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Biotechnology & Alfalfa:  Future Biotechnology & Alfalfa:  Future 
Implications for Alfalfa ProducersImplications for Alfalfa Producers

Alfalfa production: trends and usesAlfalfa production: trends and uses
Biotechnology in alfalfaBiotechnology in alfalfa
Advantages of alfalfa for dairy operations Advantages of alfalfa for dairy operations 
-- Outstanding dairy forageOutstanding dairy forage
-- Crop rotationsCrop rotations
-- Can be a nitrate scavengerCan be a nitrate scavenger

The perfect alfalfa plant on dairy farmsThe perfect alfalfa plant on dairy farms
Future innovations needed to maintain or Future innovations needed to maintain or 
expand alfalfa acreageexpand alfalfa acreage
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2004 U S Alfalfa Production2004 U S Alfalfa Production

HayHay
-- 75.4 million tons75.4 million tons
-- 21.7 million acre21.7 million acre
-- $ 7.0 billion$ 7.0 billion
-- 33rdrd following corn following corn 

and soybeans and soybeans 

ForageForage
-- 83.9 million tons83.9 million tons
-- 24.7 million acres24.7 million acres
-- ~$8.2 billion~$8.2 billion
-- 33rdrd following corn following corn 

and soybeans and soybeans 
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Leading Alfalfa Hay Production Leading Alfalfa Hay Production 
States, 1,000 tons, 2004States, 1,000 tons, 2004

Top 10 States Top 10 States 
-- 60 % of U. S.60 % of U. S.
-- 61 % of Acre61 % of Acre
-- 7 states NC7 states NC
-- 3 states West3 states West
-- 6 Lead Dairy6 Lead Dairy
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Leading Alfalfa Hay States, 1,000 Leading Alfalfa Hay States, 1,000 
acres, 2004acres, 2004

Top 10 States Top 10 States 
-- 63 % of U. S.63 % of U. S.
-- 59 % of Acre59 % of Acre
-- 7 states NC7 states NC
-- 3 states West3 states West
-- 4 Lead Dairy4 Lead Dairy
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Leading Alfalfa Forage Production Leading Alfalfa Forage Production 
States, 1,000 tons, 2004States, 1,000 tons, 2004

Top 10 States Top 10 States 
-- 61% of U. S.61% of U. S.
-- 61 % of Acre61 % of Acre
-- 7 states NC7 states NC
-- 1 state NE1 state NE
-- 3 states West3 states West
-- 5 Lead Dairy5 Lead Dairy

Acreage – 23.3 mil
Production – 84 mil0
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U. S. Alfalfa Hay in 1,000 tonsU. S. Alfalfa Hay in 1,000 tons
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Alfalfa Hay and Silage UsageAlfalfa Hay and Silage Usage

Dairy IndustryDairy Industry

Beef IndustryBeef Industry

Horse IndustryHorse Industry

ExportExport

New usesNew uses
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““Biotech creates a new platform for Biotech creates a new platform for 
advance of agricultural science, advance of agricultural science, 

which will allow for the development which will allow for the development 
of higher standards for generation of of higher standards for generation of 

products that will enhance products that will enhance 
AgricultureAgriculture”” James S. McLarenJames S. McLaren
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Biotech will deliver many benefits but the timing will Biotech will deliver many benefits but the timing will 
depend more on societal factors than sciencedepend more on societal factors than science....
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Biotechnology in AlfalfaBiotechnology in Alfalfa

Time line for BiotechnologyTime line for Biotechnology
-- 1970 1970 –– TalkTalk
-- 1980 1980 –– VisionVision
-- 1990 1990 –– LaboratoryLaboratory
-- 1998 1998 -- FieldField
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Alfalfa:  One of Easiest Crops to Use Alfalfa:  One of Easiest Crops to Use 
BiotechBiotech

Why only a few traits ready to enter market?Why only a few traits ready to enter market?
-- Area relatively new Area relatively new –– limited # cloned genes for limited # cloned genes for 

important traitsimportant traits
-- Best promoters may not be in handBest promoters may not be in hand
-- Both genes and promoters may be patentedBoth genes and promoters may be patented
-- Lingering concerns about Lingering concerns about GMOGMO’’ss
-- Some regulations regarding Some regulations regarding GMOGMO’’s s still in place still in place 

especially for perennials with weedy relativesespecially for perennials with weedy relatives

SOURCE:  Edwin T. Bingham.  AFGCSOURCE:  Edwin T. Bingham.  AFGC--NAAIC Conference.  July 17, NAAIC Conference.  July 17, 
2000.  P 3852000.  P 385--387.387.
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Alfalfa Biotechnology ResearchAlfalfa Biotechnology Research

OverOver--expression of salt toleranceexpression of salt tolerance
Commercialization of Roundup Ready gene and Commercialization of Roundup Ready gene and 
down regulation of lignin genes to increase down regulation of lignin genes to increase 
digestibilitydigestibility
Identifying alfalfa genes controlling yield and Identifying alfalfa genes controlling yield and 
winterwinter--hardinesshardiness
Identifying genes controlling salt and drought Identifying genes controlling salt and drought 
tolerancetolerance
Cloning genes for vegetative storage proteinsCloning genes for vegetative storage proteins

SOURCE:  Brummer et al., 2004
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Alfalfa Biotechnology ResearchAlfalfa Biotechnology Research

Developing molecular markers, studying down Developing molecular markers, studying down 
regulation of lignin genes, insertion of genes for regulation of lignin genes, insertion of genes for 
condensed tannins, identifying and condensed tannins, identifying and 
introgression of drought and aluminum introgression of drought and aluminum 
tolerance genestolerance genes
Developing molecular markers and using Developing molecular markers and using 
markers for identifying genes for yield and markers for identifying genes for yield and 
winter survivalwinter survival
Characterize genes controlling postCharacterize genes controlling post--harvest harvest 
proteolysisproteolysis
Insertion of genes to allow remediation of Insertion of genes to allow remediation of 
atrazine and genes to control pectin in cell wallsatrazine and genes to control pectin in cell walls

SOURCE:  Brummer et al., 2004
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Use Biotechnology in Alfalfa Use Biotechnology in Alfalfa 

Enhance yieldEnhance yield

Forage quality improvementsForage quality improvements

Environmental Environmental 

enhancementsenhancements

New productsNew products



USDFRC

Alfalfa Hay and Silage UsageAlfalfa Hay and Silage Usage

Dairy IndustryDairy Industry

Beef IndustryBeef Industry

Horse IndustryHorse Industry

ExportExport

New usesNew uses
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Changes in U. S. Dairy Since 1935Changes in U. S. Dairy Since 1935

YearYear Dairy FarmsDairy Farms Milk CowsMilk Cows Total MilkTotal Milk

ThousandsThousands 1,000 1,000 hdhd Billion lbsBillion lbs

19351935 >4,100>4,100 24,18724,187 100100

19651965 1,1081,108 14,95314,953 124124

20022002 9292 9,1419,141 170170



Alfalfa Alfalfa –– Outstanding Forage for DairyOutstanding Forage for Dairy

High nutrient contentHigh nutrient content
Protein, MineralsProtein, Minerals

Good fiber digestibilityGood fiber digestibility
Rapidly digested Rapidly digested 
Supports high DM intakesSupports high DM intakes
Supports high milk productionSupports high milk production
Cows like itCows like it

SOURCE:  Jim Linn, University of MinnesotaSOURCE:  Jim Linn, University of Minnesota
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Less alfalfa being fed in dairy rationsLess alfalfa being fed in dairy rations

Lower yield of alfalfa than Lower yield of alfalfa than 
other cropsother crops

Increased use of corn Increased use of corn 
silagesilage

Minimized forage in rationMinimized forage in ration
Cheap grainCheap grain
Greater quality consistency of Greater quality consistency of 
graingrain
Inability to accurately Inability to accurately 
estimate energy of forageestimate energy of forage
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Impact of Harvest Management on Forage Impact of Harvest Management on Forage 
QualityQuality

DescriptionDescription CPCP EEEE AshAsh StarchStarch PectinPectin aNDFaNDF ADFADF ADLADL
ALFALFA HAYALFALFA HAY
ExceptionalExceptional 25.425.4 2.72.7 10.410.4 3.13.1 14.214.2 30.030.0 24.024.0 4.534.53
Very highVery high 24.024.0 2.62.6 9.99.9 2.92.9 13.213.2 34.134.1 27.027.0 5.385.38
High qualityHigh quality 22.522.5 2.52.5 9.59.5 2.72.7 12.312.3 38.238.2 30.030.0 6.236.23
Good qualityGood quality 21.021.0 2.42.4 9.19.1 2.52.5 11.411.4 42.242.2 33.033.0 7.087.08
Fair qualityFair quality 19.519.5 2.22.2 8.78.7 2.32.3 10.510.5 46.346.3 36.036.0 7.937.93
CORN SILAGECORN SILAGE
V. high grainV. high grain 8.38.3 3.23.2 4.14.1 31.131.1 1.71.7 36.036.0 21.021.0 1.571.57
High grainHigh grain 8.68.6 3.13.1 4.64.6 27.227.2 1.61.6 40.540.5 24.024.0 1.911.91
NormalNormal 8.88.8 3.03.0 5.15.1 23.223.2 1.51.5 45.045.0 27.027.0 2.252.25
Low grainLow grain 9.09.0 2.82.8 5.75.7 19.219.2 1.41.4 49.549.5 30.030.0 2.592.59
Very low grainVery low grain 9.39.3 2.72.7 6.26.2 15.315.3 1.31.3 54.054.0 33.033.0 2.932.93
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High Alfalfa Haylage DietHigh Alfalfa Haylage Diet

ItemItem ControlControl ProteinProtein FatFat
DM intake, lbDM intake, lb 48.448.4bb 55.955.9aa 49.549.5bb

BW gain, lbBW gain, lb 50.650.6 48.448.4 33.033.0
3.5 % FCM, lb3.5 % FCM, lb 63.463.4cc 75.075.0aa 67.567.5bcbc

Milk protein, lbMilk protein, lb 1.891.89bb 2.292.29aa 1.941.94bb

abc abc Means in same row with different superscripts differ (p<0.01)Means in same row with different superscripts differ (p<0.01)
SOURCE:  Dhiman and Satter, 1993.SOURCE:  Dhiman and Satter, 1993.



USDFRC

Protein Use of Alfalfa Protein Use of Alfalfa 

ItemItem silagesilage hay hay silage +FMsilage +FM11 hay+FMhay+FM11

CP,% of DMCP,% of DM 17.117.1 15.415.4 18.618.6 17.017.0
pounds DM per day per cowpounds DM per day per cow

DM intakeDM intake 49.249.2cc 52.952.9aa 51.451.4bb 53.453.4aa

BW changeBW change --0.860.86cc 0.990.99aa 0.180.18bb 1.081.08aa

MilkMilk 77.877.8cc 79.679.6bb 82.582.5aa 81.481.4aa

FatFat 2.652.65bb 2.602.60bb 2.822.82aa 2.692.69bb

ProteinProtein 2.292.29cc 2.432.43bb 2.512.51aa 2.492.49aa

SNFSNF 6.646.64cc 6.816.81bb 7.057.05aa 7.017.01aa

abc abc Means in same row with different superscripts differ (p<0.05)Means in same row with different superscripts differ (p<0.05)
11 Diets supplemented with 3 % (DM basis) lowDiets supplemented with 3 % (DM basis) low--soluble fish meal.soluble fish meal.
SOURCE:  Broderick, 1995.SOURCE:  Broderick, 1995.
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Alfalfa protein is wasted Alfalfa protein is wasted 
20+% protein in the field20+% protein in the field
5% protein exits the 5% protein exits the 
rumenrumen
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Feed Storage ProblemsFeed Storage Problems

However in alfalfa, our primary forage:However in alfalfa, our primary forage:

Feed Storage Problems

• However in alfalfa, our primary forage:
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Expression of red clover PPO1 Expression of red clover PPO1 
in transgenic alfalfain transgenic alfalfa

In alfalfa, browning In alfalfa, browning 
is dependent on:is dependent on:

A PPO transgeneA PPO transgene
Exogenous oExogenous o--
diphenol, e.g. caffeicdiphenol, e.g. caffeic
acidacid

SOURCE:  Sullivan, Michael L. and Ron D. Hatfield.  2003 DFRC ReSOURCE:  Sullivan, Michael L. and Ron D. Hatfield.  2003 DFRC Research Reportsearch Report
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PPO Inhibits PPO Inhibits Postharvest Postharvest ProteolysisProteolysis

SOURCE:  Sullivan et al., 2004
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Red Clover vs. Alfalfa SilageRed Clover vs. Alfalfa Silage

0
20
40
60
80

100
120

Red clover Alfalfa Alfalfa +
Caffeic acid

PPO Alfalfa PPO Alfalfa
+ Caffeic

acid

Protein breakdown (% of alfalfa)Protein breakdown (% of alfalfa)

Alfalfa can be used as a model to study the inhibition ofAlfalfa can be used as a model to study the inhibition of
protein breakdown in silages.protein breakdown in silages.

PPO = Polyphenol Oxidase gene from red cloverPPO = Polyphenol Oxidase gene from red clover
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Post Harvest Proteolysis in Alfalfa Post Harvest Proteolysis in Alfalfa 
Impact on dairy productionImpact on dairy production

Increased NPN decreases the efficiency of protein utilization Increased NPN decreases the efficiency of protein utilization 
in ruminants in ruminants 
-- Inefficient utilization of alfalfa protein requires the feeding Inefficient utilization of alfalfa protein requires the feeding of  of  

supplemental protein with high RUP to maximize milk production.supplemental protein with high RUP to maximize milk production.
-- Inefficient utilization of alfalfa protein also results in the eInefficient utilization of alfalfa protein also results in the excretion of xcretion of 

excess rumen NH3, leading to increased N losses to the environmeexcess rumen NH3, leading to increased N losses to the environmentnt..
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Evaluated the potential impact of Evaluated the potential impact of 
tannins on dairy farms with DAFOSYMtannins on dairy farms with DAFOSYM

Manure Storage Manure Storage 
& Handling& Handling

Soils & Soils & 
CropsCrops

Harvest & StorageHarvest & Storage

MilkMilk

Feeding & Herd Feeding & Herd 
ManagementManagement

Purchased Purchased 
feed & feed & 
beddingbedding

Storage Storage 
losseslossesFertilizerFertilizer

Nutrient Nutrient 
loss/builduploss/buildup
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Tannins improve protein utilizationTannins improve protein utilization
Condensed tannins areCondensed tannins are polyphenolicpolyphenolic compounds that compounds that 
bind to protein in the pH range 3.5 to 7, potentially bind to protein in the pH range 3.5 to 7, potentially 
protecting protein in the silo, rumen, & soil  protecting protein in the silo, rumen, & soil  
ProteinProtein--tannin complexes dissociate at pH <3.5 and >8.5, tannin complexes dissociate at pH <3.5 and >8.5, 
permitting digestion in the gastrointestinal tract of cattlepermitting digestion in the gastrointestinal tract of cattle
Livestock given tanninLivestock given tannin--containing feeds need less protein containing feeds need less protein 
supplementation and excrete less ureasupplementation and excrete less urea
Tannins slow nitrogen release from crop residues and Tannins slow nitrogen release from crop residues and 
manure manure 
Major U.S. feedstuffs, including alfalfa, have inadequate Major U.S. feedstuffs, including alfalfa, have inadequate 
tannin levels to protect protein (< 0.2% DM).  Probably tannin levels to protect protein (< 0.2% DM).  Probably 
about  2% tannin is neededabout  2% tannin is needed..
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Milk production (lb per cow)Milk production (lb per cow)

Normal alfalfaNormal alfalfa 27,160 27,160 27,46027,460 27,80027,800

Tannin alfalfaTannin alfalfa 27,620 27,620 27,83027,830 28,00028,000

Tannin impactTannin impact + 460 + 460 + 370+ 370 + 200+ 200

Alfalfa silage Alfalfa silage 
70%70% 50%50% 30%30%
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Added value of forage with tanninAdded value of forage with tannin
(per ton dry matter)(per ton dry matter)

Alfalfa silageAlfalfa silage $ 23$ 23

Alfalfa hayAlfalfa hay $ 11$ 11
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Rumen undegradable Rumen undegradable 
protein (RUP)protein (RUP)

ConventionalConventional MaceratedMacerated

AlfalfaAlfalfa 20.120.1 24.924.9
Low tannin trefoilLow tannin trefoil 22.722.7 32.032.0
High tannin trefoil High tannin trefoil 28.828.8 40.640.6
Red cloverRed clover 32.832.8 27.927.9

withwith oo--diphenolsdiphenols and PPOand PPO

----% of total crude protein% of total crude protein----

Forage X Conditioning (P < 0.01) Forage X Conditioning (P < 0.01) 

Ongoing work: Assess gastrointestinal degradability of RUP, espeOngoing work: Assess gastrointestinal degradability of RUP, especially in red cially in red 
cloverclover
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Uptake and loss of manure and Uptake and loss of manure and 
forage residue N by subsequent annual forage residue N by subsequent annual 

cropscrops
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Nitrogen Cycle on Dairy FarmsNitrogen Cycle on Dairy Farms

SoilSoil

ManureManure

Crops Feed Storage
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NDF Digestibility of ForagesNDF Digestibility of Forages

20 25 30 35 40 45 50 55 60 65 70 75

Legume silage/hay

Grass silage/hay

Corn silage

NDF digestibility, % of NDF

Poor Fair Average    Good     Excellent
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NDF Digestibility of Alfalfa StemsNDF Digestibility of Alfalfa Stems

50 54 58 62 66 70

NDF Concentration (% DM)

30

36

42

48

54

60

N
D

F 
D

ig
es

tib
ili

ty

SOURCE:  Jung and Lamb, 2002.  Unpublished USDA-ARS. St. Paul, MN



•Engineering the lignin biosynthetic pathway in alfalfa

•Down 
•regulation
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Genetic engineering for improved Genetic engineering for improved 
forage quality in alfalfaforage quality in alfalfa

Altered lignin content/composition in alfalfaAltered lignin content/composition in alfalfa
-- Low lignin transgenic alfalfa produced based on Low lignin transgenic alfalfa produced based on 

““knockoutsknockouts”” of enzymes involved in lignin of enzymes involved in lignin 
biosynthesis.biosynthesis.

COMTCOMT
pkatpkat/mg/mg

CCOMT CCOMT 
pkatpkat/mg/mg

KlasonKlason
Lignin %Lignin %

S/G S/G 
ratioratio

ControlControl 6.556.55 23.7723.77 17.9117.91 .47.47

COMTCOMT-- 1.241.24 22.2622.26 12.4612.46 .04.04

CCOMTCCOMT-- 14.3914.39 0.780.78 14.5814.58 1.051.05

DualDual-- 0.780.78 5.595.59 14.7214.72 .23.23

Dixon et. al., 2000Dixon et. al., 2000



Lower Stem IVD Lower Stem IVD –– 2001 summary2001 summary
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NDF Digestion ProfilesNDF Digestion Profiles
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The Perfect Alfalfa PlantThe Perfect Alfalfa Plant

Yield of individual cuttings high enough to Yield of individual cuttings high enough to 
reduce number of cuts per year (2 or 3)reduce number of cuts per year (2 or 3)
Maturation that is not strongly tied to qualityMaturation that is not strongly tied to quality
Minimal leaf loss during growth and harvestMinimal leaf loss during growth and harvest
Total protein available to the animal, 16Total protein available to the animal, 16--18 %, of 18 %, of 
that 30that 30--35 % ruminal undegradable35 % ruminal undegradable
Cell wall digestibility ~ 80 % (20Cell wall digestibility ~ 80 % (20--30 % rapidly 30 % rapidly 
fermented pectin)fermented pectin)
Protein loss during ensiling no greater than 10Protein loss during ensiling no greater than 10--
15 %15 %
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Attributes of Idea Alfalfa PlantAttributes of Idea Alfalfa Plant

Better balance of protein and rapidly Better balance of protein and rapidly 
fermentable carbohydratefermentable carbohydrate
At optimum At optimum aNDFaNDF of 40 %of 40 %
-- 18 % crude protein18 % crude protein
-- Less ashLess ash
-- 30 % 30 % nonfibernonfiber carbohydrate (NFC)carbohydrate (NFC)

Improve current balance of amino acids with Improve current balance of amino acids with 
slower rate of degradation in ensilingslower rate of degradation in ensiling
Increase fat to 4 %Increase fat to 4 %
Improve the extent of digestion of fiberImprove the extent of digestion of fiber
Removal or suppression of bloat causing Removal or suppression of bloat causing 
propertiesproperties
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Why Plant Genetic EngineeringWhy Plant Genetic Engineering

Introduce traits not available in                          
alfalfa or alfalfa relatives.
- Roundup Ready (bacterial 

gene) 
- PPO ( red clover gene)
- Phytase (fungal gene)

Knock out existing genes that 
negatively affect crop 
performance/crop quality
- Improved digestibility (lignin 

knockout)
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1999 Results 1999 Results -- Flexibility in timing of Flexibility in timing of 
Roundup applicationRoundup application

Good tolerance at Good tolerance at 
all stages of plant all stages of plant 
developmentdevelopment
Good tolerance Good tolerance 
during all times of during all times of 
the growing seasonthe growing season

Roundup application 18 days after emergence
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Strategies for decreasing postStrategies for decreasing post--harvest harvest 
proteolysis in alfalfa silageproteolysis in alfalfa silage

Some compounds bind with alfalfa protein to Some compounds bind with alfalfa protein to 
decrease rate of postdecrease rate of post--harvest proteolysis.  harvest proteolysis.  
Transgenic alfalfa will be produced that contain Transgenic alfalfa will be produced that contain 
these compounds. these compounds. 
-- Tannins Tannins –– altered expression of genes for alfalfa tannin altered expression of genes for alfalfa tannin 

biosynthesisbiosynthesis
-- Polyphenol Polyphenol oxidaseoxidase (PPO) (PPO) –– gene isolated from red gene isolated from red 

clover (USDA) clover (USDA) 
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Consortium for Alfalfa Consortium for Alfalfa 
ImprovementImprovement

Share expertise of Noble Foundation, Forage Share expertise of Noble Foundation, Forage 
Genetics, Plant Science Unit and USDFRC to Genetics, Plant Science Unit and USDFRC to 
redesign alfalfa for dairy cattleredesign alfalfa for dairy cattle
-- November 2000 at Noble Foundation November 2000 at Noble Foundation 
-- September 2002 at Forage GeneticsSeptember 2002 at Forage Genetics
-- February 2003 at Noble FoundationFebruary 2003 at Noble Foundation
-- January 2004 at Noble FoundationJanuary 2004 at Noble Foundation
-- August 2004 at USDFRCAugust 2004 at USDFRC
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Alfalfa in Crop Rotations:Alfalfa in Crop Rotations:

Adds nitrogen via biological fixationAdds nitrogen via biological fixation
Improves water infiltration and soil qualityImproves water infiltration and soil quality
Reduces soil erosion from wind and waterReduces soil erosion from wind and water
Improves yield of subsequent cropImproves yield of subsequent crop
Reduces N fertilizer demands of Reduces N fertilizer demands of 
subsequent cropssubsequent crops
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Alfalfa in Crop Rotations:Alfalfa in Crop Rotations:

Helps protect surface Helps protect surface 
and ground waterand ground water
Acts as wasteActs as waste--water water 
recyclerrecycler
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Legumes serve as N buffersLegumes serve as N buffers

GrassLegume
Low N

High N
N derived from soil and manure (kg N/ha)
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Russelle et al., 2002
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Alfalfa and grass CRP effectively filter Alfalfa and grass CRP effectively filter 
tile drain watertile drain water

>40 million acres are tile drained>40 million acres are tile drained
in the Upper Midwestin the Upper Midwest Randall, Huggins, Russelle et al., 1997
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Risk of groundRisk of ground
water nitratewater nitrate

contaminationcontamination

Alfalfa
is well adapted

to grow in these areas
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Using Biotech To Keep Alfalfa CompetitiveUsing Biotech To Keep Alfalfa Competitive

Solutions to major challenges in agricultureSolutions to major challenges in agriculture
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