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Objective of This ReviewObjective of This Review

Review the processes involved that Review the processes involved that 
account for the major changes in plant account for the major changes in plant 
proteins during ensilingproteins during ensiling

Describe the factors that can impact these Describe the factors that can impact these 
processesprocesses

Discuss methods to reduce proteolysis Discuss methods to reduce proteolysis 
during ensilingduring ensiling



IntroductionIntroduction
A significant proportion of forage fed to A significant proportion of forage fed to 
dairy cows is ensileddairy cows is ensiled

The goal of ensiling is to preserve as The goal of ensiling is to preserve as 
much nutrients and energy as possible to much nutrients and energy as possible to 
feed at a later datefeed at a later date

However, ensiling is an uncontrolled However, ensiling is an uncontrolled 
process that can lead to marked process that can lead to marked 
degradation of plant proteindegradation of plant protein

Such losses can approach $100 million Such losses can approach $100 million 
annually for alfalfa aloneannually for alfalfa alone



Distribution of Nitrogen in Perennial Distribution of Nitrogen in Perennial 
Grasses and LegumesGrasses and Legumes

8080--95% of CP is true 95% of CP is true 
protein protein 
a. a. Fraction 1 leaf protein Fraction 1 leaf protein ––
rubiscorubisco
b. Fraction 2 leaf proteinb. Fraction 2 leaf protein
c. Chloroplast proteinc. Chloroplast protein

55--20% NPN 20% NPN 
(peptides, free AA, nitrate (peptides, free AA, nitrate 
and ammonia)and ammonia)

3030--40% of CP is true 40% of CP is true 
protein protein 

6060--70% NPN70% NPN

Standing Crop Post- ensiling



Changes in N Fractions in Fresh Changes in N Fractions in Fresh 
Versus Ensiled ForageVersus Ensiled Forage
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Primary Nitrogen Transactions Primary Nitrogen Transactions 
During EnsilingDuring Ensiling

PlantPlant
Proteins

Soluble NPN (AA + Peptides)

Soluble NPN (*NH3-N + AA + Amines)

Two Major Processes

*NH3-N as a % of total N is usually small ~6-12%

MicrobialMicrobial



There is No Relationship Between There is No Relationship Between 
Soluble N and NH3Soluble N and NH3--N in Legume N in Legume 

SilagesSilages

R. Ward, 2006.  CVAS Data set ~ 1300 legume samples

y = 0.053x + 1.7903
R2 = 0.0087
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Major Phases of Silage MakingMajor Phases of Silage Making

Phase 1 Phase 1 –– Initial Aerobic PhaseInitial Aerobic Phase

Phase 2 Phase 2 –– Primary FermentationPrimary Fermentation

Phase 3 Phase 3 –– Stable PhaseStable Phase

Phase 4 Phase 4 –– Feed Out PhaseFeed Out Phase



Nitrogen Transactions During Nitrogen Transactions During 
EnsilingEnsiling

Phase 1 Phase 1 –– Initial Aerobic PhaseInitial Aerobic Phase
proteinsproteins AAAA

plant proteases (24plant proteases (24--48 h)48 h)

AAAA NH3NH3--NN
enterobacteriaenterobacteria

nitratesnitrates NO,NNO,NOO22, NH3, NH3--NN
enterobacteriaenterobacteria



Nitrogen Transactions During Nitrogen Transactions During 
EnsilingEnsiling

Phase 2 Phase 2 –– Primary FermentationPrimary Fermentation

Continuation of Phase 1 factorsContinuation of Phase 1 factors
-- Plant protease activity declines rapidlyPlant protease activity declines rapidly
-- Enterobacteria continue until pH < 5.0Enterobacteria continue until pH < 5.0

Lactic acid bacteria Lactic acid bacteria -- some strainssome strains
AA AA --> NH3> NH3--N, aminesN, amines



Nitrogen Transactions During Nitrogen Transactions During 
EnsilingEnsiling

Phase 3 Phase 3 –– Stable PhaseStable Phase
proteinsproteins AAAA

clostridia clostridia 

AAAA NH3NH3--NN
clostridiaclostridia

Phase 4 Phase 4 –– Feed Out PhaseFeed Out Phase
Variety of N fractions used by aerobic bacteria Variety of N fractions used by aerobic bacteria 
and moldsand molds
MaillardMaillard reactions with excessive heatingreactions with excessive heating

Only under 
unfavorable 
conditions



Plant ProteasesPlant Proteases
Leaves are always high in protease activityLeaves are always high in protease activity
–– growth and senescencegrowth and senescence
pH optimum from 5 to 8 but activity can be pH optimum from 5 to 8 but activity can be 
found below pH 4 found below pH 4 (Heron et al., 1989)(Heron et al., 1989)

High temperature optimum: 45 to 55°CHigh temperature optimum: 45 to 55°C
Mostly carboxyl and Mostly carboxyl and thiolthiol proteasesproteases
In freshly grazed forage, may add to total In freshly grazed forage, may add to total 
proteolysis in the rumen proteolysis in the rumen (Kingston(Kingston--Smith et al., Smith et al., 
2005)2005)



Microbial ActivityMicrobial Activity
Lactic acid bacteria Lactic acid bacteria –– limited contribution limited contribution 
to proteolysisto proteolysis
cell envelope cell envelope proteinasesproteinases ((PrtPrt) ) 

proteinsproteins-->>oligopeptidesoligopeptides
amino acid amino acid decarboxylasesdecarboxylases

AAAA--> amines> amines

EnterobacteriaEnterobacteria
weak proteolytic activityweak proteolytic activity
amino acid amino acid decarboxylasedecarboxylase and and deaminasedeaminase
reduce NO3reduce NO3



Microbial ActivityMicrobial Activity

Proteolytic ClostridiaProteolytic Clostridia
C. C. sporogenessporogenes, C. , C. bifermentansbifermentans, C. , C. sphenoidessphenoides

DeaminationDeamination
SticklandStickland reaction (coupled oxidation and reaction (coupled oxidation and 
reduction)reduction)



Catabolism of AA by ClostridiaCatabolism of AA by Clostridia
DeaminationDeamination
ArgArg --> > citrullinecitrulline + NH+ NH33

DecarboxylationDecarboxylation
His His --> histamine and CO> histamine and CO22

Oxidation/Reduction (Oxidation/Reduction (SticklandStickland Reaction)Reaction)
OxidOxid: Ala + 2 H: Ala + 2 H220 0 --> acetic acid + NH> acetic acid + NH33 + C0+ C022
Red: Red: GlyGly --> acetic +NH> acetic +NH33



Relationship Between Butyric Acid Relationship Between Butyric Acid 
and Ammonia in Legume Silagesand Ammonia in Legume Silages

R. Ward, 2006.  CVAS Data set ~ 1300 legume samples
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NH3NH3--N is Negatively CorrelatedN is Negatively Correlated
with Legume Silage DMwith Legume Silage DM

R. Ward, 2006.  CVAS Data set ~ 1300 legume samples

y = -2.8614x + 46.141
R2 = 0.2398

20

30

40

50

60

0 5 10 15
NH3-N, CP equivalent, % of DM

S
ila

ge
 D

M
, %



Example of a Example of a ClostridialClostridial Grass Grass 
Silage Where Accumulation of Silage Where Accumulation of 

NH3NH3--N Can be SubstantialN Can be Substantial

DM, %DM, % 2323
CP, %CP, % 88
NH3NH3--N, % of CPN, % of CP 5454
Butyric acid, %Butyric acid, % 3.33.3



Factors Affecting ProteolysisFactors Affecting Proteolysis
Forage typeForage type
legumes > grasses (exc. perennial ryegrass)legumes > grasses (exc. perennial ryegrass)
alfalfa > alfalfa > birdsfootbirdsfoot trefoil > red clovertrefoil > red clover

TemperatureTemperature
> with higher temperatures> with higher temperatures

pH (rate of decrease, fermentable substrate)pH (rate of decrease, fermentable substrate)
< with lower pH< with lower pH



Factors Affecting ProteolysisFactors Affecting Proteolysis
Moisture levelMoisture level
< rates (but not always amount) as < rates (but not always amount) as 
moisture declinesmoisture declines

slow wilting under humid conditions slow wilting under humid conditions 
increases proteolysisincreases proteolysis

OxygenOxygen



Effect of Delayed Filling on NH3Effect of Delayed Filling on NH3--N N 
Content of ForagesContent of Forages
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Methods to Decrease the Extent of Methods to Decrease the Extent of 
Proteolysis During EnsilingProteolysis During Ensiling

Restricting fermentationRestricting fermentation

Use of silage additivesUse of silage additives

Potential to modify plant activityPotential to modify plant activity



Methods to Decrease the Extent of Methods to Decrease the Extent of 
Proteolysis During EnsilingProteolysis During Ensiling

Restricting fermentationRestricting fermentation
–– fast wilting to attain 40% DM (wide swath)fast wilting to attain 40% DM (wide swath)
–– acidification (not practiced in US)acidification (not practiced in US)



Methods to Decrease the Extent of Methods to Decrease the Extent of 
Proteolysis During EnsilingProteolysis During Ensiling

AdditivesAdditives
–– treatment with acidstreatment with acids
–– ammoniationammoniation
–– microbial inoculationmicrobial inoculation
–– exogenous protease inhibitors: experimental exogenous protease inhibitors: experimental 

only only 



Example of the Effect of Example of the Effect of Acidification Acidification on on 
Proteolysis During EnsilingProteolysis During Ensiling

Control
Formic acid
Sulphuric acid
TCA

Traditional acid treatment slows proteolysis but 
does not totally destroy protease activity

Vagnoni et al., 1997



Example of Effect of Example of Effect of AcidificationAcidification on on 
Proteolysis During EnsilingProteolysis During Ensiling

Control
Formic acid
Sulphuric acid
TCA

Vagnoni et al., 1997



AmmoniationAmmoniation Inhibits Plant Inhibits Plant 
Proteolysis Proteolysis 

Item Untreated Ammoniated
Corn stalklage1

TN, % of DM 0.9 2.0
Insoluble N, % of DM         0.7 1.6

Corn silage2

TN, % of DM 1.4                 2.1
True protein N, % of DM     0.7                  0.9

1Hargreaves et al., 1984
2Buchanan-Smith, 1982



Reduction in Soluble NPN and Reduction in Soluble NPN and 
NH3NH3--N In Alfalfa Silage By N In Alfalfa Silage By 

InoculationInoculation
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Example of the Effect of DM and Microbial Example of the Effect of DM and Microbial 
InoculationInoculation on Accumulation of NH3on Accumulation of NH3--N in N in 

Alfalfa SilageAlfalfa Silage
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Effect of Effect of Peptidase InhibitorsPeptidase Inhibitors on on 
NitrogeNitrogen Fractions (% of total N) in Fractions (% of total N) in n 

Perennial Ryegrass SilagePerennial Ryegrass Silage

Item No E-641 N-em2 Cystamine

Soluble N 75 57 57 62

Peptide N 9 7 4 16

Ammonia N 10 9 5 7
11-trans epoxysuccinyl-leuclamido-(4 guanidino) butane
2N ethylmaleimide

Nsereko and Rooke, 1999



Methods to Decrease the Extent of Methods to Decrease the Extent of 
Proteolysis During EnsilingProteolysis During Ensiling

Plant modificationPlant modification
–– PolyphenolPolyphenol OxidaseOxidase SystemSystem
–– Low Levels of TanninsLow Levels of Tannins



PolyphenolPolyphenol OxidaseOxidase (PPO) System(PPO) System

Red clover Red clover has up to has up to 
90% less proteolysis 90% less proteolysis 
than alfalfa during than alfalfa during 
ensiling ensiling (Jones et al., (Jones et al., 
1995, 1996)1995, 1996)

–– Alfalfa lacks Alfalfa lacks 
significant levels of significant levels of 
endogenous foliar endogenous foliar 
PPO and PPO and diphenolsdiphenols



PolyphenolPolyphenol OxidaseOxidase (PPO) System(PPO) System

ProsPros
–– A single enzyme to be expressedA single enzyme to be expressed
–– Apply Apply oo--diphenoldiphenol substrates when you want substrates when you want 

the effect the effect -- e.g. for ensiling, not haye.g. for ensiling, not hay
ConsCons
–– Multiple enzymes need to be expressed if you Multiple enzymes need to be expressed if you 

want both PPO and its substratewant both PPO and its substrate
–– Probably not useful for grazing effectsProbably not useful for grazing effects



Proteolytic Inhibition RequireProteolytic Inhibition Requiress
oo--diphenolsdiphenols

Sullivan and 
Hatfield, 2006



Proteolysis Occurs in PPOProteolysis Occurs in PPO--
Silenced Red CloverSilenced Red Clover

Sullivan and 
Hatfield, 2006



Using the PPO System to Inhibit Using the PPO System to Inhibit 
ProteolysisProteolysis

Supply Supply oo--diphenolsdiphenols from exogenous from exogenous 
sources sources such assuch as food by productsfood by products

Modify secondary plant pathways to Modify secondary plant pathways to 
produce produce oo--diphenolsdiphenols

Introduce genes to produce PPOIntroduce genes to produce PPO

Sullivan and Hatfield, 2006



TanninsTannins
Condensed tannins bind with plant Condensed tannins bind with plant 
proteins, bacterial cell surfaces, bacterial proteins, bacterial cell surfaces, bacterial 
enzymes enzymes 
ProsPros
–– Animal effects under all conditions Animal effects under all conditions -- grazing, grazing, 

hay, silagehay, silage
ConsCons
–– Complicated set of enzymes to expressComplicated set of enzymes to express
–– Variability in tannin concentration dependent Variability in tannin concentration dependent 

on growing environmenton growing environment
–– Potential negative animal effects if Potential negative animal effects if 

concentration is too highconcentration is too high



Soluble NPN in Silage As Soluble NPN in Silage As 
Correlated With Tannin in Fresh Correlated With Tannin in Fresh 

ForageForage
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Breeding Better Species Breeding Better Species 
Already with PPO or TanninAlready with PPO or Tannin

Red CloverRed Clover
–– Agronomic issues Agronomic issues -- persistence, yieldpersistence, yield
–– Feeding issues Feeding issues -- why don’t cows eat this like why don’t cows eat this like 

alfalfa?alfalfa?
BirdsfootBirdsfoot TrefoilTrefoil
–– Agronomic issues Agronomic issues -- persistence, yieldpersistence, yield
–– Optimize tannin content?Optimize tannin content?



ConclusionsConclusions

Proteolysis during ensiling is a major issue Proteolysis during ensiling is a major issue 
with our best forages for milk productionwith our best forages for milk production

Breakdown of protein to soluble NPN is Breakdown of protein to soluble NPN is 
largely from plant proteaseslargely from plant proteases

NH3NH3--N and amines are primarily from N and amines are primarily from 
microbial activitymicrobial activity

Acids like formic could provide substantial Acids like formic could provide substantial 
reduction in soluble NPN but are unlikely reduction in soluble NPN but are unlikely 
to be adoptedto be adopted



ConclusionsConclusions
AmmoniationAmmoniation is effective in reducing is effective in reducing 
proteolysis but is not a good fit for high CP proteolysis but is not a good fit for high CP 
crops like alfalfa and ryegrass.crops like alfalfa and ryegrass.

Inoculants are beneficial in reducing NH3Inoculants are beneficial in reducing NH3--N N 
but not the loss of true protein.but not the loss of true protein.



ConclusionsConclusions
Two mechanisms are found in forage Two mechanisms are found in forage 
plants for reducing proteolysis: the PPO plants for reducing proteolysis: the PPO --
oo--diphenoldiphenol system in red clover and tannins system in red clover and tannins 
in many legumes.in many legumes.

It would be useful to transfer these It would be useful to transfer these 
mechanisms to more productive forage mechanisms to more productive forage 
species (alfalfa, ryegrass) to see if they species (alfalfa, ryegrass) to see if they 
could reduce the loss of true protein during could reduce the loss of true protein during 
ensiling without adverse effects on their ensiling without adverse effects on their 
milk producing abilities.milk producing abilities.


