efficient varieties (Larmure and Munier-Jolain, 2004). Because pea seeds 
successively develop from the lowest to highest nodes, individual seed protein can be affected by nodal 
position and variety. Atta et al. (2004) observed that individual seed protein decreased from 29.8 protein 
units in the first developed or lowest node to 24.9 protein units in the tenth or highest node in the French 
variety L833 (Fig. 3A). Alternatively individual seed protein remained constant across nodes in the 
variety Colmo (Fig. 3B). Lower individual seed protein at upper nodes in L833 was attributed to less 
efficient N acquisition and remobilization to seeds when pods were filling in upper nodes compared to 
when seeds were developing in lower nodes. In Colmo, N acquisition and remobilization remained 
constant when seeds were developing at both upper and lower nodes due to better maintenance of 
biological N fixation during pod development.   

 
 
Despite the potential for variety to affect protein, environmental factors may have a greater effect on the 
physiological processes that affect protein formation for pea grown in Montana (Bestwick, et al., 2018; 
Tao et al., 2017). For instance, drought stress during pod development may reduce seed number which in 
turn could affect final seed N concentration. Earlier drought stress may compromise N fixation at an 
earlier growth stage (Marino et al., 2007), and limit the N uptake by the pea plant altogether. Water, 
nutrient stress, especially N, or a combination of the two are common in Montana and are likely to affect 
protein content.  
 
  

A. L833 B. Colmo 

Figure 3. Individual seed protein as affected by nodal position and variety in (A) French 
variety L833, and (B) French variety Colmo (Atta et al., 2004). 
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Drought Stress and N Deficiency on Protein 
 
Water stress  
 
Drought stress results from low or poorly timed precipitation relative to important crop growth stages. In 
pea, drought stress before flowering reduces vegetative biomass. Reduced vegetative biomass translates to 
less stored N in stems and leaves, which means less potential for N to be remobilized to seeds during pod-
fill (Lhuiller-Soudele et al., 1999). Alternatively, drought stress incurred at any period over the crop cycle 
can reduce seed number (Guilioni et al., 2003), thus boost protein. Depending on timing and severity of 
drought, it is possible that drought stress could increase, decrease, or have no effect on pea protein 
compared to a well-watered plant (Fig. 4). Under dryland conditions in Montana, drought stress in spring 
pea occurs must commonly at or after flowering, and therefore may have a general effect of increasing 
seed protein (P. Miller, pers. comm.). However, in 2017, drought stress in the Montana/North Dakota 
region occurred during early vegetative stages and consequently many producers experienced very low 
seed protein levels. 
 

N stress 
 
Nitrogen availability is tightly related to water availability. Because no or low rates of fertilizer N are 
applied to pea, N becomes plant available primarily through decomposition of organic matter and crop 
residue and N fixation. Under wet and warm growing conditions, soil microbial activity needed to 
decompose organic N into nitrate for plant uptake is high. Moist (but not saturated) soils also support a 
healthy environment for rhizobia populations which maintain nodule activity for effective N fixation. 

Figure 4. Compared to a well-watered plant, drought stress reduces biomass and seed number. Less 
biomass has potential to decrease protein since less N will be remobilized to the seed during pod-fill. 
Conversely fewer seeds may increase protein content on a per-seed basis.  Drawing by M. Bestwick. 
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Conversely, decomposition and N fixation rates are reduced when soils are dry or cool. This means less N 
will be made plant available through decomposition or N fixation in a low rainfall year compared to moist 
conditions, but final protein depends on the extent to which drought also reduced plant biomass and seed 
number (Fig. 5).  
 
N Management  
 
Despite the complexity of how drought and N interactions affect pea protein, a number of studies have 
addressed how protein responds to different N management strategies in semi-arid systems similar to 
Montana. Specific N management strategies include applying different N rates, use of inoculation, and 
selecting inoculant type.  
 
Starter N  
 
Early studies conducted in the Canadian prairies suggest protein can be increased at high N-rates 
(Sosulski et al., 1974; Holl and Vose, 1980) regardless of wet or dry growing season conditions. For 
instance, Holl and Vose (1980) showed that N rates greater than 143 lb/acre increased protein by 
approximately 6 protein units compared to an unfertilized control in subhumid northeastern 
Saskatchewan. This result was attributed to greater seed N accumulation during the pod fill period (Fig. 
6A). Likewise, McLean et al. (1974) showed in a greenhouse study that seed protein increased from 20 
protein units with 0 lb N/acre to 30 protein units with 293 lb N/acre (Fig. 6B). 
 

Figure 5. Compared to a well-watered plant, drought stress reduces the amount of soil nitrate (NO3
-)   

absorbed by pea roots and atmospheric N (N2) fixed in pea nodules (pink circles). While drought 
decreases the amount of N remobilized to seeds by reducing soil N uptake and vegetative N storage 
capacity, reduced seed number from drought stress may increase protein on a per seed basis. 
Drawing by M. Bestwick. 
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However, such high levels of starter N are not practical. Nitrogen fertilizer is the greatest input cost for 
crop production in Montana, and it is unlikely that increased pea protein would offset fertilizer costs—
particularly at rates greater than 143 lb N/acre, and, since pea is marketed as being a low input crop in 
terms of nutrient requirements, high N fertilizer may deteriorate pea marketing potential. Also, 
improvements in seed inoculant has increased N fixation potential (Rennie and Hynes, 1993) which may 
greatly reduce or even eliminate the need for fertilizer N. A Montana study found that inoculated pea 
could fix 49 to 112 lb N/acre depending on growing season conditions (McCauley et al., 2012). For these 
reasons, recent work has focused on 
how economical starter N rates 
and/or inoculant types (i.e., granular 
vs. seed-coat) affect protein. 
 
Although legumes can fix their own 
N, there are several reasons to 
provide low levels of N fertilizer. 
Nodulation requires healthy plants. 
If there is little soil nitrate, the 
nodulation process can become 
‘stuck’; unable to grow to feed 
nodules, and nodules don’t form so 
they are not providing N for 
growth.  
 
A four-year study conducted across 
Alberta found starter N did not have 
a consistent impact on pea protein, 
regardless of field pulse history or 
spring soil nitrate-N level (Fig. 7). 

Figure 6. (A) Seed protein content was observed to remain high over the pod-fill period when starter N 
was applied at 286 and 143 lb N/acre compared to no starter N (Holl and Vose, 1980). (B) Seed protein 
increased with increasing starter N rates of 0-293 lb N/acre in a greenhouse experiment (McLean et al., 
1974). 

Figure 7. Increase in pea protein units from starter N for fields with 
different pulse history and by their spring soil nitrate-N level 
(McKenzie et al., 2001a). Black borders indicate significant increase 
or decrease at P < 0.05.  
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This is in general agreement with McConnell et al. (2002) and Clayton et al., (2004a) that inoculant is 
more likely to increase seed protein than starter N. 
 
Inoculation 
 
There are several practices that can improve nodulation and N fixation. It is important to use plant 
species-specific inoculant applied at the proper rate, although some inoculants are interchangeable among 
species, such as pea and lentil (but not chickpea). Liquid and peat-powder seed-applied inoculants need to 
be kept cool and dark before application. Granular inoculants better protect their rhizobia.  Contact with 
fertilizer in mixing or application equipment can kill bacteria. Similarly, some fungicides may not be 
compatible with inoculants (Kutcher et al., 2002). In traditionally water-limited regions, practices that 
retain soil moisture, such as no-till, can enhance N fixation. 
 
Inoculant is most effective 
under low spring soil nitrate 
levels and in fields where 
legumes have not been grown 
for at least five years. In an 
Alberta study of 21 field trials, 
inoculant was far more likely 
to boost protein on fields with 
no pulse crop history than 
those with crop history and 
when spring soil nitrate-N 
levels are less than 18 lb 
N/acre. Protein is highly 
unlikely to increase with 
inoculation under high spring 
nitrate levels (greater than 36 
lb N/acre; Fig. 8). 
 
Granular inoculant has been 
observed to be more effective 
at fixing N than seed-coat 
inoculant (Clayton et al., 
2004a). N fixation is often 
superior with granular inoculant compared to seed-
coatings due to differences in application methods. 
Specifically, granular inoculant is applied to the soil 
at seeding, and peat-powder seed-coat is applied 
directly on the seed as a thin layer. Soil-applied 
granular inoculant allows rhizobia populations to be 
evenly distributed on pea roots whereas rhizobia are 
clustered near the root crown with seed-coat 
inoculant. Consequently nodules form on tap and 
lateral roots from granular inoculant, and larger 
nodules tend to cluster on the root crown with seed-
coat (Fig. 9). The widespread nodule distribution 
associated with granular inoculant has been 
attributed to increasing N fixation. Bestwick et al. 
(2018) found a higher correlation between pea 

Figure 8. Increase in pea protein units from inoculant for fields with 
different pulse history and by their spring soil nitrate-N level 
(McKenzie et al., 2001a). Black borders indicate significant increase or 
decrease at P < 0.05.  

Figure 9. Nodules (pink circles) on pea roots 
from granular and peat-powder seed-coat 
inoculant. Drawing by M. Bestwick.  
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protein and granular inoculant, than when producers used seed-coat inoculant, especially under drought 
conditions.  
 
A two-year study conducted at three locations in Alberta showed that seed protein averaged 19.4 and 17.6 
protein units using granular and seed-coat inoculant respectively (Clayton et al., 2004b). Starter N was 
applied at 0, 18, 56, and 72 lb N/acre in this study but had little effect on protein content. It was therefore 
concluded that increased N fixation from granular inoculant was mainly due to superior nodule 
distribution on pea roots, and greater N fixation during the pod-fill period may have boosted final seed N 
and protein.  
 
Greater yield responses were also associated with granular inoculant relative to seed-coat (Clayton et al., 
2004b). For information on inoculation, starter N and other nutrient management (P, K, S and 
micronutrients) on pea yields see our paper published in Crops & Soils Magazine, Volume 51, Issue 4 
(https://dl.sciencesocieties.org/publications/cns/tocs/51).   
 
Inoculation Failure: Rescue N 
 
Inoculant generally performs as well or better at maintaining high protein and yield compared to applying 
fertilizer N. However, inoculant may fail to produce root nodules for effective N fixation for a variety of 
reasons, including dry or waterlogged conditions, extreme soil temperatures, or rhizobia death during 
storage and handling. In the case of inoculation failure, applying fertilizer N may be needed to provide 
pea with adequate N supply for protein and yield formation.  
 
A two-year study conducted at two central Montana sites compared pea protein and yield response to peat 
granular inoculant and fertilizer N applied 0, 4, 6, and 8 weeks after seeding (McConnell et al., 2002). 
Protein and yields were consistently lowest for the non-inoculated control, and generally greatest with 
granular inoculant (Fig. 10, on page 9). In a number of instances, granular inoculant and fertilizer N 
applied either 0, 4, or 6 weeks after seeding produced similar protein and yield. Hence, the conclusion 
from this study was that granular inoculant will provide adequate N supply to meet protein and yield 
potential under normal growing conditions, but if nodulation fails, it may be worth applying fertilizer N 
within 6 weeks after seeding (up to 7-11 leaf stage) to ensure adequate N supply.  Poor nodulation can be 
detected earlier by digging a few plants and looking for active nodules, which should be visible by the 
two-leaf stage. Rescue N relies on rainfall to be incorporated into the soil and taken up by the roots.  
   
N Management Summary 
 
Adequate N supply can likely be met by inoculation, and granular inoculant may be more effective than 
seed-coat. However, low starter-N rates can hedge against ‘stuck’ N fixation. If there is poor nodulation, 
rescue N may be beneficial if applied by the 7-11 leaf stage.  
 
Neither inoculation nor starter N will consistently increase protein or yield, especially in fields with high 
spring soil nitrate levels or a rotation history of legumes, but both may be economical insurance against 
inoculation failure. Spring soil nitrate testing and knowledge of rotation history can influence the decision 
to apply starter N and/or inoculant.  
 
P, S, and K Management 
           
Although most studies have focused on the effects of inoculation and N management on pea protein, 
phosphorus (P), sulfur (S) and potassium (K) are known to affect N fixation and could therefore affect 
protein too. The next sections describe how P and S deficiency limit N fixation and protein. 

https://dl.sciencesocieties.org/publications/cns/tocs/51
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Yield Protein 

Figure 10. Effect of six fertility treatments on pea yield and protein at two Montana sites over the 
1999-2000 growing seasons. Fertility treatments were no inoculation, granular inoculant, and 
broadcast fertilizer N applied at 0, 4, 6, and 8 weeks after seeding. Different letters above bars 
indicate statistical differences at the p<0.05 significance level (McConnell et al., 2002).  
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P Deficiency and N fixation 
 
Phosphorus indirectly affects N fixation. 
Plants deficient in P produce less green-leaf 
area and biomass which in turn reduces 
photosynthesis. Reduced photosynthesis 
limits the amount of atmospheric carbon 
(CO2-C) assimilated by pea. Because rhizobia 
living in pea nodules use plant carbon (C) as 
an energy source to fix N, P deficiency can 
reduce N fixation (Fig. 11).  
 
Jakobsen (1985) measured N fixation 19 and 
24 days after seedling emergence in a 
greenhouse experiment in response to P 
fertility rates (Fig. 12). Pea nodule activity 
increased with P availability, to a point. 

Figure 11. Phosphate (PO4
3-) is absorbed by roots which builds green leaf area and biomass (1-2). 

Greater green leaf area and biomass allows the plant to convert atmospheric carbon dioxide 
(CO2) to plant carbon (C) through photosynthesis (2-3). Stored plant carbon is used as an energy 
source for rhizobia populations living in pea nodules (pink circles) which fix N2 gas (3-4). Drawing 
by M. Bestwick. 

Figure 12. Nodule activity at 19 and 24 days 
after pea emergence in pots with increasing soil 
P (Jakobsen, 1985). 
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Higher N fixation from P was attributed to increased photosynthesis. Since available P can increase N 
fixation, starter P could affect protein. 
 
Starter P 
 
An early Saskatchewan study found that starter P boosted protein by 1.7 protein units with 52 lb 
P2O5/acre compared to no applied starter P (Sosulski et al., 1974). A more recent province-wide study in 
Alberta showed that starter P at rates up to 52 lb P2O5/acre only increased protein on average by 0.2 
protein units across 52 sites (McKenzie et al., 2001b). At sites with spring soil P tests below 15 ppm in 
the top 6 inches, the average increase in protein was 0.4 protein units with starter P.  
 
The Alberta study also showed that starter P could boost yields, likely due to low soil P test levels. Starter 
P boosted yields at 19 of 52 sites (36%), with an average yield increase of 7% over the non-fertilized 
controls. Yield increase was much more 
likely on sites with soil P test levels below 
15 ppm (52%) and a third of the sites with 
low P had yield increases greater than 
15%. Combined, these studies suggest 
there is potential for slight increases in 
protein and yield with starter P when soil 
test levels are low.                
 
S Deficiency and N fixation 
 
Low soil sulfate (SO4

-2) reduces nodule 
formation on pea roots (Fig. 13), usually 
leading to less N fixation, which could 
lead to lower protein. In a greenhouse 
study, Zhao et al. (1999) compared N 
fixation rates in pea between 0 and 50 
mg of S per pot. N fixation was 
consistently higher at 28, 38, 56, and 73 
days after sowing when starter S was 
applied (Fig. 14). In addition, S is 
necessary for protein formation.  
 
Starter S 
 
Few field studies have addressed how S 
affects protein in pea. Bestwick et al., 
(2018) found slight correlation between 
pea protein and S management under 
moderate drought conditions in 51 pea 
fields across Montana. Across 52 sites 
in Alberta, increases in protein or yield 
were generally not observed between S 
rates of 0 vs. 18 lb/acre (McKenzie et 
al., 2001a). Spring soil S levels were not 
reported in this study, so it is possible 
that soil S was sufficient for protein. 
Soil tests are generally not a reliable 

Figure 14. Addition of 50 mg per pot of starter S increased 
N-fixation over the first 73 days of the crop cycle in a 
greenhouse experiment (Zhao et al., 1999).  

Figure 13. The number of root nodules (pink circles) can be 
reduced if soils are deficient in sulfate (SO4

2-). Drawing by M. 
Bestwick. 
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indicator of S need in high gypsum soils or soils that have substantial sulfate below the usual two-foot 
soil test level. Prior crop performance, crop S removal rates, and tissue concentrations can be used in 
combination to evaluate S availability. On-farm experimentation may be the best method for Montana 
producers to test how starter S affects protein and yield in their fields.  
 
K 
 
Potassium indirectly affects pea development and N fixation similar to P. Montana soils are generally rich 
in K and on average exceed 250 ppm, though some soils have K levels as low as 70 ppm, especially in 
coarse, low pH soils (C. Jones, pers. comm.), and should be monitored in rotations with high removal of 
stems and leaves (forage, small grain straw). Pea yield or protein limitation by K deficiency has not been 
documented in Montana.  
 
P, K, and S Management Summary 
 
Soils deficient in P, S or K can reduce N fixation which could reduce protein and yield. A province-wide 
study in Alberta indicates that starter P can lead to modest increases in protein and yield, and increases 
are more likely to be realized when soil P tests are below 15 ppm. Alternatively, S did not increase 
protein or yield in Alberta but correlated modestly in Montana with grower-reported pea fields. Because 
most Montana soils are high in K, it is unlikely that additional K will boost protein and yield in most 
Montana soils. Bestwick et al. (2018) found no correlation between pea protein and P or K management 
across 149 fields in Montana.  
 
Summary  
 
Pea protein depends on N uptake and remobilization of N to the seed.  Both drought and management 
interactions will likely affect these processes in Montana. Drought may reduce protein by decreasing N 
uptake, N fixation, and remobilization of N to the seed, but drought could increase protein by reducing 
seed number. Application of starter N will be most effective with low spring soil nitrate and under dry 
seedbed conditions. Inoculant is likewise beneficial with low soil nitrate levels and in fields where 
legumes have not been grown in the last five or so years. Granular inoculant could be more effective than 
seed-coat at increasing N fixation due to greater nodule distribution on tap and lateral roots. Starter P 
fertilizer may indirectly increase N fixation and will most likely be effective if soil P tests are low. Starter 
S may directly enhance N fixation, but soil S testing is unreliable in many soils, so on-farm 
experimentation may be the best way to determine if starter S benefits protein. It is unlikely that starter K 
affects protein on most Montana soils, though very limited research has been done on this topic.  
 
Pea protein is a new study area for Montana. Canadian studies may have been conducted over more 
favorable growing conditions than what is typical in Montana, and their applicability to Montana 
production may be limited. For instance, recent statewide variety testing in Montana showed mean 
varietal yields (averaged across environment or site) ranged from 1995 - 2385 lb/acre (Mohammed et al., 
2016). The studies from the Alberta and Saskatchewan reviewed in this document seldom reported yields 
below 2700 lb/acre (McKenzie et al., 2001a; Clayton et al., 2004b), suggesting drought did not limit pea 
production to the extent that would be expected in Montana. It is possible that drought and management 
interactions could affect pea protein differently in Montana than in Canada. The information provided 
here should therefore be considered as a starting point for adapting management to produce high pea 
protein.  
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