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Preface

It �s a pleasure to br�ng you these summar�es of research conducted over the past year at the U.S. Da�ry 
Forage Research Center (USDFRC).  The Center’s mission is to build a knowledge and technology 
base for the da�ry �ndustry to fully explo�t the use of forages �n the product�on of m�lk. The Center was 
establ�shed �n 1980 on the Un�vers�ty of W�scons�n-Mad�son campus �n Mad�son, WI, but �s a federal 
un�t of the Agr�cultural Research Serv�ce, U.S. Department of Agr�culture (USDA).  We employ 
agr�cultural eng�neers, plant and so�l sc�ent�sts, m�crob�olog�sts, rum�nant nutr�t�on�sts, and chem�sts, 
who all work together to increase the efficiency of forage production and utilization by dairy farmers. 
At present, we have 22 scientists: 17 at Madison, two at Marshfield, two cluster scientists at the 
Un�vers�ty of M�nnesota �n St. Paul, MN, and one cluster sc�ent�st at Cornell Un�vers�ty �n Ithaca, NY.  
Many of these sc�ent�sts hold faculty appo�ntments �n un�vers�ty departments and prov�de superv�s�on 
for approx�mately s�x to e�ght graduate students and four postdoctoral fellows. We funct�on �n close 
cooperat�on w�th the agr�cultural exper�ment stat�ons of several states.

The Center’s 2,000-acre research farm �s located �n Pra�r�e du Sac, WI and has fac�l�t�es for hous�ng 
and feeding 320 milking cows and 350 replacement heifers and dry cows. On September 29, 2004, 
the USDA rece�ved custody of 1,943 acres of Badger Army Ammun�t�on Plant (BAAP) land that 
had been prev�ously leased by the USDFRC research farm.  Th�s acreage �s d�v�ded �nto cropland, 
pasture, small-plot research, woodland, buffer strips, and non-cropped open areas.  On August 6, 
2005, we celebrated the transfer of land from BAAP to USDFRC with stakeholders and citizens of the 
commun�t�es surround�ng Pra�r�e du Sac.  On behalf of the USDFRC staff, I want to thank all that have 
supported the justification for this significant land use.

Regarding staff updates, we hired William E. Jokela, Research Soil Scientist, in July 2005. Dr. Jokela 
received a B.A. degree in Biology from Carlton College in 1969, and M.S. and Ph.D. degrees in Soil 
Science from the University of Minnesota in 1978 and 1985, respectively.  He had been a Professor 
at the University of Vermont since 1985, conducting research and extension activities on soil and 
crop management, manure and fert�l�zer nutr�ent management, and nutr�ent transformat�on and 
fate.  H�s research has spanned scales rang�ng from the laboratory to small plots, large plots, farms, 
and watersheds. He brings training and knowledge in soil and nutrient management with first-hand 
knowledge of �ssues and management concerns fac�ng da�ry managers w�th emphas�s on so�l, water, 
and nutrient management and associated nutrient transformations from dairy manure.  He is the first 
hire at our new work site, The Institute for Environmentally Integrated Dairy Management, Marshfield, 
W�scons�n.  

Our second scientist hire, Dr. Wayne K. Coblentz, also fills a new position at Marshfield as a  Research 
Da�ry Sc�ent�st/Agronom�st.  Dr. Coblentz earned a B.A. degree �n Chem�stry from Western Maryland 
College �n 1977, an M.S. �n Da�ry Sc�ence from The Pennsylvan�a State Un�vers�ty �n 1982, and a 
Ph.D. �n Forage Agronomy from Kansas State Un�vers�ty �n 1994.  He was a Research Assoc�ate 
�n Agronomy and An�mal Sc�ence at Kansas State Un�vers�ty from 1994 to 1997.  He had been an 
Ass�stant and Assoc�ate Professor of An�mal Sc�ence, Un�vers�ty of Arkansas s�nce 1997.  Both Wayne 
and B�ll w�ll wr�te our newest CRIS project: “Research to Address Env�ronmental Problems Faced by 
the U.S. Da�ry Industry.”  

Our newest staff member, who was hired in July 2005, is Lori Ward Bocher, Agricultural Information 
Spec�al�st.  Ms. Bocher earned both a B.A. �n Journal�sm and a B.S. �n Da�ry Sc�ence from the 
University of Wisconsin-Madison.  She brings 25 years of experience in journalism and marketing.  
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She served several years as an assoc�ate ed�tor for Hoards Dairyman and has successfully operated an 
agricultural communications business.  Ms. Bocher comes well qualified to position USDFRC as the 
flagship dairy forage research facility by interpreting our research into a problem solving framework 
for da�ry operators, da�ry farm adv�sors, and �ndustry bus�nesses. 

The FY 05 budget provided partial funding to support the research of our two new scientists at the 
newly created Institute for Environmentally Integrated Dairy Management in Marshfield.  This facility, 
wh�ch �s located at the Agr�cultural Research Stat�on for the Un�vers�ty of W�scons�n, w�ll eventually 
house s�x USDA-ARS sc�ent�sts, as well as four USDA-Natural Resources Conservat�on Serv�ce 
(NRCS) spec�al�sts.  The Inst�tute �s a collaborat�ve effort among USDA-ARS, USDA-NRCS, the 
University of Wisconsin, and the National Farm Medicine Center of the Marshfield Medical Clinic. 
Research at the Inst�tute w�ll be conducted to �mprove nutr�ent management, m�n�m�ze em�ss�ons, 
and control pathogens at all stages �n the da�ry product�on system.  Research object�ves of the un�t 
are: 1) �mproved nutr�ent management and manure handl�ng, storage, and appl�cat�on strateg�es; 2) 
reduced degradat�on of a�r, water, and so�l qual�ty by manure; 3) controlled pathogen transm�ss�on 
between l�vestock, w�ldl�fe, humans, and the env�ronment; and 4) educat�on, outreach, and techn�cal 
assistance.  FY 03, 04, and 05 funding have been appropriated to construct animal housing and manure 
containment facilities and part of the new laboratory.  FY 06 Senate mark-up appropriates funds to 
complete all Institute facilities plus $1.67 million to initiate plans to enhance research capacity at our 
Pra�r�e du Sac farm.

We cont�nue to recru�t for a Research Agr�cultural Eng�neer and a Research Agr�cultural Sc�ent�st 
(Da�ry Systems Spec�al�st). 

I want to thank sc�ent�sts, support staff, students, v�s�t�ng sc�ent�sts, and stakeholders for mak�ng 2004-
2005 a tremendous success.  USDFRC stakeholders are currently developing a plan to enhance the 
da�ry forage research capac�ty to meet the needs of the �ndustry �n the 21st century.

Th�s collect�on of research summar�es �llustrates the progress that sc�ent�sts and staff are mak�ng �n 
develop�ng �nformat�on to help da�ry farmers ut�l�ze the�r resources more effect�vely. The research �s 
intended to benefit forage growers, dairy farmers, and the consumers of dairy products.

S�ncerely,

Neal P. Mart�n, D�rector
U.S. Da�ry Forage Research Center
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Forage Genetics and Production
Differences in Sward Structure and Quality Among Temperate Perennial Grasses 
G.E. Brink and M.D. Casler

Introduction

Reduced dry matter (DM) �ntake �s a factor contr�but�ng to lower m�lk product�on �n da�ry cattle on 
pasture.  Intake of grazing dairy cattle is less than that of confinement-fed cattle due in part to reduced 
b�te we�ght.  B�te we�ght �s a product of the b�te volume and the bulk dens�ty of the sward.  Sward 
bulk density may be influenced by sward height, tiller density, grass species, proportion of leaf and 
stem, and phys�cal character�st�cs of the leaf such as angle of attachment to the t�ller, d�mens�ons, and 
r�g�d�ty.  Taken together, these character�st�cs const�tute the sward structure, or the vert�cal d�str�but�on 
and arrangement of above ground plant parts w�th�n a plant commun�ty.  Stud�es have demonstrated 
that sward he�ght �s the pr�nc�pal determ�nant of b�te we�ght �n lactat�ng da�ry cows graz�ng perenn�al 
ryegrass (Lolium perenne L.), but that the influence of sward bulk density on intake becomes greater 
as sward he�ght decl�nes.  Depend�ng on the compos�t�on of the pasture, producers pract�c�ng managed 
�ntens�ve rotat�onal graz�ng typ�cally have a target he�ght at wh�ch graz�ng beg�ns and ends.  For a 
g�ven sward he�ght, a w�de var�at�on �n sward dens�ty and forage qual�ty may ex�st among common 
temperate grasses wh�ch could �mpact �ntake.  Our object�ve was to determ�ne d�fferences �n sward 
dens�ty and forage qual�ty among temperate perenn�al grasses typ�cally used �n rotat�onal graz�ng 
systems.

Methods

‘Park’ Kentucky bluegrass (Poa pratensis L.; KBG), ‘Mara’ perennial ryegrass (PRG), ‘Bronc’ 
orchardgrass (Dactylis glomerata L.; OGR), ‘Itasca’ timothy (Phleum pratense L.; TIM), ‘Johnstone’ 
tall fescue (Festuca arundinacea Schreb.; TFK), ‘Barolex’ soft-leaf tall fescue (TFS), ‘Bartura’ meadow 
fescue (Festuca pratensis Huds.; MDF), ‘Lincoln’ smooth bromegrass (Bromus inermis Leyss.; SBG), 
‘Rival’ reed canarygrass (Phalaris arundinacea L.; RCG), and common quackgrass [Elytrigia repens 
(L.) Nevski; QGR] were broadcast-seeded at recommended rates on 4.5- x 6.1-m plots in spring, 2003 
at the Un�vers�ty of W�scons�n Arl�ngton Agr�cultural Research Stat�on (43.30EN, 89.35EW) on a 
Plano silt loam (fine silty, mixed, superactive, mesic Typic Argiudoll.  Sward structure was measured 
in May (spring), July (summer), and September (fall), 2004.  Plots were fertilized with 56 kg ha-1 
before sampl�ng and cl�pped to a 10-cm stubble after the spr�ng and summer sampl�ng, and aga�n 21 
days later.  Sward structure was measured when each grass reached 25 cm height (nonextended leaf) 
using a 25 x 100 cm aluminum quadrat that slid vertically on four legs at 2.5-cm increments.  The 
frame was placed randomly �n two locat�ons �n each plot and DM determ�ned for three canopy layers: 
20 to 25, 15 to 20, and 10 to 15 cm.  Forage from each layer was analyzed for crude protein (CP), 
neutral detergent fiber (NDF), and neutral detergent fiber digestibility (NDFD) concentration.

Results and Discussion

Ranking for DM by sward layer among the grasses was strongly influenced by the sampling period.  
Grasses that typ�cally exh�b�t v�gorous early spr�ng growth, such as t�mothy, smooth bromegrass, and 
quackgrass, produced more DM �n the upper and m�ddle port�ons of the canopy than orchardgrass, 
perenn�al ryegrass, and meadow fescue (F�g. 1).  Unl�ke the more r�g�d leaves of orchardgrass and 
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meadow fescue, leaves of t�mothy, smooth bromegrass, and quackgrass began to bend and droop 
before sampling, thus requiring more time to reach 25-cm height (20 to 25 days vs. 16 to 17 days) and 
add�ng DM to the upper canopy.  Dry matter d�str�but�on �n perenn�al ryegrass was oppos�te that �n 
most of the other grasses, �ncreas�ng �ncrementally from the top to the bottom of the canopy.  In the 
summer, grasses that ranked lower �n upper canopy DM �n the spr�ng (soft-leaf tall fescue, meadow 
fescue, and reed canarygrass) were ranked at or near the top, wh�le those ranked h�gher �n the spr�ng 
(t�mothy, smooth bromegrass, and quackgrass) were ranked near the bottom.  In the fall, DM generally 
�ncreased from the top to the bottom of the canopy.

Forage qual�ty d�fferences among grasses and canopy layers were s�m�lar �n the spr�ng, summer, 
and fall.  From the top to the bottom of the canopy, mean CP and NDFD of all grasses decreased 
approximately 5% and 3%, respectively, and mean NDF increased 10% (Table 1).  Within perennial 
ryegrass, t�mothy, and meadow fescue, however, NDFD rema�ned relat�vely unchanged. W�th�n the 
upper port�on of the canopy, CP of quackgrass and reed canarygrass was greater than all grasses 
except orchardgrass, wh�le CP of smooth bromegrass was lowest.  In the m�ddle and lower canopy, 
orchardgrass had the greatest CP.  Because bluegrass was sampled at a greater he�ght and a more 
mature stage than �t would normally be grazed, NDF of each layer was greater than the other grasses.  
Timothy NDF was among the lowest of the grasses throughout the canopy, ranging from 40.6 to 
47.4%.  In terms of digestibility, NDFD of orchardgrass at each layer was greater than all grasses 
except quackgrass.  D�gest�b�l�ty of tall fescue (convent�onal and soft-leaf) and reed canarygrass was 
generally lowest �n all canopy layers.

Conclusions

Temperate perenn�al grasses exh�b�t a w�de range �n DM d�str�but�on w�th�n swards and  d�fferences 
depending on the season, which may influence grazing management and utilization.  Forage quality 
d�fferences between canopy layers would perm�t more complete ut�l�zat�on of some grasses than others 
w�thout forc�ng the an�mal to consume poorer qual�ty forage.

Table 1.  Crude protein (CP), neutral detergent fiber (NDF), and neutral detergent fiber digestibility 
(NDFD) concentration by canopy layer of temperate grasses grown to 25 cm height in the summer.  

CP NDF NDFD

Grass 20-25 15-20 10-15 20-25 15-20 10-15 20-25 15-20 10-15

---------------------------------------------- gm kg-1-----------------------------------------------

Bluegrass 195 175 153 514 563 605 633 611 590

Ryegrass 249 215 181 447 499 546 650 642 639

Orchardgrass 262 263 236 432 485 530 706 676 655

Timothy 223 201 177 406 436 474 608 612 602

Tall fescue 234 226 201 473 515 562 601 584 564

Tall fescue (soft leaf) 214 194 169 452 514 553 594 582 568

Meadow fescue 230 204 174 410 472 512 641 650 652

Smooth bromegrass 188 174 160 418 474 532 630 614 582

Reed canarygrass 268 230 198 473 526 567 604 583 564

Quackgrass 272 239 206 459 512 549 707 669 626

LSD (0.05) 15 19 19 24 33 27 21 21 21
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Figure 1.  Dry matter (DM) by canopy layer of 
temperate grasses grown to 25 cm height in the 
spring, summer, and fall.
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Improved Procedure for Genetic Transformation of Red Clover
M.L. Sullivan

Introduction

Plants that have been genetically modified by the insertion of transgenes can be powerful 
experimental tools. For example, gene expression patterns and protein localization studies can be 
carried out using reporter genes, expression of endogenous genes can be altered (up- or down-
regulated) to test hypotheses regarding gene product function, and expression of foreign genes can 
be used to develop model systems. Red clover (Trifolium pratense L.) is a widely used and versatile 
forage legume. To take advantage of the opportunities of genetic transformation for this forage 
crop, a system of regeneration of red clover plants from transformed plant cells had previously been 
developed. This original procedure utilized aseptically grown red clover as the plant source material. 
In my laboratory, we have modified this procedure to use greenhouse grown plant material, which 
is more easily maintained and provides abundant amounts of explant material with little lead time 
compared to aseptically grown material.
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Methods

Our improved transformation protocol is based on a procedure developed for genotypes derived 
from NewRC red clover germplasm (PI578052) and is provided in detail on our web site http://
www.dfrc.ars.usda.gov. Briefly, petiole explants are harvested from greenhouse grown red clover 
plants, surface sterilized with bleach solution, and introduced into tissue culture, where they are 
infected with Agrobacteria harboring a binary vector-based transformation construct consisting 
of a selectable marker gene (in our case a gene conferring resistance to the antibiotic kanamycin) 
and other desired transgenes in the T-DNA region. Following co-cultivation, explants are placed 
on a series of selective media with hormone compositions to stimulate callus formation, embryo 
induction, and embryo development to plantlets. Plantlets are then placed in a medium to promote 
rooting prior to transfer to soil.

Results and Discussion

Despite surface sterilization of red clover petiole explants, in initial transformation experiments 
utilizing greenhouse grown plants large numbers of explants (20-50%) were lost to bacterial 
and fungal contamination in the first few weeks of tissue culture. To reduce the level of fungal 
contamination of explants, we began treating red clover plants with a systemic fungicide 
approximately 1 week prior to harvesting explants for transformation. To reduce the level of bacterial 
contamination, we replaced the antibiotic carbenicillin (used in the original protocol to select against 
Agrobacteria following the initial transformation-inducing infection) with the antibiotic Timentin. 
Together, these modifications have reduced the number of explants lost to contamination to less 
than 1%, with no significant effect on transformation efficiency. Since endogenous contamination 
in explants is very often a problem with plant tissue culture, the methodologies we have employed 
here to reduce fungal and bacterial contamination may be applicable to a wide variety of plant tissue 
culture systems.

We have found that transformation efficiency is highest with petioles of young leaves (i.e. those less 
than 6 cm in length), at 10-15% compared to 1-3% for mature petioles, where efficiency is defined as 
percent of explants producing fully regenerated, viable plants expressing one or more transgenes. We 
have successfully used this methodology to introduce a β-glucuronidase (GUS) reporter gene into 
red clover (Fig. 1) and in gene silencing experiments (see accompanying report on page 20).

Conclusions

We have modified a red clover genetic transformation procedure to use more easily maintained 
greenhouse-grown plant material. Our modifications will greatly facilitate production of genetically 
modified red clover for research purposes, and may be generally applicable to reduce problems of 
endogenous bacterial and fungal contamination in wide variety of plant tissue culture systems.



2004 RESEARCH SUMMARY 2004 RESEARCH SUMMARY 5

A B

Figure 1. Histochemical staining of red clover transformed with a GUS reporter gene. Leaves from 
an untransformed plant (A) or a plant transformed with a GUS reporter gene (B) were incubated in a 
solution of X-Gluc, which forms a dark blue precipitate in the presence of the GUS gene product. An 
arrow points out the dark staining of the vascular tissue of the transformed plant.

Yield and Soil Nitrate Levels of Cover Crop and Living-Mulch Systems for Corn 
Silage Fertilized with Manure
J.H. Grabber and L.J. Massingill

Introduction

A var�ety of cover crop and l�v�ng mulch systems for annual row crops have been developed for 
reduc�ng n�trate and so�l loss from cropland and for �mprov�ng so�l structure, so�l water-hold�ng 
capac�ty, and crop y�elds. Cereal rye, typ�cally sown after harvest of corn and other annual crops, 
�s w�dely used as a forage and green manure crop throughout the U.S.  Ital�an ryegrass, overseeded 
as a relay crop �n corn or other crops, �s used for forage product�on and as a green manure crop �n 
hum�d reg�ons w�th m�ld w�nters. Red clover, overseeded as a relay crop �n corn or other cereals, �s 
occas�onally used �n the M�dwest and Northeast as a green manure crop.  Recently, Ken Albrecht and 
colleagues at the Un�vers�ty of W�scons�n have developed systems for grow�ng corn �n a l�v�ng-mulch 
of herb�c�de-suppressed kura clover. In th�s long-term study, we are evaluat�ng how these cover crop 
and l�v�ng-mulch systems affect y�elds and n�trogen-use of corn s�lage fert�l�zed w�th manure. We are 
also compar�ng the y�elds of kura and red clovers the year follow�ng corn product�on.    

Methods

In repl�cated plots at Pra�r�e du Sac �n southern W�scons�n, cont�nuous corn (Roundup ready) was 
planted �n early May and grown w�th relay-seeded Ital�an ryegrass, fall-seeded rye or no cover. Corn 
was also grown �n a 2-year rotat�on w�th kura clover l�v�ng-mulch or relay-seeded red clover followed 
by one year of clover product�on. Manure slurry was appl�ed on a phosphorus-bas�s �n November or 
Apr�l to all plots and add�t�onal fert�l�zer was appl�ed to cont�nuous corn plots at plant�ng �n early 
May to supply 180 kg/ha of ava�lable N. Corn was harvested for s�lage �n September.  So�l n�trate was 
determ�ned �n early June and �n late October when cover crop and l�v�ng mulch growth had ceased for 
the w�nter.  Above ground b�omass of cover crops and l�v�ng mulch was determ�ned �n late October 
and aga�n �n early May at corn plant�ng. 
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Results and Discussion

In 2003 (dry summer), corn s�lage y�elds ranged from 18.4 to 23 Mg/ha and were greatest w�th red 
clover and lowest w�th ryegrass. In 2004 (wet spr�ng, cool summer), corn s�lage y�elds ranged from 
16.6 to 20 Mg/ha and were greater with clovers and no cover than with rye and ryegrass (Table 1). 
Growth of cover crops and l�v�ng mulch by late October was greatest w�th ryegrass (1 Mg/ha); spr�ng 
growth by early May was s�m�lar for rye, kura and red clovers �n 2003 (1 Mg/ha) and greatest for rye 
in 2004 (3.5 Mg/ha). June soil nitrate (0-30 cm) ranged from 21 to 43 mg/kg in 2003 and from 7 to 12 
mg/kg �n 2004 and was h�ghest for corn grown w�th ryegrass (Table 1). In both years, fall so�l n�trate 
levels (0-120 cm) ranged from 31 to 54 kg/ha and were greatest with clovers and lowest with ryegrass. 
Fall n�trate levels dropped to 10 to 37 kg/ha when a year of clover product�on followed corn. In the 
year following corn, yields of red clover were greater than kura clover in 2003 (11.4 vs. 8.6 Mg/ha); 
y�elds of both clovers were s�m�lar �n 2004 (8.3 Mg/ha) even though red clover was reseeded �n Apr�l 
due to relay seeding failure in 2003. Timing of manure application did not influence yields or soil N 
levels.  

Table 1.  Corn silage dry matter yields and soil nitrate levels for cover crop and living-
mulch cropping systems.   

Year and
Cropping system 

Corn silage 
(Mg/ha)

June soil nitrate
(0-0.3 m) mg/kg 

October soil nitrate
(0-1.2 m) kg/ha 

2003
Kura living mulch 20.6bc 21.2c 50.1a
Red clover relay 23.0a 34.1b 50.8a
Italian ryegrass relay 18.4c 42.6a 34.3b
Rye fall seeded 21.4ab 40.1ab 38.0ab
None 21.2ab 38.7ab 38.3ab

2004
Kura living mulch 20.0a 8.9b 54.1a
Red clover relay 19.3a 7.3b 53.6a
Italian ryegrass relay 16.6c 12.4a 30.9b
Rye fall seeded 17.7bc 8.2b 33.7b
None 18.8ab 11.8a 33.4b

Within years, means in a column followed by different letters are significantly different 
(P < 0.05) 

Conclusions

The �n�t�al results from th�s long-term study �nd�cate that corn s�lage y�elds w�th the red clover and 
kura clover systems are comparable to or better than corn grown w�thout cover. Relay seeded ryegrass 
gave only modest cover and reduct�ons �n fall n�trate pr�or to w�nterk�ll and �t depressed corn s�lage 
y�elds. Performance of fall-seeded rye was �ntermed�ate; corn y�elds were �mproved �f rye was k�lled 
before much b�omass had accumulated �n spr�ng.  Crop y�eld, n�trogen uptake, so�l qual�ty, and so�l 
n�trogen status of these systems w�ll be evaluated unt�l 2007. 
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Forage Handling, Preservation and 
Storage

Packing Practice Effects on Density in Bunker Silos 
R.E. Muck, B.J. Holmes, and P. Savo�e

Introduction

Crop preservat�on by ens�l�ng depends on m�n�m�z�ng exposure to oxygen dur�ng storage and feed out. 
In bunker s�los, pack�ng the crop to a h�gh dens�ty �s a pr�mary means of reduc�ng oxygen exposure 
and subsequent dry matter (DM) losses. Surveys and p�lot-scale exper�ments have reported that a 
number of factors affect dens�ty: pack�ng tractor we�ght, pack�ng t�me, layer th�ckness, s�lo he�ght, dry 
matter content, and part�cle s�ze. However, �ncons�stency �n results across stud�es has led to uncerta�nty 
regard�ng wh�ch factors are the most �mportant. So, there �s a need to exam�ne the �mportance of 
var�ous pack�ng pract�ces at farm scale.

Methods

A bunker silo (37.8 x 10 x 3.5 m) with walls on three sides was filled with alfalfa. At filling, loads were 
placed on alternating sides of the silo. One tractor (6.6 Mg, single-wheeled, front-mounted bucket) 
was used to spread and pack all loads. The tractor operator was �nstructed to spend a s�m�lar amount 
of t�me spread�ng loads on both s�des, but pack one s�de approx�mately tw�ce (2X) that of the other 
(1X). During filling, we recorded load weight, the amount of time spent spreading and packing each 
load, and the d�stance lengthw�se over wh�ch the load was spread. A grab sample from each load was 
analyzed for DM content. After each load was packed, the he�ght of the crop on the s�de and back walls 
at each wall panel joint was recorded to estimate filled volume and silage density throughout filling. 
F�nal volume was more accurately est�mated by elevat�on transects across the s�lo w�dth at each panel 
�n add�t�on to wall he�ghts.

Two bunker silos (21.3 x 5 x 3.5 m) were filled simultaneously with whole-plant corn with each silo 
receiving alternate loads. The same 6.6 Mg, single-wheeled tractor was used to spread loads in each 
s�lo. Th�s tractor also packed one s�lo, but a 9.7 Mg, s�ngle-wheeled tractor was used to pack the other. 
The tractor operator was �nstructed to keep spread�ng and pack�ng t�mes s�m�lar for both s�los. The 
measurements and procedures were the same as those used �n the alfalfa tr�al.

Dur�ng s�lo empty�ng, core samples were taken across the face on two d�fferent dates to est�mate 
density with height. For a given treatment and date, two profiles were taken, coring at 5 heights (0.5 
m from floor, 0.5 m from the top, and three equidistant intermediate points). Approximately a 30-cm 
deep core was taken with a 5.1 cm diameter corer, measuring the actual depth, weighing the core 
sample, and measur�ng DM content. Th�s perm�tted calculat�on of wet and DM dens�ty.
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Results and Discussion

In the alfalfa tr�al, spread�ng t�me was 70 s/Mg as fed on both s�des whereas pack�ng t�me was 48 and 
86 s/Mg on the 1X and 2X sides, respectively. The estimated DM densities during filling were similar 
between the two sides, starting at approximately 160 kg/m3 after packing the first load and increasing 
nonl�nearly w�th add�t�onal loads to approx�mately 300 kg/m3 at the end of filling. Based on final 
volume estimates, 166 t DM were packed into 552 m3 on the 1X s�de for a DM dens�ty of 301 kg/m3. 
On the 2X side, 162 t DM were packed to a density of 292 kg/m3. These final densities assumed that 
no forage from a load was spread onto the oppos�te s�de. Some m�x�ng was �nev�table, but v�sually the 
pack�ng tractor operator d�d not appear to favor one s�de. To test th�s, core samples were taken at two 
different times during emptying. Densities near the floor were similar between the two sides (Table 
1); however, the dens�t�es at the two h�ghest locat�ons were lower on the 1X s�de. Averag�ng the core 
values, the 2X s�de had a mean DM dens�ty of 270 kg/m3 and the 1X side a density of 256 kg/m3.

In the two corn s�lage bunkers, the spread�ng t�me was s�m�lar for both bunkers (22 and 24 s/Mg as 
fed) whereas packing time was greater for the bunker with the heavier packing tractor (25 vs. 33 
s/Mg). Despite differences in tractor weight and packing time, the final average DM densities based on 
volume and mass ensiled were both 236 kg/m3. In part, th�s may be expla�ned by the rear axle on the 
heav�er tractor that extended approx�mately 30 cm beyond the t�re, prevent�ng the t�re from runn�ng 
aga�nst the wall. Also, the front t�res on the heav�er tractor were further beh�nd the front of the tractor 
so �t was not able to dr�ve as close to the back wall. Core samples taken 1.8 m from each s�dewall d�d 
show differences in density between the two bunkers (Table 2). Densities 46 cm below the top were 
similar in both silos. However, densities at deeper locations were significantly higher in the silo where 
the heav�er tractor was used for pack�ng. Averag�ng these core dens�t�es, the average DM dens�t�es 
were 221 and 248 kg DM/m3 for the l�ghter and heav�er pack�ng tractors, respect�vely.

The average core DM dens�t�es �n both tr�als were compared w�th model pred�ct�ons based on an 
earlier survey of 168 commercial bunker silos. The model predicted lower densities than measured. 
However, the d�fferences �n dens�ty due to the treatments were sl�ghtly underpred�cted by the model, 
but the d�screpanc�es were w�th�n pred�ct�on and measurement errors.

Table 1. Average core densities (kg DM/m3)
at different heights from the floor during 
emptying of the alfalfa bunker silo, one half 
packed longer than the other. 

Height, m 1Xa 2X 
0.50 334 331
1.15 320 308
1.75 248 258
2.40 211 265
3.00b 166 191

Average 256 270
a 1X – 1.97 min/Mg, 2X – 2.60 min/Mg 
average spreading and packing time. 
b 0.5 m below the top of the silage. 

Table 2. Average core densities (kg DM/m3)
at different heights from the floor during 
emptying of two corn bunker silos, packed 
with different weight tractors. 

Height, m 6.6 Mg 9.7 Mg 
0.46 235 316
1.07 239 252
1.67 240 256
2.28 203 231
2.89a 190 187

Average 221 248
a 0.46 m below the top of the silage. 
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Conclusions

In two field trials, we tested the effects of packing time and tractor weight on density in bunker silos. 
In alfalfa, increasing total spreading and packing time from 1.97 to 2.60 min/Mg alfalfa increased 
average density from 256 to 270 kg DM/m3. In whole-plant corn, us�ng a 9.7 Mg pack�ng tractor vs. a 
6.6 Mg tractor increased density from 221 to 248 kg DM/m3. These d�fferences were cons�stent w�th 
expectat�ons from earl�er survey and p�lot-scale research.

Inoculant Effects on in vitro Digestion of Alfalfa Silage
R.E. Muck, F.E. Contreras-Govea, I. F�lya, D.R. Mertens and P.J. We�mer

Introduction

Inoculants (add�t�ves supply�ng pr�nc�pally lact�c ac�d bacter�a) are the most common add�t�ves used �n 
mak�ng s�lage �n the Un�ted States. Most �noculants conta�n homofermentat�ve lact�c ac�d bacter�a that 
sh�ft fermentat�on toward lact�c ac�d product�on, reduce pH, �mprove dry matter (DM) recovery from 
the s�lo and may �mprove m�lk product�on or rate of ga�n. Wh�le �noculant effects on fermentat�on 
and DM recovery are understood, the effects on an�mal performance are often greater than expected 
from the sh�fts �n fermentat�on. In vitro analyses may help uncover how �noculants may affect rumen 
fermentat�on and ult�mately da�ry cattle performance. 

Methods

Alfalfa was ensiled in two trials [first (48% DM) and second cut (39% DM)] in 2003. Alfalfa  harvested 
with standard field equipment was brought back to the laboratory and ensiled in 1-l and 500-ml glass 
Weck jars in first and second cutting, respectively, at a density of 500 g/l. Each trial had four treatments 
(un�noculated control, 3 �noculants), four s�los per treatment. All �noculants were appl�ed at 106 
colony-form�ng un�ts (cfu)/g crop (not label rates) to help �nsure dom�nat�on of fermentat�on. S�lages 
were stored for a m�n�mum of 30 d at room temperature (~22°C). S�lages were analyzed for pH, DM 
concentrat�on and fermentat�on products. A port�on of s�lage was wet ground �n a Büch� m�xer and 
frozen unt�l analyzed. In vitro fermentat�on was carr�ed out on 1-g samples of the wet-ground s�lage 
in 160-ml serum bottles. In vitro analys�s was carr�ed out at 39°C, and gas pressure was measured at 
3, 6, 9, 24, 48 and 96 h. At 9 h, 4 bottles of each treatment were sampled for gas composition and then 
opened and analyzed for pH, volatile fatty acids, and microbial biomass yield. At 96 h, two bottles 
were analyzed s�m�larly to the 9-h bottles. Dupl�cate sets of in vitro analyses were performed on all 
s�lages.

Results and Discussion

Average silage characteristics are shown in Table 1. In first cut, all three inoculants overwhelmed the 
natural population [5.2 log10(cfu/g)], producing significantly (P<0.05) lower pH values and residual 
water soluble carbohydrates and h�gher lact�c ac�d concentrat�ons. In second cut, the alfalfa conta�ned 
7.4 log10(cfu/g) lactic acid bacteria, and there were fewer significant differences in silage quality 
between the control and �noculated treatments. The 1174 treatment had a reduced pH, lower acet�c ac�d 
and ethanol concentrat�ons than the control. MTD1 had a reduced acet�c ac�d concentrat�on. Based on 
s�lage fermentat�on, larger in vitro fermentation effects were expected in first cut.
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The major�ty of in vitro fermentation occurred in the first 9 h, and IVTD was above 700 and 780 g/kg 
DM in all treatments in first and second cut, respectively (Table 2). There were no significant effects 
of treatment on IVTD although MTD1 was numer�cally greater than control �n both tr�als. Carbon 
d�ox�de product�on (mg/100 mg truly d�gested DM) was reduced �n the �noculated s�lages relat�ve to 
control s�lages except for 1174 �n the second cut. There was a trend for lower methane product�on �n 
inoculated silages in first cut, but inoculated silages produced significantly higher levels of methane in 
the second cut. In first cut, total VFA production (mg/100 mg TDDM) was similar across treatments, 
but all three �noculated treatments produced in vitro fermentat�ons w�th a sh�ft toward prop�on�c ac�d 
product�on. In second cut, there was a trend for reduced VFA product�on �n the �noculated s�lages 
although acet�c-to-prop�on�c ac�d rat�o was not affected by treatment. M�crob�al b�omass y�eld (MBY) 
was measured by the d�fference between true and apparent d�gest�b�l�ty. It was also est�mated by 
subtracting gas and VFA production from the total DM digested. In first cut, MBY was unaffected 
by treatment when measured by the d�fferences �n true and apparent d�gest�b�l�ty, but MTD1 and L. 
pentosus treatments had h�gher MBYs than the control est�mated by d�gest�on products. In second cut, 
MTD1 and L. pentosus produced h�gher MBYs than control for both est�mat�on techn�ques.

Conclusion

In two alfalfa s�lage tr�als, s�lage fermentat�on was substant�ally affected by �noculant treatment �n 
one tr�al but not the other. In the tr�al where s�lage fermentat�on was substant�ally altered, in vitro 
VFA product�on was sh�fted to prop�on�c ac�d �n the �noculated s�lages. However, �n both tr�als two of 
three �noculated s�lages produced in vitro fermentat�ons w�th �ncreased m�crob�al b�omass y�elds and 
reduced total gas product�on relat�ve to controls. Th�s prov�des ev�dence that �noculants can produce 
rum�nal effects �n absence of substant�al effects on s�lage fermentat�on.

Table 1. Silage characteristics (g/kg DM except as noted) from the two trials. 

Treatment DM, 
g/kg

pH Lactic Acetic Ethanol WSC* CP NDF 

First Cut         
Control 480 5.08 40.5 14.2 3.1 18.4 215 419 
1174 476 4.50 83.5 17.3 1.3 9.9 220 436 
MTD1 463 4.51 72.6 16.3 2.0 8.8 215 434 
L. pentosus 463 4.66 76.2 36.8 3.6 7.2 231 421 
s.e.       3.0   0.016     2.17     1.05   0.41   0.72       3.3       6.7 
Second Cut         
Control 368 4.42 86.5 29.0 4.5 6.8 238 307 
1174 377 4.34 81.3 18.4 3.4 9.9 240 293 
MTD1 363 4.40 80.5 19.0 4.1 8.8 247 292 
L. pentosus 365 4.46 86.0 31.7 5.5 7.2 239 309 
s.e.       5.1   0.022     1.13    1.19   0.32   0.61       2.8       5.5 
* WSC – water soluble carbohydrates; CP –crude protein; NDF – neutral detergent fiber. 
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Table 2. In vitro digestion characteristics (mg/100 mg truly digested DM, except as noted) after 9 
h incubation from the two trials. 

Treatment 

IVTD* 
g/kg
DM 

Gas, 
ml/100

mg
TDDM CH4 CO2 VFA MBY MBYest

Acetic: 
Propionic, 
Mol/Mol  

First Cut         
Control 715 17.9 1.56 26.4 34.5 34.8 37.5 3.07 
1174 713 16.9 1.55 24.8 35.9 34.0 37.7 2.68 
MTD1 723 15.8 1.47 23.2 34.2 32.5 41.1 2.68 
L. pentosus 703 15.9 1.49 23.3 34.4 32.8 40.8 2.65 
s.e.       4.7     0.34   0.036     0.50     0.69     0.75     0.94   0.039 
Second Cut         
Control 786 18.9 1.46 28.5 37.5 37.7 32.5 2.64 
1174 786 19.1 1.73 28.1 35.2 39.4 34.9 2.66 
MTD1 804 18.2 1.73 26.6 34.1 41.4 37.6 2.65 
L. pentosus 807 17.6 1.66 25.7 33.9 43.4 38.7 2.66 
s.e.       8.5     0.27   0.030     0.41     1.22     1.25     1.47   0.058 
* IVTD – in vitro true digestibility; VFA – total volatile fatty acids; MBY – Microbial biomass 
yield determined by the difference in in vitro true digestibility and apparent digestibility; MBYest

– Microbial biomass yield as estimated by 100 – CH4 – CO2 –VFA. 

Plant Chemistry/Biochemistry

Polyphenol Oxidase Activity and In Vitro Proteolytic Inhibition in Grasses 
J.M. Marita, R.D. Hatfield, G. Brink 

Introduction 

Harvest�ng and stor�ng h�gh qual�ty forage �n the cool hum�d reg�ons of agr�cultural product�on rema�ns 
a challenge due to the potent�al h�gh degree of prote�n degradat�on dur�ng ens�l�ng. Red clover �s an 
except�on w�th h�gh prote�n levels at harvest that are ma�nta�ned dur�ng ens�l�ng. Decreased proteolyt�c 
act�v�ty �n red clover �s due to polyphenol ox�dase (PPO) act�v�ty and appropr�ate o-d�phenol substrates. 
Th�s project was undertaken to determ�ne �f PPO act�v�ty �s present �n a range of grasses and the 
potent�al role �n proteolyt�c �nh�b�t�on �n the presence of the o-d�phenol caffe�c ac�d.

Methods 

F�fteen grass spec�es were establ�shed �n the greenhouse under a 14/10 h (day/n�ght) l�ght�ng reg�me. 
Leaf blades were harvested from plants at the vegetat�ve stage, frozen �n l�qu�d n�trogen and stored 
at -80°C unt�l processed. Ind�v�dual samples were processed and analyzed follow�ng establ�shed 
laboratory methods. PPO act�v�ty was determ�ned �n dupl�cate us�ng o-d�phenol substrates (caffe�c 
acid, chlorogenic acid and catechol; 2mM final concentration). To determine the potential impact of 
PPO and o-d�phenols on proteolyt�c act�v�ty leaf blades were prepared s�m�lar to above. Two samples 
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were prepared with one processed through a G-25 sephadex spin column to remove low molecular 
weight materials and the other clarified by centrifugation and removal of the supernatant. At time zero, 
caffeic acid (3 mM final concentration) was added to the eluted protein (spin column). Aliquots were 
removed from each sample at specific time intervals (t0, t1, t2, t4 and t24 hours) and soluble am�no ac�ds 
and small peptides were quantified to assess the degree of proteolysis.

Results and discussion 

The amount of PPO activity measured in each grass varied significantly depending upon the species 
and upon the specific type of o-d�phenol used as the pr�mary PPO substrate (Table 1). Orchardgrass, 
meadow fescue, ryegrass, and smooth bromegrass exh�b�ted the h�ghest PPO act�v�t�es w�th 10- to 
1000-fold �ncreased act�v�ty compared to the rema�n�ng spec�es. Chlorogen�c ac�d and/or caffe�c ac�d 
were the preferred substrates, although there were d�fferences among the most act�ve grasses as to 
wh�ch was the best ut�l�zed. These results suggest potent�al d�fferences �n PPO enzymes among the 
�nd�v�dual grass spec�es. Generally �n the grasses w�th substant�al PPO act�v�ty, the add�t�on of caffe�c 
ac�d to the �solated grass extracts resulted �n proteolyt�c �nh�b�t�on. Such results suggest that several 
of the �mportant grass spec�es that were exam�ned conta�n PPO act�v�ty, but may lack the appropr�ate 
o-d�phenol substrates in vivo to effect�vely �nh�b�t proteolys�s. In�t�al results suggest that proteolyt�c 
�nh�b�t�on can be ach�eved w�th the add�t�on of caffe�c ac�d.

Conclusion 

PPO act�v�ty �s present �n a var�ety of grass spec�es; however, the level of PPO act�v�ty var�es up to 
1000-fold depend�ng on the o-d�phenol substrate suppl�ed. In vitro proteolyt�c assays �nd�cate that 
there is an inhibition of proteases in the presence of specific o-d�phenols �n several grass spec�es. 
Together these results suggest a potential for improvement in ensiling of specific grass species with 
the add�t�on of an appropr�ate o-d�phenol substrate.

Table 1. PPO activity in 15 grass species in the presence of three representative o-d�phenol substrates 
and the percent reduct�on �n in vitro proteolys�s w�th the add�t�on of caffe�c ac�d after 24 h.

Grass Species Polyphenol Oxidase Activity (mmoles/mg/min) x10-4

Reduction in

In Vitro

Proteolysis

(24 h)

Caffeic Acid Chlorogenic

Acid

Catechol

Orchardgrass 110.00 260.00 17.00 60%

Ryegrass 26.00 130.00 7.90 78%

Smooth bromegrass 8.20 41.00 8.70 99%

Meadow fescue 35.00 41.00 9.00 90%

Tall fescue (soft) 3.20 2.90 0.89 5%

Timothy grass 1.50 2.20 1.10 6%

Quackgrass 1.00 1.60 2.10 20%

Tall fescue 1.10 0.56 0.45 55%

Reed canary grass 0.51 0.34 0.31 49%

Kentucky bluegrass 0.60 0.33 0.70 24%

Winter wheat 1 0.25 0.18 0.25 16%

Rye 0.26 0.17 0.42 0%

Oat 0.26 0.17 0.19 0%

Spring wheat 0.21 0.10 0.26 8%

Winter wheat 2 0.11 0.10 0.21 15%
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A Plate-Based Browning Assay to Screen Alfalfa Germplasm for Polyphenol 
Oxidase Activity and o-Diphenols
M.L. Sull�van and A. Br�nge

Introduction

We have recently demonstrated that the act�on of polyphenol ox�dase (PPO) on o-d�phenols can 
significantly inhibit post-harvest proteolysis both in plant extracts and in ensiled macerated tissue. 
Although PPO �s nearly ub�qu�tous among plants, the level of express�on and the t�ssues �n wh�ch �t �s 
expressed can vary significantly. One or more PPO genes are present in Medicago sativa cv. Saranac, 
but their expression appears to be limited to flowers and seedpods. Further, we have failed to detect 
significant amounts of PPO o-d�phenol substrates �n the leaves of a l�m�ted number of exam�ned alfalfa 
cultivars. Although we have produced genetically modified alfalfa plants that produce PPO in their 
leaves, and the requ�red b�osynthet�c pathways to produce fol�ar o-d�phenols could potent�ally be 
engineered into alfalfa, identification of alfalfa germplasm expressing PPO and/or o-d�phenols �n �ts 
leaves would allow these tra�ts to be �ntroduced by convent�onal breed�ng and avo�d the techn�cal and 
regulatory burdens associated with genetically modified crops. Identification of PPO- and o-d�phenol-
producing germplasm in other forage crops (e.g. grasses) would be of benefit as well. Here we report 
the development of a s�mple but sens�t�ve assay for PPO and o-d�phenol PPO substrates based on 
extract brown�ng and/or color changes assoc�ated w�th th�s enzyme/substrate comb�nat�on.

Methods

Transgen�c alfalfa express�ng a red clover PPO gene (PPO-alfalfa), non-transformed alfalfa (control-
alfalfa), and red clover s�lenced for fol�ar PPO express�on were used to develop our assay and assess �ts 
sens�t�v�ty. Add�t�onally, four plants from each of nearly 200 access�ons of a core collect�on of perenn�al 
Medicago germplasm were screened w�th the val�dated assay. All plants were grown under controlled 
cond�t�ons �n a growth chamber. Approx�mately 200 mg of leaf t�ssue was harvested, frozen �n l�qu�d 
nitrogen, and powdered using a bead-beater. The tissue was extracted with 50 mM Tris-Acetate, pH 
7.5 (5 mL per g fresh weight) and clarified by centrifugation. A typical assay for each extract utilized 
five wells of a flat-bottom 96-well plate. Each of the five wells contained 100 µL of extract and one 
of the following additions: 5 µL of 100 mM caffeic acid, catechol, or (-)-epicatechin in ethanol; 5 µL 
ethanol; 10 µL PPO-alfalfa extract (to prov�de a source of PPO to test for endogenous o-d�phenols 
�n the absence of endogenous PPO). Every react�on plate also had PPO-alfalfa and non-transformed 
alfalfa extracts subjected to the treatments as pos�t�ve and negat�ve controls, respect�vely. The react�on 
plate was �ncubated at 30°C for 4 h then scanned on a flatbed scanner. Extent of browning for each 
well was analyzed by determ�n�ng �mage �ntens�ty (somet�mes called �mage volume, the �ntegrat�on of 
p�xel value over the area of each well) for the yellow channel of the CMYK plate �mages us�ng �mage 
quantification software. Each well was assigned a browning value (BV) based on the image intensities 
of the exper�mental wells and the�r correspond�ng pos�t�ve and negat�ve controls us�ng the follow�ng 
formula:

BV=(Intensity
Experimental

-Intensity
Negative

)/(Intensity
Positive

-Intensity
Negative

)
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Results and Discussion

Although we had prev�ously used extract color changes or brown�ng as a crude measurement of 
PPO and o-d�phenol content, we sought to make the methodology more amenable to screen�ng large 
numbers of plant extracts under var�ous cond�t�ons and to develop a more object�ve measure of extract 
color change. We ut�l�zed extracts of PPO-express�ng transgen�c and control alfalfa to develop an 
assay utilizing a 96-well flat-bottom plate with data collection by scanning on a flatbed scanner and 
subsequent �mage analys�s w�th �mage analys�s software to quant�fy extract color changes. Analys�s 
of scanned �mages proved super�or to our �n�t�al attempts us�ng spectroscop�c methods because 
much of color change observed �n extracts was assoc�ated w�th �nsoluble mater�al that was not eas�ly 
solub�l�zed (data not shown). To assess the sens�t�v�ty of the assay for PPO act�v�ty, we made a ser�es 
of d�lut�ons of PPO-alfalfa extract, whose PPO act�v�ty �s comparable to that of red clover extracts, 
�n control-alfalfa extract and assessed the color change produced w�th three d�fferent o-d�phenols 
or an ethanol control (F�g. 1A). The selected o-d�phenols are d�verse �n chem�cal structure and how 
efficiently they are utilized by various characterized PPO enzymes, and in the case of caffeic acid (and 
�ts der�vat�ves) and ep�catech�n, represent o-d�phenols that m�ght be reasonably ava�lable for pract�cal 
appl�cat�ons of the PPO/o-d�phenol system for preservat�on of prote�n �n s�lage. As shown �n F�g 1A, 
a color change was eas�ly detected by s�mple v�sual �nspect�on w�th caffe�c ac�d and ep�catech�n at 
dilutions of 100-, and 10-fold, respectively, of the PPO-extract (BV=0.53 and BV=1.00, respectively). 
W�th catechol, color change was only apparent by v�sual �nspect�on �n und�luted PPO-alfalfa extract 
(BV=1.00), l�kely due to both poor ut�l�zat�on of th�s substrate by th�s part�cular PPO and format�on 
of a less h�ghly colored product. Rely�ng on BV �nstead of v�sual evaluat�on alone may add sl�ghtly to 
the sens�t�v�ty of the assay, s�nce for catechol and ep�catech�n, BV of 0.42 and 0.23 were obta�ned for 
the 10 and 100-fold d�lut�ons of the PPO-alfalfa extracts, respect�vely. We also assessed the sens�t�v�ty 
of the assay for detect�on of o-d�phenols �n plants lack�ng endogenous PPO act�v�ty by mak�ng a ser�es 
of three-fold d�lut�ons of e�ther PPO-s�lenced red clover extract (to represent a m�xture of o-d�phenols 
that m�ght be found �n a plant) or caffe�c ac�d �n control-alfalfa extract. We added 10 µL of PPO-alfalfa 
extract to prov�de a source of PPO, or control-alfalfa extract as a negat�ve control. As shown �n F�g. 
1B, by s�mple v�sual �nspect�on, o-d�phenol content approx�mately one-th�rd that found �n red clover 
(BV=0.74) or 1 mM caffe�c ac�d (BV=0.37) can be eas�ly detected �n our assay. Th�s level of caffe�c 
acid would correspond to approximately 5 µmol caffe�c ac�d per g fresh we�ght. In several repl�cates 
of these exper�ments, we found we could cons�stently detect PPO act�v�ty approx�mately 10-100-fold 
lower than that seen �n red clover (depend�ng on the substrate used) and o-d�phenols approx�mately 
three-fold lower than that seen �n red clover.

We next used the assay to screen a core collect�on of perenn�al Medicago germplasm. Th�s collect�on 
�s compr�sed of approx�mately 200 access�ons selected to represent the genet�c d�vers�ty of alfalfa 
and sexually compat�ble relat�ves. For each access�on, extracts were prepared from four �nd�v�duals 
and assayed as descr�bed above for PPO act�v�ty w�th caffe�c ac�d, catechol, and (-)-ep�catech�n, and 
for o-d�phenols w�th exogenously added PPO. Each assay plate also conta�ned extracts of PPO- and 
control-alfalfa as pos�t�ve and negat�ve controls, respect�vely for PPO act�v�ty. For our pr�mary screen, 
�nd�v�duals w�th a brown�ng value ≥0.20 were cons�dered pos�t�ve. Th�s relat�vely low threshold was 
selected to avo�d d�scard�ng true PPO- or o-d�phenol-pos�t�ve plants, even though �t was l�kely many 
false positives would be identified. From this primary screen, fewer than 20 putative PPO-positive 
�nd�v�duals and no putat�ve o-diphenol-positive individuals were identified. No browning was detected, 
however, �n repeat assays of the putat�ve pos�t�ve �nd�v�duals. Th�s result �nd�cates there are no useful 
levels of fol�ar PPO or o-d�phenols �n the tested alfalfa germplasm, and that convent�onal breed�ng 
approaches w�ll l�kely not be useful for �ntroduc�ng the PPO/o-d�phenol system �nto alfalfa.
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Conclusions

We have developed a qu�ck, relat�vely sens�t�ve plate-based brown�ng assay for screen�ng plant 
mater�als for PPO and o-diphenols. Using the assay, we have failed to find useful levels of foliar PPO 
and o-d�phenols �n a collect�on of perenn�al Medicago germplasm, �nd�cat�ng these tra�ts w�ll not 
eas�ly be �ntroduced �nto alfalfa by convent�onal breed�ng approaches.

F�gure 1. Sens�t�v�ty of a plate-based brown�ng assay for PPO and o-d�phenols. Brown�ng react�on 
assay plates were �ncubated at 30°C for 4 hours. Follow�ng �ncubat�on, plates were �maged on a 
flatbed scanner. The yellow channel of the resulting CMYK image is shown. (A) Ten-fold serial 
d�lut�ons of PPO-alfalfa extract �n control-alfalfa extract, control-alfalfa extract, or extract�on buffer 
were incubated in the presence of 5 mM o-d�phenol as �nd�cated. (B) Three fold ser�al d�lut�ons of 
PPO-s�lenced red clover extract (top) or caffe�c ac�d (bottom) �n control alfalfa extract, control alfalfa 
extract, or extract�on buffer were �ncubated w�th and add�t�onal 10 µL of e�ther PPO-alfalfa (+) or 
control-alfalfa (-) extract as �nd�cated.
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Evaluation of Forage Grasses for o-Diphenols
J.M. Marita, R.D. Hatfield, G. Brink

Introduction 

In many agr�cultural reg�ons preservat�on of h�gh qual�ty forages for l�vestock feed �s a challenge due to 
l�m�ted dry�ng cond�t�ons. Th�s results �n the use of ens�l�ng techn�ques to preserve h�gh qual�ty forage. 
Forage grasses and ens�l�ng are frequently used �n the cooler northeastern and upper northwestern 
reg�ons of the US and �n the hum�d reg�ons of Europe. One of the drawbacks of ens�l�ng forage �s 
the typ�cal h�gh loss of prote�n dur�ng the ens�l�ng process. Prote�n degradat�on �s due to nat�ve plant 
proteases be�ng released once the forage has been cut and part�ally dr�ed. The proteolys�s can cont�nue 
�nto the ens�l�ng process depend�ng upon how fast and how low the pH can be decreased by the ens�l�ng 
process. There are post harvest treatments, mostly add�t�on of s�lage add�t�ves or d�rect appl�cat�on of 
ac�d solut�ons, to a�d �n a rap�d decrease �n pH. Red clover �s an except�onal forage that proteolyt�c 
act�v�ty �s �nh�b�ted dur�ng ens�l�ng �rrespect�ve of pH levels. Th�s loss of proteolyt�c act�v�ty �s due to 
act�ve polyphenol ox�dase (PPO) and non-l�m�t�ng levels of o-d�phenols (substrates for the PPO). A 
project was undertaken to determ�ne the presence of PPO act�v�ty and o-d�phenols �n ten grass spec�es. 
This is a report in the identification of o-d�phenols caffe�c ac�d and chlorogen�c ac�d �n these grasses.

Materials and Methods 

Ten forage grasses (Table 1) were established in the greenhouse and in replicated field plots at 
Arl�ngton, WI. Fresh leaf blades were harvested, frozen �n l�qu�d n�trogen, and stored at -80 °C unt�l 
processed. Processing consisted of grinding 5g samples in a mortar and pestle under liquid N2. Ground 
samples were �mmed�ately extracted w�th a solut�on of de�on�zed water and methanol (H2O:CH3OH, 
80:20, 3 mL/1g) and transferred to Oakridge tubes. Capped tubes were shaken at 45 °C for 20 m�n 
before centr�fug�ng to pellet �nsoluble mater�als. Supernatants were removed and �mmed�ately passed 
through a ENVI-18 sol�d phase extract�on column (20 mL capac�ty). The columns were washed w�th 
10 mL of acidified H2O (pH adjusted to < 3 with TFA) to remove unbound materials and the wash 
collected. Bound phenolics were eluted with 6 mL of methanol. Total UV spectra (250 nm to 450nm) 
were taken of the original extracts, flow through from the ENVI-18 columns, water washes, and the 
methanol eluted phenol�cs. Subsamples were taken of the methanol recovered phenol�cs and analyzed 
as s�lylated der�vat�ves by gas chromatography-mass spectroscopy for the presence of caffe�c and 
chlorogen�c ac�ds. 

Results and Discussion

Prev�ous work w�th the ten grass spec�es used �n th�s study (Table 1) revealed that buffer extracts 
of ground leaf t�ssue of some spec�es undergo brown�ng react�ons. Brown�ng react�ons are typ�cally 
assoc�ated w�th polyphenol ox�dase act�v�ty (PPO) and presumably the presence of o-d�phenols needed 
by the enzyme. Th�s work was undertaken to determ�ne �f grasses w�th PPO act�v�ty conta�ned o-
d�phenols that could be �nvolved �n the brown�ng react�on. Numerous o-diphenols have been identified 
�n plants, but the most prom�nent are caffe�c ac�d and chlorogen�c ac�d (a qu�n�c ac�d ester of caffe�c 
ac�d). Methanol:water extracts conta�ned a w�de range of phenol�c mater�als based on UV absorpt�on 
spectra (data not shown). However, only t�mothy and tall fescue  conta�ned h�gh levels of chlorogen�c 
ac�d (Table 1). Caffe�c ac�d was detected �n several grasses (perenn�al ryegrass, Kentucky bluegrass, 
tall fescue, and t�mothy), but only at the trace level. Interest�ngly those grasses w�th med�um to h�gh 
levels of PPO act�v�ty conta�ned e�ther no detectable or only trace levels of caffe�c and chlorogen�c 
ac�ds. All of the PPO conta�n�ng grasses typ�cally brown rap�dly upon extract�on and exposure to a�r 
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suggest�ng that e�ther other o-diphenols (as yet unidentified) are present or there are other factors 
operat�ng to cause the brown�ng react�on.  

Conclusions 

Caffe�c ac�d and chlorogen�c ac�d are common o-d�phenols found �n plants and are typ�cal substrates 
for polyphenol ox�dase. Of forage grasses analyzed �n th�s study only tall fescue and t�mothy conta�ned 
significant levels of chlorogenic acid. Trace amounts of caffeic acid were detected in four of the 
rema�n�ng grasses. Th�s may not be too surpr�s�ng as caffe�c ac�d �s an �mportant �ntermed�ate �n 
phenylpropano�d metabol�sm and one would not expect large pools of �t to accumulate �n plants. The 
lack of chlorogen�c and caffe�c ac�d �n those grasses w�th good PPO act�v�ty (low-med�um) �nd�cates 
other compounds may be the pr�mary substrates for th�s enzyme. 

Table 1: Comparison of ten forage grasses for polyphenol oxidase activity (PPO) and o-diphenol 
substrates (caffeic and chlorogenic acids). 

1 PPO activity is based on scale comparable to red clover. High PPO activity being equal to or 
greater than ( 0.1 mmoles/mg/min), medium is 35-65% of this level, low is 10-30% ofof this level, 
and trace is detectable activity, but is similar to what is found in most plants (<1-2%). 2Levels of 
caffeic acid and chlorogenic acid is on a relative scale, high=10-40µmoles/gram fresh weight, 
medium= 3-8µmoles/gFW, low=<2 µmoles/g FW. Trace= detectable but at levels that are difficult to 
accurately quantify. ND= not detected.

Forage Scientific Name PPO

Activity1

Caffeic

Acid2

Chlorogenic

Acid2

Orchardgrass Dactylis glomerata L. high ND ND

Bromegrass Bromus inermis Leyss. medium ND low

Meadow fescue Bromus biebersteinii

Reom&Schult
medium ND Trace

Perennial Ryegrass Lolium perenne L. medium Trace Trace

Reed Canary grass Phalaris arundinacea L. trace ND ND

Kentucky Bluegrass Poa pratensis L. trace Trace Trace

Tall Fescue Festuca arundinacea

Schreb.
trace Trace high

Tall Fescue (soft) Festuca arundinacea

Schreb
trace ND ND

Timothy Phelum pratense L. trace Trace high

Quackgrass Elytricga repens L. trace ND ND



2004 RESEARCH SUMMARY18 2004 RESEARCH SUMMARY

Relationships of Lignin and Ferulate Cross-Linking with Cell Wall Degradability 
of Maize Stem Internodes
H.G. Jung

Introduction

Sc�ent�sts at the USDFRC have conducted extens�ve research on the �mpact of ferulate cross-l�nk�ng of 
l�gn�n to arab�noxylan on the potent�al d�gest�b�l�ty of grasses by rum�nants. Research us�ng a model cell 
wall system has shown that �ncreased ferulate cross-l�nk�ng �s assoc�ated w�th reduced suscept�b�l�ty of 
the cell wall polysacchar�des to enzymat�c breakdown. Smooth bromegrass (Bromus inermis Leyss.) 
plants identified as being low in ferulate ether cross-linking had higher in vitro ruminal neutral detergent 
fiber (NDF) digestibility. However, other studies have found poor correlations of ferulate cross-linking 
w�th cell wall degradab�l�ty, part�cularly w�th more mature forage samples. Recently �t was shown that 
ferulate cross-l�nks are depos�ted �n the potent�ally degradable secondary wall mater�al of ma�ze (Zea 
mays L.) as well as �n the non-degradable pr�mary wall, further compl�cat�ng the top�c. The object�ve 
of the current study was to descr�be how the �mpact of ferulate cross-l�nk�ng on cell wall degradab�l�ty 
may change dur�ng the course of stem development.

Methods

The fourth elongated, above-ground �nternode was collected from three unrelated ma�ze hybr�ds 
(A632 x A619, A679 x FR481, and Mycogen 2677) in a replicated field trial conducted at St. Paul, 
MN �n 1998 and 1999. Samples were harvested at 10 stages of development beg�nn�ng �n June when 
the �nternode was �mmature and act�vely elongat�ng through full phys�olog�cal matur�ty of the ma�ze 
�n October. Ground �nternodes were analyzed for cell wall polysacchar�des, Klason l�gn�n and ferulate 
ethers, the only form of ferulate cross-links that can currently be quantified. The internodes were also 
incubated in vitro for 24- and 96-h with rumen fluid and the proportion of cell wall polysaccharides 
degraded was calculated from the res�dues. 

Results and Discussion

The cell wall polysacchar�des of �mmature, elongat�ng ma�ze stem �nternodes were degradable after 
24- and 96-h in vitro incubations with rumen fluid for the first three harvests. Degradability began 
to decl�ne by the fourth harvest date and cont�nued to decl�ne unt�l the e�ghth harvest. There was a 
strong negat�ve relat�onsh�p of cell wall polysacchar�de degradab�l�ty w�th both Klason l�gn�n and 
ferulate ether concentrat�ons �n the cell wall; however, the pattern of these relat�onsh�ps d�ffered (F�g. 
1). From harvests four through 10, Klason l�gn�n was l�nearly related to cell wall polysacchar�de 
degradability, but internodes from the first three harvests did not follow this pattern (Fig. 1a). Ferulate 
ether concentrat�on was related to cell wall polysacchar�de degradab�l�ty �n a curv�l�near pattern, 
�ncreas�ng �n negat�ve effect at later matur�ty stages (F�g. 1b). In d�rect contrast to the pattern seen for 
Klason l�gn�n, �t was the most mature �nternodes from harvests e�ght through 10 that d�d not follow 
the ferulate ether trend w�th degradab�l�ty. When frequency of ferulate cross-l�nk�ng was calculated as 
ferulate ethers per un�t Klason l�gn�n, a very un�que pattern w�th cell wall polysacchar�de degradab�l�ty 
was observed (F�g. 2). Dur�ng the elongat�on phase of �nternode development �n ma�ze, frequency of 
ferulate cross-l�nk�ng was negat�vely related to cell wall polysacchar�de degradab�l�ty. Immed�ately 
after �nternode elongat�on ended, th�s relat�onsh�p reversed d�rect�on and became pos�t�ve. As reported 
�n the USDFRC 2003 Research Report, the bulk of both Klason l�gn�n and ferulate ethers were 
depos�ted after elongat�on ended and dur�ng t�ssue maturat�on �n ma�ze �nternodes. However, the rate of 
l�gn�n add�t�on was h�gher than the depos�t�on rate for ferulate cross-l�nks, account�ng for the reduced 
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frequency reported here. Obv�ously the �mpact of ferulate cross-l�nk�ng on cell wall degradat�on �s 
complex and not eas�ly pred�cted.

Conclusion

The results of th�s study suggest that the earl�er success �n �dent�fy�ng smooth bromegrass plants 
w�th h�gher �n v�tro NDF d�gest�b�l�ty by select�ng �nd�v�duals w�th low concentrat�ons of ferulate 
cross-l�nks was due to the select�on protocol employed. In the prev�ous study smooth bromegrass 
plants were evaluated dur�ng the vegetat�ve stage of development when plant t�ssues were relat�vely 
�mmature. The current results suggest that select�on for low ferualte cross-l�nk�ng �n mature grasses 
w�ll not be successful �n �dent�fy�ng plants w�th h�gher cell wall degradab�l�ty. The poor correlat�ons of 
cell wall degradab�l�ty w�th ferulate cross-l�nk�ng found �n other stud�es support th�s conclus�on.

F�gure 1. Relat�onsh�ps of �n v�tro rum�nal degradat�on of cell wall polysacchar�des w�th concentrat�ons 
of Klason l�gn�n (a) and ferulate ether cross-l�nks (b) for ma�ze stem �nternodes harvested at 10 stages 
of development. The arrows �nd�cate the approx�mate t�me when �nternode elongat�on ceased.
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F�gure 2. Relat�onsh�ps of cell wall polysacchar�de degradab�l�ty w�th the frequency of ferulate cross-
l�nks (ethers) to Klason l�gn�n (KL) �n a develop�ng ma�ze stem �nternode. The l�ne breakpo�nts are 
near the end of �nternode elongat�on.
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Simplified Preparation of Coniferyl and Sinapyl Alcohols
H. K�m and J. Ralph

Introduction

Synthes�s of h�gh-qual�ty monol�gnols, the 4-hydroxyc�nnamyl alcohols (con�feryl and s�napyl 
alcohols), has been an �mportant step for successful preparat�on of l�gnans, synthet�c l�gn�n model 
compounds, and synthet�c l�gn�ns or dehydrogenat�on polymers (DHPs). 

S�nce 4-hydroxyc�nnamaldehydes (con�feraldehyde and s�napaldehyde) have become commerc�ally 
ava�lable, several borohydr�de reagents have been used to prepare 4-hydroxyc�nnamyl alcohols by 
one-step reduct�ons �nstead of the mult�-step syntheses prev�ously used. However, all of the methods 
requ�re handl�ng moderately react�ve and tox�c reagents, and the qual�ty of the product depends on 
non-tr�v�al work-up steps. T�me consum�ng react�ons can also be a frustrat�on. S�nce G�bson and Ba�ly 
first reported the preparation and use of borohydride exchange resin (BER) in 1977, it has been used 
to reduce a var�ety of funct�onal groups. Reg�oselect�ve reduct�on of carbonyl compounds �n alcohol�c 
solvents �s one of �ts most �mportant uses. BER prov�des many of the pract�cal advantages of other 
polymer-supported reagents �n organ�c react�ons. BER �s more stable than sod�um borohydr�de �tself 
and eas�er to handle. Con�feryl and s�napyl alcohols are commerc�ally ava�lable now, but are 8 to 10 
t�mes more expens�ve than 4-hydroxyc�nnamaldehydes. Even cons�der�ng the expenses for res�n and 
solvents, the total cost of synthes�z�ng the 4-hydroxyc�nnamyl alcohols �s 2 to 3 t�mes lower than for 
the commerc�al products. More �mportantly, the purchased products are somet�mes of vastly �nfer�or 
qual�ty, often conta�n�ng degradat�on products, part�cularly �n the case of s�napyl alcohol. Obl�v�ously 
using these compounds without carefully checking their purity first has caused problems for several 
researchers.
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Here we report a s�mple protocol that produces clean con�feryl or s�napyl alcohol from con�feraldehyde 
or sinapaldehyde using BER. This method is efficient, with an unfortunately required but simple filtering 
step, and can be safely performed w�thout compl�cat�on w�th�n short per�ods of t�me to produce fresh, 
clean 4-hydroxyc�nnamyl alcohols.

Materials and Methods

Synthesis of Coniferyl Alcohol 2a. Borohydride exchange resin (BER; 22.5 g, 56.1 mmol, 2 eq.) was 
introduced into a round-bottom flask (300 mL), and washed with methanol (150 mL 

€	

×  3) before the 
react�on. Methanol was decanted from the res�n after each wash cycle. Fresh methanol (200 mL) was 
added to the flask and then solid coniferaldehyde 1a (5 g, 28.1 mmol, 1 eq.) was added directly to the 
m�xture. The react�on m�xture was st�rred at room temperature for 1 h. The �n�t�al �ntense yellow color 
of the react�on solut�on faded to a pale yellow and the color of res�n darkened dur�ng the reduct�on. 
The react�on may be mon�tored by TLC (CHCl3: EtOAc, 1:1; Rf = 0.32). The resin was filtered 
through a plug of cotton wool in the stem of a funnel (or through a sintered glass filter) and washed 
w�th methanol (100 mL 

€	

×  3). The filtrate was concentrated to a yellow oil with a rotary evaporator. 
Clean-up by pass�ng through s�l�ca gel was accompl�shed as follows. S�l�ca gel (11 g) was �ntroduced 
into a 60 mL sintered glass filter funnel (medium porosity) and washed with ethyl acetate (50 mL x 
3), d�scard�ng the eluant. The crude product was d�ssolved �n ethyl acetate (30 mL), and the cloudy 
solut�on transferred v�a p�pette onto the s�l�ca gel surface. W�thout allow�ng �t to dry, the product was 
eluted with ethyl acetate (50 mL x 3). The collected eluant was evaporated, and spontaneously yielded 
a pale yellow crystalline mass (2.36 g, 13.1 mmol, 47 %). NMR showed that the product contained 
only a trace of 1,4-reduct�on product 3a wh�ch was also detected at low levels (less than 0.03%) by 
GC-MS. Recrystall�zat�on may be carr�ed out from d�chloromethane/petroleum ether and afforded 
pale yellow needles: mp 73-75 °C. 

Small-scale preparation (coniferaldehyde 1a, 205 mg, 1.15 mmol, 1 eq.; BER, 920 mg, 2.3 mmol, 
2 eq.) was performed as for the large-scale synthesis. Silica-gel clean-up in this case was most 
conveniently carried out using commercial 3 mL silica gel solid phase extraction (SPE) tubes (first 
washing with 5 mL ethyl acetate, then applying the crude product in 5 mL ethyl acetate, and eluting 
with 25 mL ethyl acetate). A pale yellow crystalline mass (128 mg, 0.71 mmol, 62%) was obtained. 

Synthesis of Sinapyl Alcohol 2b. S�napaldehyde 1b (5 g, 24 mmol, 1 eq.) was reduced by BER (19.2 
g, 48 mmol, 2 eq.) �n methanol, as descr�bed for con�feraldehyde 1a. It was st�rred for 3 h at room 
temperature to complete the react�on, and the react�on was mon�tored by TLC (CHCl3: EtOAc, 1:1; Rf 
= 0.29). Following analogous filtering, sinapyl alcohol 2b (3.64 g, 17.32 mmol, 72%) was obtained as 
a pale yellow o�l. In th�s case, no 1,4-reduct�on product 3b was observed �n the 1H NMR spectrum, but 
a trace (less than 0.05%) could be detected by GC-MS. The product was pure enough to use without 
further purification or crystallization. Crystallization of sinapyl alcohol 2b is difficult but possible. The 
pale yellow oil was dissolved in dichloromethane (5 mL) and kept in a freezer for several days. Pale 
yellow crystals formed. 

Small-scale preparation (sinapaldehyde 1b, 200 mg, 0.96 mmol, 1 eq.; BER, 770 mg, 1.92 mmol, 2 
eq.) required stirring for 3 h to effect complete reduction, as shown by TLC monitoring, and yielded 
a pale yellow oil (147 mg, 0.70 mmol, 73%). 
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Results and Discussion 

Simple Procedure. Con�feryl alcohol 2a and s�napyl alcohol 2b were prepared from commerc�ally 
ava�lable con�feraldehyde 1a and s�napaldehyde 1b us�ng borohydr�de exchange res�n (BER) �n 
methanol. The react�ons needed to st�r for an hour for con�feraldehyde 1a and 3 hours for s�napaldehyde 
1b to complete the reduct�on. The react�on scaled proport�onally; the procedures for large-scale and 
small-scale react�ons were analogous. The res�n changed color, from pale yellow to red-brown, and the 
yellow color of the react�on solut�on d�scharged when the reduct�on was complete. The reduct�on can 
be mon�tored eas�ly by TLC (CHCl3: EtOAc, 1:1). A part�cularly attract�ve aspect of th�s method �s that 
conventional work-up extractions are not required. Moderate yields are the only disadvantage — 47% 
(61% for small-scale) for coniferyl alcohol 2a and 72% (73% for small-scale) for sinapyl alcohol 2b. 
Absorpt�on of 4-hydroxyc�nnamyl alcohols �nto the coarse polymer res�n, and b�nd�ng to phenol�c 
groups by the quaternary ammon�um group of the res�n, are among poss�ble reasons, espec�ally for 
the large-scale react�on of con�feryl alcohol. Chang�ng work-up solvent to d�chloromethane was not 
beneficial. Attempts to increase yields by adding acetic acid produced products contaminated with 
degraded products (which were revealed in NMR spectra but the structures were not identified). 
The y�eld detr�ment �s offset by the s�mpl�c�ty of the procedure. The products are extremely clean 
and ready to use without further purification. Coniferyl alcohol 2a can be crystall�zed, and stored at 
room temperature for years. S�napyl alcohol 2b is difficult to crystallize, and may degrade easily at 
room temperature. In our exper�ence, s�napyl alcohol 2b conta�n�ng res�dual solvent �s less l�kely to 
degrade. It must be kept in a freezer for long term storage. Alternatively, adding 0.1% BHT (butylated 
hydroxytoluene; 3,5-di-tert-butyl-4-hydroxytoluene) �n acetone to the product solut�on before dry�ng 
may prevent ox�dat�on and prolong �ts l�fe. Even crystals should be stored �n the freezer.
This protocol is a safe and efficient method but there are two precautions that need to be taken to 
ensure success. First, the BER needs to be washed with methanol before use. This results in much 
less of the troublesome 1,4-reduction products (see below), presumably due to removal of unbound 
borohydrides. Washed resin can be stored for several days, but it is not recommended. Second, the 
crude products should be passed through pre-washed silica gel to remove contaminants from the 
resin. This procedure is also beneficial to crystallize both 4-hydroxycinnamyl alcohols. 

Advantages.  BER exh�b�ts a h�gh reg�oselect�v�ty between aldehydes and ketones, reduc�ng aldehydes 
faster than ketones, and reduc�ng α,β-unsaturated aldehydes w�thout 1,4-reduct�on. Commerc�ally 
ava�lable BER �s strong enough to complete the requ�red reduct�on w�th�n hours. The products from 
reduct�on of e�ther of the 4-hydroxyc�nnamaldehydes were remarkably clean as ev�denced by 1H NMR 
spectra; the (un-recrystall�zed) con�feryl alcohol 2a product contained about 0.03% dihydroconiferyl 
alcohol 3a, and the s�napyl alcohol 2b product contained about 0.05% dihydrosinapyl alcohol 3b. 
There were essent�ally no d�fferences between large-scale and small-scale preparat�ons. Large-scale 
preparat�on does not requ�re longer react�on t�mes. Contam�nants from the polymer supported reagent 
can be readily removed from the desired products by simple “plug-filtration” through silica gel, 
and no extensive work-up is needed. The products were ready to use without further purification or 
crystall�zat�on, but both 4-hydroxyc�nnamyl alcohols can be recrystall�zed to enhance �ts qual�ty and 
shelf-l�fe.

The used resin can be recovered and recycled. Since the resin is relatively non-toxic and non-
volatile, it is easy to handle by non-chemists.
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Conclusions

Con�feryl alcohol and s�napyl alcohol can be synthes�zed from commerc�ally ava�lable con�feraldehyde 
and sinapaldehyde using Borohydride exchange resin (BER). This method is efficient, and can be safely 
performed w�thout compl�cat�on w�th�n short per�ods of t�me to produce fresh, clean 4-hydroxyc�nnamyl 
alcohols. Contam�nants from the polymer supported reagent can be read�ly removed from the des�red 
products by simple “plug-filtration” through silica gel, and no extensive work-up is needed.

F�gure 1.  Reduct�on of con�feraldehyde 1a and s�napaldehyde 1b by borohydr�de exchange res�n 
(BER).
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Complete Silencing of Polyphenol Oxidase Gene Expression in Red Clover
M.L. Sull�van

Introduction

Post-transcriptional gene silencing (PTGS) is a method of specifically reducing expression of a selected 
gene by genet�c transformat�on of ant�-sense, co-suppress�on, or ha�rp�n RNA-produc�ng constructs 
and prov�des a powerful tool to analyze �n v�vo gene funct�on �n plants. Although th�s �s a powerful 
technology, �ts effect�veness has not been evaluated �n the forage crop red clover (Trifolium pratense 
L.). We have used PTGS to reduce express�on of polyphenol ox�dase (PPO), the enzyme assoc�ated 
w�th post-harvest brown�ng, �n red clover. S�nce we have several tools ava�lable to analyze polyphenol 
oxidase gene expression (gene-specific nucleic acid probes, anti-PPO antibodies, and easy enzyme 
act�v�ty assays), the PPO system prov�des an excellent way to evaluate PTGS as a tool for analyz�ng 
gene funct�on �n red clover. Add�t�onally, red clover plants w�th reduced PPO levels w�ll be valuable 
�n evaluat�ng the roles th�s enzyme plays �n v�vo and �n post-harvest processes.
 
Methods

We prepared a gene-s�lenc�ng construct that would produce an �ntron-spl�ced ha�rp�n RNA correspond�ng 
to the major expressed PPO gene of red clover leaves. Th�s type of s�lenc�ng construct has been shown 
to be effect�ve �n several other plant spec�es. The PPO-s�lenc�ng construct was transformed �nto two 
red clover genotypes, NewRC27 and NewRC30, and several regenerated plants res�stant to kanamyc�n 
(conferred by the marker gene cotransformed w�th the s�lenc�ng construct) were obta�ned. PPO 
expression was evaluated in the transgenic plants by immunoblotting with a PPO-specific antibody, 
a quant�tat�ve assay for PPO act�v�ty us�ng caffe�c ac�d as the substrate, and a qual�tat�ve extract 
brown�ng assay.
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 Results and Discussion

We have assessed s�lenc�ng �n four transgen�c plants, each of wh�ch show�ng marked reduct�ons �n PPO 
express�on compared to nontransformed control plants of the same genotype (F�g. 1). In quant�tat�ve 
assays of PPO activity, all the transformed plants (numbered in Fig. 1) showed <10% of the PPO activity 
of nontransformed controls. Two plants (NewRC27-1 and NewRC30-0) had no detect�ble PPO prote�n 
or enzyme act�v�ty based on �mmunoblott�ng and quant�tat�ve act�v�ty assays, respect�vely. Extract 
brown�ng, a hallmark of PPO act�v�ty, was not�ceably delayed for plants w�th reduced, but detect�ble, 
PPO activity (NewRC27-0 and NewRC27–6) compared to control plants (onset of browning in 1 to 
4 h for the silenced plants versus <5 min for control plants). Extracts of the red clover plants with no 
detect�ble PPO act�v�ty (NewRC27-1 and NewRC30-0) exh�b�ted no brown�ng, even after 24 h.

These results �nd�cate that gene s�lenc�ng by express�on of �ntron-spl�ced ha�rp�n RNAs �n red clover 
is highly effective, both in terms of percentage of plants displaying silencing (4/4, 100%), and the 
degree to which the target gene is silenced (two plants with <10% PPO activity and two plants with 
no detect�ble PPO act�v�ty). Recovery of plants that appear to be completely s�lenced for fol�ar PPO 
express�on suggests that PPO does not serve any essent�al funct�on �n red clover leaves. Add�t�onally, 
these PPO-s�lenced plants w�ll greatly fac�l�tate our evaluat�on of the role of PPO �n prevent�ng 
post-harvest prote�n loss �n forage crops, the role PPO plays �n other aspects of post-harvest qual�ty, 
and the �n v�vo roles of PPO enzymes. Red clover plants s�lenced for PPO w�ll also be useful �n 
gene express�on exper�ments ut�l�z�ng β-glucuron�dase (GUS) reporter genes, s�nce PPO-med�ated 
browning can significantly obscure the histochemical stain used to detect the GUS gene product.

Conclusion

Post-transcr�pt�onal gene s�lenc�ng �n red clover �s h�ghly effect�ve, and w�ll be a powerful molecular 
genet�c tool for exper�ments �nvolv�ng th�s forage. Us�ng PTGS, we have created plants w�th greatly 
reduced or undetectable levels of the brown�ng-assoc�ated enzyme PPO, wh�ch w�ll be useful �n 
evaluat�ng the role th�s enzyme plays �n �n v�vo and post-harvest processes

Figure 1. Silencing of PPO 
gene expression in red 
clover. Extracts of mature 
leaves of red clover plants 
transformed with a PPO 
gene silencing construct 
(numbered) were used 
to assess PPO protein 
levels by immunoblotting, 
PPO enzyme activity in a 
quantitative assay, and 
extract browning following 
1 and 6 h incubations at 
room temperature. Extracts 

of nontransfomed plants of the same genotype (C) served as controls. Enzyme activity is expressed 
as µmol min-1 mg-1 or ND for none detected.
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Polyphenol Oxidase (PPO) and o-Diphenols are Responsible for Post-Harvest 
Proteolytic Inhibition in Red Clover
M.L. Sullivan and R.D. Hatfield

Introduction

Ens�l�ng �s a common method of preserv�ng forages, espec�ally �n hum�d reg�ons of the US. Unfortunately, 
for many forages stored as s�lage large amounts of the forage prote�n are part�ally degraded by plant 
proteases and the released am�no ac�ds and pept�des are read�ly degraded by m�crobes �n the rumen of 
da�ry cows. The n�trogen �s excreted as urea and �s no longer ava�lable to the an�mal. Proteolyt�c losses 
in alfalfa are especially high. In contrast, red clover has up to 90% less proteolysis than alfalfa when 
ens�led. Several observat�ons had suggested that th�s reduct�on �n proteolys�s �s due to polyphenol 
ox�dase (PPO) and o-d�phenol PPO substrates, both of wh�ch are abundant �n red clover leaves. Us�ng 
chromatograph�c separat�on to remove o-d�phenols from red clover extracts w�th PPO act�v�ty and a 
molecular genet�c approach to s�lence PPO gene express�on �n red clover plants, we are now able to 
definitively demonstrate post-harvest proteolytic inhibition in red clover is due to the action of PPO 
on o-d�phenols.

Methods

Clarified extracts of leaves of red clover or transgenic red clover silenced for PPO expression by 
post-transcriptional gene silencing (see accompanying report) were made in 50 mM MES pH 6.5. 
Where indicated, extracts were desalted using a Sephadex G-25 gel spin column equilibrated with 50 
mM MES, pH 6.5, to remove low molecular weight molecules including o-d�phenols. Extract prote�n 
concentrat�ons were measured by Bradford assay us�ng a BSA standard and were adjusted to 2 mg ml-1 
w�th buffer. Where �nd�cated, the o-diphenol caffeic acid was added to a final concentration of 3 mM. 
Extracts were �ncubated at 37 ºC for four hours. Dupl�cate samples of each extract were removed after 
0, 1, 2, 3 or 4 h of �ncubat�on at 37 °C. Once removed, tr�chloroacet�c ac�d (TCA) was added to the 
samples to 5% (w/v) to precipitate nondegraded proteins and release of free amino acids (a measure of 
proteolyt�c act�v�ty) �nto the TCA-soluble supernatant was determ�ned by n�nhydr�n assay.

Results

To test the role of o-d�phenols �n �nh�b�t�on of post-harvest proteolys�s �n red clover, leaf extracts 
were passed through spin columns of Sephadex G-25 to remove o-d�phenols and other low molecular 
we�ght molecules. We analyzed the extent of proteolys�s �n the result�ng desalted and unfract�onated 
crude extracts by measur�ng the release of free am�no ac�ds over t�me. As shown �n F�g. 1A, proteolys�s 
was substant�ally �ncreased �n red clover extracts from wh�ch low molecular we�ght compounds had 
been removed (desalted) compared to crude red clover extracts. By the end of the four-hour assay, 
desalted red clover extracts had nearly five-fold more proteolysis than crude extracts. The extent of 
proteolys�s measured �n the desalted extracts at 4 h, 0.73 µmol mg-1 prote�n, represents degradat�on of 
a significant amount of the protein present in the extract and is comparable to the extent of proteolysis 
seen in alfalfa extracts (data not shown). Assuming an average protein molecular weight of 5 X 104, 
the observed proteolysis corresponds to release of about 8% of the amino acids originally present 
as prote�n. Th�s may be an underest�mat�on of the extent of proteolys�s tak�ng place, s�nce our assay 
w�ll only measure release of free am�no ac�ds and short pept�des. Proteolyt�c events that result �n 
larger pept�des (�.e. endoproteolyt�c cleavages) would not be detected. Compared to desalted extracts, 
proteolysis in crude extracts was inhibited by about 70% at 1 h (the earliest time point analyzed) 
cons�stent w�th several prev�ous observat�ons that proteolyt�c �nh�b�t�on �n red clover occurs rap�dly 
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follow�ng t�ssue d�srupt�on and release of PPO, o-d�phenols, and proteases. To rule out the poss�b�l�ty 
that the gel filtration spin column procedure had removed some other low molecular weight protease 
inhibitor from the red clover extract, we added a purified o-d�phenol, caffe�c ac�d, back to the desalted 
extract at a concentrat�on of 3 mM. Add�t�on of O-d�phenol resulted �n extract brown�ng, �nd�cat�ng 
the presence of act�ve PPO, as well as �nh�b�t�on of proteolys�s to an extent s�m�lar to that seen for 
crude red clover extract. Th�s result �nd�cates that o-d�phenols are requ�red for post-harvest proteolyt�c 
�nh�b�t�on �n red clover.

Us�ng post-transcr�pt�onal gene s�lenc�ng, we created red clover plants that had no detect�ble PPO 
prote�n or PPO act�v�ty �n mature leaves wh�ch allowed us to test d�rectly the role of PPO �n �nh�b�t�ng 
post-harvest proteolys�s. We made extracts of leaves of the PPO-s�lenced plants and nontransformed 
control plants of the same genotype and analyzed the extent of proteolys�s �n each extract as descr�bed 
above. As shown �n F�g. 1B, v�rtually no am�no ac�ds were released over the four-hour assay per�od �n 
extracts of the non-transformed control plants. In contrast, am�no ac�d release �n extracts of the leaves 
of the PPO-s�lenced plants was comparable to that seen for red clover extracts from wh�ch o-d�phenols 
were depleted (F�g. 1A). Although the absolute level of am�no ac�d release �n extracts of the s�lenced 
plants was sl�ghtly lower than that seen for desalted extracts, the d�fference �n am�no ac�d release 
compared to the correspond�ng controls was almost �dent�cal �n the two exper�ments. Together, these 
results �nd�cate that the act�on of PPO on endogenous o-d�phenols �n red clover plays a central role �n 
prevent�ng post-harvest prote�n loss �n ens�led red clover.

Conclusion

Our results �nd�cate that the post-harvest proteolyt�c �nh�b�t�on seen �n red clover �s the result of the 
act�on of the enzyme polyphenol ox�dase (PPO) on endogenous o-d�phenols. Future stud�es us�ng PPO-
s�lenced red clover as well as transgen�c alfalfa express�ng red clover PPO should help to eluc�date the 
mechan�sms of PPO-med�ated proteolyt�c �nh�b�t�on and prov�de �ns�ghts �nto how th�s natural system 
of prote�n protect�on can be adapted to alfalfa and other forage crops.

F�gure 1. O-d�phenol- and PPO-dependence of post-harvest proteolyt�c �nh�b�t�on �n red clover. 
Proteolys�s �n var�ous red clover extracts was measured and expressed as release of free am�no 
ac�ds (�n µmol) per mg of extract prote�n over t�me. Data are the average of three exper�ments us�ng 
�ndependent t�ssue samples. Error bars represent standard error. (A) Proteolys�s �n unfract�onated leaf 
extracts (Crude) or leaf extracts from wh�ch low molecular we�ght molecules were removed (Desalted). 
Caffe�c ac�d (CA) was added as �nd�cated. (B) Proteolys�s �n leaf extracts of PPO-s�lenced and control 
red clover. 
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Methyl Esterification Divergently Affects the Degradability of Pectic Uronosyls in 
Nonlignified and Lignified Maize Cell Walls
J.H. Grabber and R.D. Hatfield 

Introduction

Galacturonic acid comprises 80% or more of the total uronosyls in primary cell walls and they are 
the major component of pectins in forage legumes and grasses. Polygalacturonic acids deposited into 
cell walls are highly methyl esterified but most of these groups are subsequently removed by pectin 
methylesterase (PME) as tissues complete elongation and undergo lignification. Although galacturonans 
are among the most rapidly and extensively degraded of cell wall polymers, their enzymatic hydrolysis 
can be enhanced by demethylation via PME.  Demethylation of galacturonans in lignifying tissues 
may, however, limit degradability because of enhanced formation of benzyl uronate cross-links. 
These cross-links are formed by the nucleophilic addition of uronosyl ac�d groups to qu�none meth�de 
�ntermed�ates, wh�ch are formed by β–O–4 coupl�ng of monol�gnols and l�gn�n rad�cals dur�ng l�gn�n 
polymer�zat�on. In th�s study, the potent�al �mpact of benzyl-uronate cross-l�nk�ng on pect�n and cell 
wall hydrolysis was modeled by using PME to vary the methylation of uronosyls prior to artificial 
lignification of primary maize cell walls. 

Methods

Pr�mary cell walls �solated from suspens�on cultures of corn (Zea mays L.) were �ncubated w�th and 
w�thout PME to vary the methylat�on of pect�c uronosyls. A port�on of PME treated and untreated walls 
were suspended in pH 4 buffer type concnetration and artificially lignified with coniferyl alcohol and 
hydrogen perox�de. Nonlignified controls were stirred in buffer without additions. Cell walls were then 
washed thoroughly w�th water followed by acetone to remove non-�ncorporated con�feryl alcohol. Cell 
walls were analyzed for methanol, ac�d-�nsoluble (Klason) l�gn�n, and uronosyls. Cell walls were also 
�ncubated w�th a fungal enzyme m�xture conta�n�ng pect�nase, hem�cellulase, and cellulase act�v�ty to 
est�mate the degradab�l�ty pect�c uronosyls and the overall degradab�l�ty of cell walls. 

Results and Discussion

Treatment w�th PME reduced uronosyl concentrat�ons from 97 to 92 mg/g, reduced uronosyl 
methylation from 57 to 21%, and increased Klason lignin concentrations in artificially lignified cell 
walls from 99 to 116 mg/g (Table 1.). Although PME treatment slightly enhanced uronosyl release 
from nonlignified cell walls, it reduced uronosyl release from artificially lignified cell walls by 55% 
after 4 h and by 7% after 72 h of enzymatic hydrolysis (Table 2). Pectin hydrolysis in PME treated cell 
walls was probably �mpa�red by enhanced benzyl ester cross-l�nk�ng of uronosyls to l�gn�n v�a qu�none 
meth�de �ntermed�ates. Var�at�ons �n uronosyl methylat�on had l�ttle effect on the overall release of 
total sugars from cell walls. 

Conclusions

Although these data prov�de good �nd�rect ev�dence of enhanced benzyl uronate cross-l�nk�ng �n PME-
treated cell walls, additional studies are needed to directly confirm the existence of such cross-links in 
our cell-wall model system and to assess whether uronosyl demethylat�on �ncreases the�r abundance 
in cell walls and in Klason lignin residues.  Additional studies are also needed to confirm their role in 
l�m�t�ng pect�n degradat�on �n our cell wall model system as well as natural plant systems. The ult�mate 
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a�m of th�s work �s to �dent�fy means of �mprov�ng the d�gest�b�l�ty of forage grasses and legumes.

Table 1. Concentration (milligrams per gram of cell wall) of Klason lignin (KL), methanol (ME),

uronic acids (UA), and proportion of methylated UA (Me-UA) in nonlignified maize cell walls

incubated with 0 or 3000 units of commercial pectin methylesterase (PME) and then artificially

lignified with 0 or 200 mg of coniferyl alcohol (CA), added per gram of cell wall.

     Treatment        

PME  CA KL    Me UA Me-UA

0 0 ND 9.4 100.0 0.57

3000 0 ND 2.8 96.6 0.18

0 200 99.3 9.0 94.7 0.58

3000 200 115.9 3.4 87.3 0.23

Analysis of variance

PME * * * *

CA – NS * *

PME x CA interaction – * NS †

Coefficient of variation (%) 3.4 3.4 2.1 5.7

ND, not determined

*, †, NS, significant at the 0.05 and 0.10 levels of probability and not significant, respectively.

Table 2.  Release of uronosyls (%) and total sugars (milligrams per gram of cell wall) from maize

cell walls during incubation with Viscozyme and Celluclast, a fungal enzyme mixture containing

pectinase, hemicellulase, and cellulase activity.  Nonlignified maize cell walls were incubated

with 0 or 3000 units of commercial pectin methylesterase (PME) and then artificially lignified

with 0 or 200 mg of coniferyl alcohol (CA), added per gram of cell wall.

       Treatment                      Uronosyls                    Total sugars          

PME  CA 4 h 72 h 4 h 72 h

0 0 66.2 87.7 468.6 773.0

3000 0 68.7 95.0 467.5 768.0

0 200 48.4 87.8 157.8 519.1

3000 200 21.9 81.8 129.5 501.9

Analysis of variance

PME * NS NS NS

CA * * * *

PME x CA interaction * * NS NS

Coefficient of variation (%) 8.9 1.9 5.7 2.9

*, NS, significant at the 0.05 level of probability and not significant, respectively.
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Rumen Microbiology
Enrichment of Fusobacteria from the Rumen that can Utilize Lysine 
as an Energy Source for Growth 
J. B. Russell

Introduction
 
Lys�ne st�mulates product�on levels �n l�vestock, and th�s am�no ac�d �s rout�nely added to the rat�ons 
poultry and sw�ne.  Lys�ne �s also a l�m�t�ng am�no ac�d for lactat�ng da�ry cows.  The study of am�no 
ac�d metabol�sm �n rum�nants �s confounded by the fact that rum�nal m�croorgan�sms degrade feed 
am�no ac�ds, and m�crob�al prote�n �s the pr�mary source of am�no ac�ds for the an�mal.  However, 
exper�ments w�th post-rum�nally cannulated cattle �nd�cate that m�crob�al prote�n does not always 
supply enough lys�ne to max�m�ze m�lk product�on.

Rum�nant nutr�t�on�sts have employed two strateg�es of enhanc�ng am�no ac�d ava�lab�l�ty �n cattle.  
When feed prote�ns are subjected to heat or harsh chem�cal treatments, solub�l�ty and degradat�on can 
be decreased.  Another approach has used capsules or other barr�ers that are stable at rum�nal pH but 
can be l�berated by the ac�d�c pH of the abomasum.  Both avenues have �ncreased e�ther growth or 
milk  production, but the cost of these modifications can be prohibitive.

For many years �t had been assumed that carbohydrate ferment�ng bacter�a were pr�mar�ly respons�ble 
for wasteful rum�nal am�no ac�d deam�nat�on, but the rumen also has a h�ghly spec�al�zed group of 
obl�gate am�no ac�d ferment�ng bacter�a that have been called hyper-ammon�a produc�ng bacter�a. 
Clostridium sticklandii grew rap�dly w�th lys�ne as an energy source, but �t �s very sens�t�ve to ac�d�c 
pH and could not be �solated from w�ld and domest�c rum�nants �n New Zealand. The follow�ng 
exper�ments re-exam�ned the degradat�on of lys�ne by rum�nal bacter�a. 

Materials and Methods

Cows were fed t�mothy hay or a commerc�al rat�on. Two hours after feed�ng, rum�nal contents were 
centr�fuged to remove feed part�cles and protozoa.  The m�xed rum�nal bacter�a were transferred 
anaerobically to serum bottles that contained:  1) no  addition, 2) 50 mM lysine, 3) 5 mg ml-1  Trypt�case  
or  4)  5 mg ml-1 Trypticase plus 50 mM  lysine.  Mixed ruminal bacteria enriched with Trypticase 
and lysine were streaked onto agar plates in an anaerobic glove box and incubated at 39˚ C for 72 h. 
Colon�es were transferred anaerob�cally to basal broth.  Fermentat�on ac�ds were analyzed by h�gh-
performance liquid chromatography. Chromosomal DNA was purified using the FastDNA Spin Kit. 
PCR products were cloned using the primers M13F and M13R.  The 16S rDNA sequences were 
deposited with GenBank. Stationary phase cells were washed in potassium phosphate buffer (pH 6.7) 
and the  cells were diluted 50-fold to initiate transport.  Transport was terminated by rapid filtration.   
The transport assays typ�cally had 3 µM L-[U-14C] lysine, (pH 6.7 to 4.7) 

Results

M�xed rum�nal bacter�a d�d not deam�nate lys�ne at a rap�d rate, but lys�ne degrad�ng bacter�a could 
be enr�ched �f Trypt�case was also added.  Lys�ne degrad�ng �solates produced acetate, butyrate and 
ammon�a, were non-mot�le, sta�ned gram-negat�ve and could also ut�l�ze lactate, glucose, maltose 
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or galactose as an energy source for growth.  Lactate was converted to acetate and prop�onate, and 
16S rDNA indicated that their closest relatives were Fusobacterium necrophorum.  Grow�ng cultures 
produced ammon�a at rates as h�gh as 2400 nmol mg prote�n-1m�n-1.   Washed cells took up 14C lys�ne 
at an initial rate of 6 nmol mg protein-1 m�n-1, and glucose add�t�on d�d not affect the transport.  Cells 
washed aerob�cally had the same transport rate as those handled anaerob�cally, but only �f the transport 
buffer contained sodium.  The affinity constant for sodium was 8 mM, and sodium could not be 
replaced by l�th�um.  Cells treated w�th monens�n d�d not take up lys�ne, but a protonophore that 
inhibited growth had no effect.  An artificial membrane potential created by potassium  diffusion 
d�d not �ncrease the rate of lys�ne transport, and the transport rate was d�rectly proport�onal to the 
lysine concentration.  Decreasing the pH  from 6.7 to 5.5 caused an 85% decrease in the rate of lysine 
transport.  The add�t�on of F. necrophorum JB2 to m�xed rum�nal bacter�a �ncreased lys�ne degradat�on 
10-fold, but only if the pH was 6.7 and monensin was not present.

Discussion

Analysis of16S rDNA  indicated that our isolates were closely related to strains of  F.  necrophorum, 
but lys�ne transport and  ut�l�zat�on by F. necrophorum per se had not been prev�ously reported. The 
rumen �s a sod�um r�ch env�ronment that has been compared to an �nland sea, and many rum�nal 
bacter�a cannot grow w�thout sod�um. F. necrophorum JB2 could not take up lys�ne unless sod�um 
was added.   Based on the fact that lys�ne �s a pos�t�vely charged spec�es at phys�olog�cal pH, we had 
or�g�nally speculated that the lys�ne transport of F. necrophorum JB2 would be dr�ven by a membrane 
potent�al.  Th�s hypothes�s was �ncorrect.  The add�t�on of glucose as an energy source or the creat�on 
of an artificial membrane potential did not increase lysine transport activity, and TCS, a protonophore 
that �nh�b�ted growth, d�d not decrease transport. 

Carr�er-med�ated systems of fac�l�tated d�ffus�on are not as common as pr�mary or secondary act�ve 
transport. However, some secondary am�no ac�d transport systems operate as fac�l�tated systems 
when the substrate concentrat�on �s h�gh.  Because the veloc�ty of lys�ne transport was always d�rectly 
proport�onal to substrate concentrat�on, �t appeared that the lys�ne grad�ent was the only dr�v�ng force.  
The lys�ne carr�er �s �nh�b�ted by even a small decrease �n extracellular pH.  Based on these results, 
�t appeared that there would be l�ttle degradat�on of lys�ne at ac�d�c pH, and th�s conclus�on was 
supported by m�xed culture exper�ments.  The add�t�on of  F. necrophorum JB2 to ruminal fluid from 
a cow fed t�mothy hay greatly �ncreased ammon�a product�on from lys�ne, but l�ttle deam�nat�on was 
observed if the pH was 5.5 .

Conclusion

Rum�nal am�no ac�d degradat�on �s a part�cular problem �n cattle fed fresh forage.  Under these 
cond�t�ons, rum�nal pH �s not h�ghly ac�d�c, there �s often an abundance of soluble prote�n, and the 
bacteria have insufficient carbohydrate (energy) to incorporate these amino acids into microbial protein.  
The present work �nd�cates that F. necrophorum �s able to degrade lys�ne a rap�d rate, but further work 
w�ll be needed to see �f d�etary lys�ne enr�ches F. necrophorum �n v�vo and �f monens�n or ac�d�c pH 
can counteract th�s enr�chment.      
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Effect of a Bacteriocin (bovicin HC5) on Clostridium Sporogenes MD1, a Bacterium 
that has the Ability to Degrade Amino Acids in Ensiled Plant Materials 
M.D. Flythe and J.B. Russell and J.B. Russell

Introduction

Researchers have developed silage inoculants to augment the natural microflora of plant materials. 
These �noculants are typ�cally lactobac�ll�, but R.E. Muck and h�s colleagues noted that the rum�nal 
bacter�um Streptococcus bovis m�ght also be useful.  S. bovis “grew faster than any of the commerc�al 
spec�es tested and resulted �n the most homolact�c fermentat�on,” but bacter�oc�n product�on was 
not determ�ned. Recent work �nd�cated that many S. bovis stra�ns from the bov�ne rumen produced 
bacteriocins, and the strain with the greatest activity was designated as HC5.  Later work revealed 
that the bacter�oc�n of S. bovis HC5 (bovicin HC5) inhibited a variety of Gram-positive bacteria, but 
�ts effect on s�lage clostr�d�a was not determ�ned. The follow�ng exper�ments sought to: 1) �solate 
clostr�d�a from fresh plant mater�als and s�lages, 2) exam�ne the ab�l�ty of these bacter�a to ferment 
amino acids at low pH, and 3) determine their susceptibility to bovicin HC5. 
 
Methods

Fresh, immature finely chopped alfalfa plants, freshly chopped corn, corn silage and alfalfa haylage 
samples (1 g) were added to tubes conta�n�ng an anaerob�c am�no ac�d conta�n�ng med�um.  The 
tubes subjected to a heat shock (80 ˚C, 20 min).  Once the tubes had cooled to room temperature, the 
sub-samples (1 ml) were ser�ally d�luted (10-fold �ncrements) �nto ster�le basal med�um.  The d�lut�ons 
were spread on plates and incubated at 39 ˚C.   Large colonies appeared after approximately 48 h.  All 
of the colon�es had the same morphology and all of the �solates were rod-shaped bacter�a w�th spores. 
The bacter�a were grown �n cont�nuous culture and pH was adjusted by add�ng HCl to the culture 
vessel via a pH-controlled peristaltic pump.  Ammonia was assayed by a colorimetric method. The 16S 
rRNA gene region was amplified and the sequences were subjected to an NBLAST.  A phylogram was 
created us�ng the ne�ghbor-jo�n�ng funct�on of Clustal X. S. bovis HC5 and JB1 were grown in basal 
med�um that was supplemented w�th glucose (10 mg ml-1) and Tween 80 (1 µl ml-1) to release bov�c�n 
HC5 activity from the cells after they reached stationary phase. Cultures were assayed for toxins by 
Dr. R. H. Wh�tlock (Un�vers�ty of Pennsylvan�a, Kennett Square, PA) us�ng a mouse protect�on b�o-
assay that has been prev�ously descr�bed.   Fermentat�on ac�ds �n cell-free supernatant samples were 
analyzed by h�gh-performance l�qu�d chromatography. 
 
Results and Discussion

Fresh plant mater�als can be fermented and preserved as s�lage for cattle, but clostr�d�a that deam�nate 
am�no ac�ds �ncrease pH.  If the pH of the s�lage r�ses, spo�lage m�croorgan�sms prol�ferate, and 
undes�rable products accumulate. Rod-shaped, anaerob�c bacter�a w�th spores were �solated from fresh 
alfalfa, fresh corn, and silages. Strain MD1 had the highest specific activity of amino acid deamination, 
and �t was most closely related to Clostridium botulinum A and B.  However, MD1 d�d not produce 
a toxin.  Opinion 69 of the Judicial Commission of the International Committee on Systematic 
Bacter�ology states that the C. botulinum des�gnat�on should be reserved for tox�n produc�ng stra�ns, 
and C. sporogenes should be reserved for “non-tox�gen�c stra�ns.”  Based on these results, MD1 was 
classified as Clostridium sporogenes.

Washed cell suspens�ons of C. sporogenes MD1 had specific activities as great as 690 nmol ammonia 
mg prote�n-1 m�n-1, and this rate did not decrease until the pH was less than 4.5.  Batch cultures of C. 



2004 RESEARCH SUMMARY32 2004 RESEARCH SUMMARY

sporogenes MD1 did not initiate growth if the initial pH was less than 5.0, but continuous cultures 
(0.1 h-1 dilution rate) persisted until the pH of culture vessel was 4.6. When C. sporogenes MD1 was 
co-cultured w�th a bacter�oc�n produc�ng Streptococcus bovis strain (HC5), ammonia production was 
greatly reduced. The ab�l�ty of S. bovis HC5 to inhibit MD1 was pH-dependent. When the pH was 
5.5 or less, MD1 could no longer be detected.  Further work will be needed to assess the impact of 
bacter�oc�n produc�ng bacter�a on s�lage fermentat�ons.  However, all of our am�no ac�d ferment�ng 
isolates were inhibited by bovicin HC5.  

Properly prepared s�lages are not typ�cally contam�nated w�th C. botulinum,  but those contam�nated 
w�th an�mal carcasses (e.g. dead b�rds) often have C. botulinum type C.   The �mpact of S. bovis HC5 
on C. botulinum was not determ�ned, but �t should be noted that C. sporogenes MD1 �s very closely 
related to C. botulinum type A and B.  If S. bovis HC5 inhibits C. botulinum, the use of S. bovis HC5 
as a s�lage �noculant could have yet another pos�t�ve role.  

Conclusion

Bacter�oc�n-produc�ng bacter�a may be used to �mprove s�lage qual�ty. 

Differential Gene Expression in Clostridium thermocellum ATCC 27405 Grown in 
Cellulose- or Cellobiose-Limited Continuous Culture
D.M. Stevenson and P.J. We�mer

Introduction

Clostridium thermocellum �s a thermoph�l�c anaerob�c bacter�um capable of ferment�ng cellulose 
and hem�celluloses to produce ethanol as a major fermentat�on product, along w�th a novel cellular 
res�due that has adhes�ve propert�es of potent�al commerc�al use.  The regulat�on of express�on of 
genes �nvolved �n synthes�s of the cellulolyt�c complex and the adhes�ve mater�als largely unknown.  
We descr�be here the express�on of seventeen genes �nvolved �n cellulosome synthes�s and pr�mary 
catabol�sm by th�s organ�sm, as a funct�on of both growth substrate (�nsoluble cellulose versus soluble 
cellob�ose) and growth rate of the organ�sm.

Methods

C. thermocellum ATCC 27405 was grown at 55 oC in a modified Dehority medium in a continuously 
stirred reactor (working volume 875 ml) containing Sigmacell 50 microcrystalline cellulose or 
cellob�ose as energy source. The med�um was del�vered to the reactor as a segmented slurry.  Both 
the growth vessel and the med�um reservo�r were cont�nuously sparged w�th ster�le CO2 .  The reactor 
vessel was fitted with a water-cooled 0.5 m Allihn condensor to reduce evaporation of the culture 
liquid. For each dilution rate in the range of 0.013  to 0.16 h-1, chemostats were operated to steady 
state (m�n�mum turnover of three reactor volumes) pr�or to sampl�ng.  RNA �solated freshly from 
culture samples was used to prepare cDNA used for real-t�me quant�tat�ve PCR (RT-PCR) react�ons, 
wh�ch were carr�ed us�ng the Appl�ed B�osystems Pr�sm® 7000 sequence detect�on system, w�th PCR 
product detected by SYBR Green fluorescent dye. PCR primer pairs were designed using the Applied 
Biosystems Primer Express software, from putative gene sequences obtained from the unfinished C 
thermocellum genome. Data were calculated relat�ve to two cal�brator genes, recA and 16S rDNA.  
RT-PCR data were analyzed us�ng the General L�near Model of the SAS stat�st�cal software package, 
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v.7.0 (SAS Inst�tute, Cary, NC).  The model equat�on used substrate (S) and d�lut�on rate (D) for ma�n 
effects,  S by D as a l�near �nteract�on term.  Mean separat�ons were determ�ned us�ng the LS means 
protocol at P< 0.05.

Results and Discussion

S�m�lar express�on patterns were observed w�th e�ther recA or 16S rDNA were used as calibrator 
genes. Genes encod�ng essent�al catabol�c enzymes cellob�ose phosphorylase (cbp), cellodextr�n 
phosphorylase (cdp), lactate dehydrogenase (ldh), hydrogenase (hyd), acetate k�nase (ack) and an 
alcohol dehydrogenase (adhZ) d�splayed sl�ghtly elevated act�v�t�es on cellulose, but th�s enhanced 
expression was not sufficient to account for large differences in fermentation end products observed 
as a funct�on of growth rate, a pattern that was s�m�lar for both substrates.   Putat�ve genes for carbon 
catabol�te repress�on (CCR; crpY, crpZ, hprX, hprY, hprZ, hprK) d�d not exh�b�t dramat�c changes 
w�th growth substrate or growth rate, suggest�ng that CCR �s not controlled at the transcr�pt�onal 
level �n th�s organ�sm. By contrast, four genes were repressed at h�gh d�lut�on rates dur�ng growth on 
cellob�ose (Table 1 and F�g.1): cipA (cellulosomal scaffold�ng prote�n), celS (major exoglucanase, 
manA (putat�ve cellulosomal mannanase), and adhX (an alcohol dehydrogenase). The data �nd�cate 
that these genes are d�fferent�ally regulated by growth substrate �ndependent of growth rate, and 
that repress�on of these genes by cellob�ose can be rel�eved at low growth rates. The gene encod�ng 
cellulosomal scaffold�n-docker�n b�nd�ng prote�n d�d not d�splay regulat�on by growth rate or substrate 
type.

Conclusion

Th�s study represents, to our knowledge, the most complete analys�s of the s�multaneous effect of 
substrate �dent�ty and growth rate on gene express�on �n any bacter�um.  The demonstrat�on that 
d�fferences �n the express�on of certa�n genes on cellulose versus cellob�ose are due to substrate �dent�ty 
rather than to differences in growth rate provides strategies for enhancing expression of specific genes 
�nvolved �n cellulose degradat�on by th�s organ�sm.  

F�gure 1.  Gene express�on as a funct�on of growth rate of C. 
thermocellum ATCC 27405 cultures grown in cellobiose- or 
cellulose-l�m�ted cont�nuous culture.  Express�on �s shown 
relat�ve to two cal�brator genes, recA and 16S rDNA.  In 
order to perm�t v�sual�zat�on of the relat�ve recA and 16S 
rDNA express�on on the same graph, values for express�on 
relative to 16S rDNA were multiplied by a constant (5589.9), 
calculated as the rat�o of the average recA express�on d�v�ded 
by the average 16S rDNA expression. celS, exoglucanase; 
cipA, scaffold�n prote�n of the cellulosome; manA, 
mannanase; adhY, putat�ve type IV alcohol dehydrogenase.
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Table 1. L�near regress�on analys�s of gene express�on data from cellob�ose-l�m�ted or cellulose-l�m�ted 
cont�nuous cultures of C. thermocellum ATCC 27405 as a function of substrate (S) and dilution rate 
(D).  Regress�on equat�ons were determ�ned based on express�on of the �nd�cated gene relat�ve to mean 
express�on of recA.  

 
a   The linear regression model was used, as the quadratic (S x D2) term was insignificant (P>0.05) for all 34 

combinations of gene and S except  ldh/cellobiose.  *, ** indicates significant parameter estimates via a two-tailed 
t-test at P < 0.05 and P < 0.01, respectively.  

b  Ratio of predicted expressions from the regression model at high (H, 0.16 h-1) and low (L, 0.016 h-1) dilution rates.

 Main effects (P>F)  Regression coefficients a   H/L ratio b

  Cellobiose    Cellulose Model 

Gene/ORF  S   D   S x D  Slope   Y-Intercept   Slope  Y-Intercept fit (R2) Cellobiose  Cellulose  

celS 0.003 0.124 0.010 -236.45 ** 32.16** 55.75 31.14** 0.838 0 1.25  

cipA <0.001 0.745 0.003 -54.30 * 8.27** 37.66** 6.91** 0.855 0 1.72 

manA <0.001 0.054 0.352 -2.25 0.308 -6.17** 2.72** 0.935 0 0.66  

sdbA <0.001 0.070 0.006 -1.66 1.51** 4.57** 1.80** 0.930 0.84 1.35  

cbp <0.001 <0.001 <0.001 12.65** 1.92 2.40 4.69** 0.978 1.86 1.07

cdp <0.001 <0.001 0.482 1.91** 0.118** 1.62** 0.245** 0.921 2.85 1.86 

ack 0.318 0.010 0.493 2.91 0.86** 4.62** 0.86** 0.572 1.46 1.71  

adhY 0.003 0.014 0.721 -6.25** 0.94** -4.91 1.50** 0.748 0 0.50  

adhZ 0.011 <0.001 0.034 1.70 0.322** 4.74** 0.351** 0.870 1.70 2.60  

hydA 0.004 0.001 0.084 11.22 3.70** 29.34** 3.96** 0.815 1.42 1.95  

ldh 0.004 0.010 0.156 1.14 0.393** 3.47** 0.482** 0.756 1.40 5.82  

crpY <0.001 <0.001 0.917 0.048** 0.007** 0.050** 0.013** 0.894 1.89 1.52

crpZ 0.017 0.199 0.370 0.010 0.023** 0.062 0.026** 0.556 1.06 1.33  

hprX 0.630 0.002 0.959 1.01** 0.080** 0.981** 0.083** 0.688 2.51 2.43  

hprY 0.093 0.072 0.131 0.208 0.194 3.58* 0.095 0.537 1.15 4.39  

hprZ <0.001 <0.001 0.351 0.251** 0.035** 0.341** 0.051** 0.883 1.93 1.87  

hprK 0.408 <0.001 0.406 0.652** 0.024 0.461** 0.052** 0.749 3.73 2.12 

a   The linear regression model was used, as the quadratic (S x D2) term was insignificant (P>0.05) for all 34 combinations of gene and S except  ldh/cellobiose.  
*, ** indicates significant parameter estimates via a two-tailed t-test at P < 0.05 and P < 0.01, respectively.   

b Ratio of predicted expressions from the regression model at high (H, 0.16 h-1) and low (L, 0.016 h-1) dilution rates.
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Forage Quality

Cell Wall Traits of Alfalfa Clones Selected for Low or High In Vitro Ruminal 
Neutral Detergent Fiber Digestibility
H.G. Jung and J.F.S. Lamb

Introduction

Concentration and digestibility of neutral detergent fiber (NDF) are important forage quality traits that 
contr�bute to an�mal performance. Feed �ntake by rum�nants tends to decl�ne as the NDF concentrat�on 
of forages �ncreases. Poor NDF d�gest�b�l�ty l�m�ts energy ava�lable from forages for m�lk and meat 
product�on. Alfalfa (Medicago sativa L.) �s generally cons�dered to be an excellent forage for da�ry 
cows because of its low NDF concentration and rapid NDF digestibility. However, alfalfa’s reputation 
for h�gh qual�ty �s pr�mar�ly a funct�on of �ts low NDF, rap�dly d�gest�ble leaf fract�on. The stem fract�on 
of alfalfa �s actually very h�gh �n NDF concentrat�on and the potent�al extent of NDF d�gest�b�l�ty �s 
low. The USDA-ARS Plant Sc�ence Research Un�t �n St. Paul, MN has undertaken a breed�ng project 
to �ncrease the �n v�tro rum�nal NDF d�gest�b�l�ty (IVNDFD) of alfalfa stems. Here we report on sh�fts 
�n cell wall concentrat�on and compos�t�on observed for groups of alfalfa clones that were prev�ously 
selected as hav�ng low or h�gh stem IVNDFD.

Methods

Seed from six commercial alfalfa varieties (5312, Rushmore, Magnagraze, Wintergreen, Winterstar, 
and WL 325HQ) adapted to the Minnesota environment was mixed and planted at Becker, MN in 
the summer of 1997. Spring growth and the first summer regrowth of ~2000 individual plants was 
harvested in 1998 and 1999. In vitro NDF digestibility of each sample after 16- and 96-h of incubation 
was estimated using near infrared reflectance spectroscopy (NIRS) and calibration equations developed 
for this project. Means for 16- and 96-h IVNDFD were calculated for individual alfalfa plants across 
years and harvests. The five most extreme individual plants (clones) were identified for each of four 
selection groups; low 16-h IVNDFD, high 16-h IVNDFD, low 96-h IVNDFD, and high 96-h IVNDFD. 
These 20 selected clones were vegetat�vely propagated and planted at Becker and Rosemount, MN �n 
replicated plots in 2001. Stem samples were harvested in the spring and for the first summer regrowth 
�n 2002 and 2003. F�ber d�gest�b�l�ty, and the concentrat�on and compos�t�on of stem cell wall mater�al 
(us�ng the Uppsala D�etary F�ber procedure) were est�mated by NIRS.

Results and Discussion

L�m�ted w�nter-hard�ness resulted �n the loss of s�x clones from the study. Also, severe stand loss at 
the Rosemount locat�on dur�ng the w�nter of 2002/2003 prevented data collect�on from th�s locat�on 
in 2003. One clone was excluded from the data set because it’s IVNDFD results did not match the 
IVNDFD phenotype for wh�ch �t had or�g�nally been chosen, both �n the current study and another 
study �n wh�ch th�s part�cular clone was �ncluded. The select�on group means for the rema�n�ng 13 
clones �nd�cated that the low and h�gh select�on groups d�ffered for IVNDFD �n accordance w�th the�r 
original selection phenotype (Fig. 1). The high 16-h IVNDFD selection group was also greater in 96-h 
IVNDFD than the corresponding low group; however, the two 96-h IVNDFD selection groups did not 
differ for 16-h IVNDFD (Fig. 1). Cell wall concentration and composition differed between the low 
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and high 16-h IVNDFD selection groups (Table 1). The high 16-h IVNDFD group had ~ 3 % less cell 
wall material than the corresponding low group. Composition of cell wall material for the high 16-h 
IVNDFD group was ~1% lower in Klason lignin, and ~ 3 and 4 % higher in hemicellulose and pectin 
(respectively). Cell wall concentration did not differ between the 96-h IVNDFD selection groups, 
but compos�t�on of the cell wall was altered (Table 1). Klason l�gn�n and hem�cellulose content of the 
cell wall were ~ 9 and 3 % lower (respectively), and cellulose and pectin were ~ 5 and 2 % higher 
(respectively) in the high 96- IVNDFD selection group compared to the low group.

Conclusion

Alfalfa clones selected for low or h�gh stem IVNDFD had s�m�lar sh�fts �n cell wall concentrat�on and 
composition within selection groups. The high 16-h IVNDFD phenotype was associated with clones 
that had less cell wall mater�al �n the�r stems and these walls were lower �n l�gn�n and had more pect�n. 
Based on the stem t�ssue development pattern of alfalfa, we would hypothes�ze that these clones had 
less xylem tissue development. In contrast, the high 96-h IVNDFD phenotype was associated with 
altered cell wall compos�t�on w�thout changes �n cell wall concentrat�on. Th�s suggests that these h�gh 
96-h IVNDFD clones had normal amounts of xylem tissue deposition, but that the composition of 
xylem walls was d�fferent.

Figure 1. In vitro ruminal neutral detergent fiber 
digestibility (IVNDFD) after 16-h (a) or 96-h (b) 
incubations of alfalfa stems from groups of clones 
previously selected for low or high IVNDFD. Means 

(± 1 SE) were calculated over clones, environments, and 
harvests.
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Table 1. Cell wall concentration and composition of stems from groups of alfalfa clones previously 
selected for low or high in vitro ruminal neutral detergent fiber digestibility (IVNDFD).†

† Least square means were calculated over clones, environments, and harvests.
‡ Number of clones included in each selection group.
§ Cellulose was estimated as cell wall glucose; hemicellulose was estimated as the sum of cell wall 
xylose, mannose, and fucose residues; pectin was estimated as the sum of cell wall uronic acids, 
arabinose, galactose, and rhamnose residues.
* Least square means for low and high clonal groups differ (P < 0.05) within IVNDFD selection 
groups.  

Selection Klason Polysaccharides§

Group Clones‡ Cell Wall Lignin Cellulose Hemicellulose Pectin

g kg-1 DM  ---------------g kg-1 cell wall ---------------
16-h IVNDFD 
 Low 4 688* 214* 411 169* 206*
 High 4 667 212 409 164 215
 SEM 1 1 1 0.3 1
96-h IVNDFD 
 Low 2 682 228* 395* 170* 207*
 High 3 684 208 414 165 212
 SEM 2 1 1 1 1

Composition and Response to Dilute-Acid Pretreatment and Enzymatic 
Saccharification of Alfalfa, Reed Canarygrass, and Switchgrass
H.G. Jung, B.S. D�en, M.D. Casler, L. Iten, J.F.S. Lamb, R. M�tchell, G. Sarath, K.P. Vogel, and P.J. 
We�mer

Introduction

Increased use of ethanol as a renewable fuel �s advocated to l�m�t net CO2 em�ss�ons. Ethanol �s 
produced by fermentat�on of starch from ma�ze (Zea mays L.) gra�n; however, ma�ze gra�n can only 
replace at most 4 to 5 % of our gasoline needs. As an alternative, it has been estimated that use of the 
carbohydrates �n vegetat�ve t�ssues (b�omass) from crop res�dues and ded�cated energy crops could 
easily provide enough ethanol to replace 15 % of gasoline requirements. The primary carbohydrates 
�n b�omass are the cell wall polysacchar�des (cellulose, hem�cellulose, and pect�n) and, as we know 
from feed�ng l�vestock, the�r suscept�b�l�ty to enzymat�c degradat�on and fermentat�on �s l�m�ted. 
Wh�le not cost-effect�ve for l�vestock feed�ng, pretreatment of b�omass to �ncrease �ts convers�on 
efficiency is the accepted model for proposed biomass-to-ethanol systems. Numerous forage species 
have been suggested for use �n b�omass-to-ethanol systems, but surpr�s�ngly l�ttle �s known about the 
compos�t�onal d�fferences among forages spec�es and how these �mpact the�r response to pretreatment 
and hydrolys�s to fermentable sugars. Th�s study �s an �n�t�al attempt to character�ze three h�gh-y�eld�ng 
forage spec�es for the�r chem�cal compos�t�on and potent�al sugar y�elds for subsequent fermentat�on 
to ethanol.
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Methods

Alfalfa (Medicago sativa L.) stem material was harvested at bud and full flower stages of maturity from 
breed�ng nurser�es �n M�nnesota. Whole herbage of reed canarygrass (Phalaris arundinacea L.) was 
harvested �n W�scons�n at vegetat�ve and r�pe seed matur�ty stages. Pre-boot, anthes�s, and post-frost 
matur�ty stages of sw�tchgrass (Panicum virgatum L.) herbage were harvested �n Nebraska. These 
biomass samples were dried, ground, and analyzed for crude protein (N x 6.25), lipids (ether extract), 
ash (combustion at 450oC), organ�c ac�ds (HPLC of water extract), non-structural carbohydrates 
(glucose, fructose, sucrose, raffinose, stachyose, and starch by HPLC; fructans colorimetrically), cell 
wall carbohydrates (glucose, xylose, arab�nose, galactose, rhamnose, and fucose by GC; uron�c ac�ds 
color�metr�cally), Klason l�gn�n (grav�metr�c), and gross energy (bomb calor�metry). The b�omass 
samples were pretreated w�th d�lute sulfur�c ac�d at 121oC in an autoclave and 150oC in a fluidized 
heat�ng bath. Pretreated res�dues were hydrolyzed w�th cellulase and β-glucos�dase. Glucose, total non-
glucose sugars, and acetate released by the pretreatments and enzymatic hydrolysis were quantified 
by HPLC. 

Results and Discussion

Compos�t�on of the b�omass samples �s shown �n Table 1. On average the alfalfa stem samples 
conta�ned the most prote�n and organ�c ac�ds. Reed canarygrass had the h�ghest ash and non-structural 
carbohydrate concentrat�ons, and least l�gn�n. Organ�c ac�ds were very low �n sw�tchgrass, but th�s 
spec�es had the greatest cell wall carbohydrate content. All three spec�es conta�ned some starch, but 
only reed canarygrass had fructans. The rat�o of cell wall glucose-to-non-glucose sugars was greater 
for the alfalfa samples than the grasses. L�ttle d�fference was noted among the b�omass samples �n 
gross energy content. Forage matur�ty �ncreased l�gn�n and cell wall carbohydrate concentrat�ons, and 
depressed prote�n and organ�c ac�ds content.

Table 1. Prote�n, l�p�ds, ash, organ�c ac�ds, l�gn�n, carbohydrates, and gross energy content of bulk 
b�omass forage samples.

† Data are for alfalfa stems only; reed canarygrass and sw�tchgrass data are for whole herbage.
____________________________________________________________________________________________________________
Species†    Organic Klason Carbohydrates Gross

     Stage Protein Lipids Ash Acids Lignin Non-Structural Cell Wall Energy
____________________________________________________________________________________________________________

------------------------------------------------- g kg-1 DM --------------------------------------------------- kcal kg-1 DM 
Alfalfa

      
      

      
Bud 127  9 81 32 158 58 505 4412
Full Flower 88  7 58 24 175 51 547 4479
Reed Canarygrass   

       
      

Vegetative 88  22 128 24 109 116 402 4230
Ripe Seed 45  13 95 10 148 99 498 4216
Switchgrass

      
       

      

Pre-Boot 65  10 89 9 133 45 524 4352
Anthesis 32  10 57 9 154 115 540 4447
Post-Frost 30  16 57 3 173 34 616 4465
____________________________________________________________________________________________________________
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The grass samples required 1.5% wt/vol acid loading to achieve maximal glucose and non-glucose 
sugar yields, whereas alfalfa needed more acid (2.5% wt/vol). Table 2 shows the yields of glucose, non-
glucose sugars, and acetate from the 121oC pretreatment, and glucose release by cellulase hydrolys�s. 
Notable d�fferences among the b�omass spec�es �ncluded lower non-glucose sugar y�elds from alfalfa 
after pretreatment, reflective of the lower non-glucose sugar content of this species, and higher total 
glucose y�eld for sw�tchgrass. For all spec�es, glucose y�elds decl�ned sl�ghtly w�th �ncreased matur�ty. 
In general, there was a small �ncrease �n cell wall sugar y�elds when pretreatment temperature was 
increased to 150oC (data not shown). Of �nterest was a reduct�on �n non-glucose sugar y�elds that 
was d�rectly proport�onal to the fructose (and fructan) content of the b�omass samples (r = 0.97) 
due to acid-catalyzed degradation of the fructose. Efficiency of glucose release by pretreatment and 
enzymat�c hydrolys�s was negat�vely correlated (r = -0.93) w�th Klason l�gn�n concentrat�on.

Table 2. Y�elds of monosacchar�des and acetate after d�lute-ac�d pretreatment at 121oC and cellulase 
hydrolys�s of b�omass samples.

† Data are for alfalfa stems only; reed canarygrass and sw�tchgrass data are for whole herbage.

Conclusion

Significant differences were discovered among these biomass samples, indicating the need for further 
research.  Specifically further work is needed to analyze replicated biomass samples to ensure the 
differences observed are reflective of the compositional diversity in these forage species across growth 
env�ronments. A general pattern that emerged from the data was that �ncreased l�gn�n content of more 
mature forages was correlated with reduced efficiency of glucose release from cell walls. Alfalfa 
appeared to be more res�stant to the effects of pretreatment and subsequent cellulase treatment (e.g. 
lower glucose yield), and reed canarygrass conversion efficiency suffered from high sugar loses 
assoc�ated w�th h�gh concentrat�ons of fructose and fructans. These results suggest that process�ng 
cond�t�ons may need to be custom�zed for �nd�v�dual spec�es and to a lesser extent for harvest matur�ty. 
As to wh�ch �s the most opt�mal b�omass for ethanol product�on, �t should be noted that th�s cho�ce w�ll 
also depend upon adaptat�on of the crops to local grow�ng cond�t�ons and development of valuable 
co-products to part�ally defray the cost of ethanol product�on, such as h�gh-prote�n leaf meal from 
alfalfa.  

__________________________________________________________________________________________________________
Species† Released by Acid Pretreatment Released by Total Glucose Glucose Release 
Maturity Glucose Non-Glucose Acetate Cellulase Released Efficiency

__________________________________________________________________________________________________________
------------------------------ g kg-1 DM ------------------------------ %

Alfalfa
    Bud 46 121 29 176 223 71.6

Full Flower 44 137 34 173 217 63.9
Reed Canarygrass       
Vegetative 58 250 13 168 226 91.4
Ripe Seed 49 261 20 151 200 66.8
Switchgrass       

  Pre-Boot 52 238 19 191 243 81.6
Anthesis 112 243 24 146 258 71.4
Post-Frost 49 252 24 184 233 67.9

__________________________________________________________________________________________________________
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Effect of Forage Source and Dietary Crude Protein on Microbial Protein Synthesis 
and Ruminal Fermentation In Vitro
J. J. Olmos Colmenero and G. A. Broder�ck

Introduction

Alfalfa s�lage (AS) serves as a major source of d�etary crude prote�n (CP) for da�ry cows.  However, 
much of the CP �n AS �s present as NPN that must be ut�l�zed v�a m�crob�al prote�n synthes�s �n the 
rumen.  Corn s�lage (CS) �s a low CP forage that �s a good source of fermentable energy because of 
�ts h�gh starch content.  A recent study (Olmos Colmenero and Broder�ck, 2003 USDFRC Research 
Summaries) showed that, on diets containing (DM basis) 25% AS and 25% CS, flow of bacterial 
nonammonia N (NAN) was maximal at 16.5% CP.  Widely different proportions of dietary AS and 
CS are often fed to lactat�ng cows.  Therefore the object�ve of th�s tr�al was to measure the effect of 
3 combinations of dietary AS and CS at each of 5 CP levels on in vitro ruminal fermentation and 
m�crob�al NAN synthes�s.

Material and Methods

Fifteen diets were formulated in a 3x5 factorial arrangement: 3 forages (50% AS, 25% AS plus 25% 
CS, and 50% CS in dietary DM) and 5 CP levels (13.5, 15.0, 16.5, 18.0, and 19.5% in dietary DM) 
and were incubated along with blanks in duplicate flasks in 2 separate ruminal in vitro incubations.  
H�gh mo�sture feeds were freeze-dr�ed; all �ngred�ents were ground (1-mm W�ley m�ll) before m�x�ng 
diets.  The AS averaged (DM basis) 24.0% CP and 32% NDF; CS averaged 7.6% CP and 34% NDF.  
Due to its unusually high CP content, it was not possible to formulate diets with 13.5 and 15.0% CP 
with AS as sole forage.  Thus, NDF isolated from AS was incorporated at 15% of DM in all 5 of 
those diets to dilute CP in AS.  Diet compositions are in Table 1.  Inoculums contained ruminal fluid 
and McDougall’s buffer plus 5 mg ammonia-N/dl and 15N-ammon�a (added as ammon�um sulfate).  
Incubat�ons were sampled at 4 and 8 h then centr�fuged to obta�n supernatants, total sol�d pellets, and 
�solated m�crob�al pellets.  Supernatants were analyzed for ammon�a, total am�no ac�ds and VFA.  Total 
sol�d and m�crob�al pellets were analyzed for DM, total NAN and 15N to est�mate DM d�gest�b�l�ty and 
microbial NAN synthesis.  Data were analyzed using Proc Mixed in SAS and significance declared at 
P < 0.05.  Least squares means from 4-h only are reported.

Table 1.  Compos�t�on of d�ets.

Forage

Alfalfa silage Alfalfa silage + Corn silage Corn silage

 Item
1

CP, % of DM 13.5 15.0 16.5 18.0 19.5 13.5 15.0 16.5 18.0 19.5 13.5 15.0 16.5 18.0 19.5

(% of DM)

Alfalfa silage 35.0 35.0 35.0 35.0 35.0 25.0 25.0 25.0 25.0 25.0 0 0 0 0 0

Corn silage 0 0 0 0 0 25.0 25.0 25.0 25.0 25.0 50.0 50.0 50.0 50.0 50.0

Isolated NDF 15.0 15.0 15.0 15.0 15.0 0 0 0 0 0 0 0 0 0 0

RHMSC 50.0 46.7 43.4 40.1 36.8 46.5 43.2 39.9 36.6 33.3 37.6 34.3 31.0 26.6 24.4

SSBM 0.0 3.3 6.6 9.9 13.2 3.5 6.8 10.1 13.4 16.7 12.5 15.8 19.1 23.5 25.7

Chemical composition

OM 96 96 96 96 95 96 96 96 96 95 97 97 97 97 96

CP 13.5 15.0 16.5 18.0 19.5 13.5 15.0 16.5 18.0 19.5 13.5 15.0 16.5 18.0 19.5

NDF 29 29 29 29 29 20 20 20 20 20 20 20 20 20 20

ADF 19.2 19.3 19.3 19.4 19.5 10.9 11.0 11.1 11.2 11.3 9.9 9.9 10.0 10.1 10.2

NFC
2

53 52 50 48 47 61 59 58 56 54 60 59 57 55 54
1Isolated NDF = NDF isolated from alfalfa silage, NFC = nonfiber carbohydrate, RHMSC = rolled high-moisture shelled corn,

SSBM = solvent-extracted soybean meal.
2NFC = 100 - NDF - CP - Ether exctract - Ash + NDFCP.
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Results and Discussion

The only significant (P = 0.03) forage-by-CP �nteract�on was a small d�fference �n acetate to prop�onate 
ratio for AS+CS (2.59) versus the other two diets (mean 2.62).  Therefore, it was possible to summarize 
results as least squares means for each forage source (Table 2) and CP level (Table 3).  Although mean 
pH was lower for AS+CS, it was only 0.05 unit below that for AS and CS.  Mean ammonia concentration 
was h�gher on CS versus AS and AS+CS (Table 2); th�s surpr�s�ng effect may have resulted from 
susta�ned degradat�on of the greater quant�ty of soybean meal CP on that d�et.  Concentrat�ons of total 
am�no ac�ds, as well as �sovalerate and �sobutyrate (VFA produced from degradat�on of branched-
cha�n am�no ac�ds), were h�gher for AS and AS+CS than for CS (Table 2).  Th�s probably resulted 
from the h�gher NPN content �n AS-conta�n�ng d�ets.  Concentrat�ons of acetate, prop�onate, butyrate 
and total VFA all were higher on the two AS diets (Table 2).  Alfalfa contains from 10 and 15% total 
pect�n, wh�ch �s rap�dly fermented by rum�nal m�crobes to acetate and prop�onate.  That total VFA 
were lower on CS, desp�te s�m�lar true DM d�gest�b�l�ty, l�kely occurred because m�crob�al NAN 
synthesis and efficiency were significantly higher (P<0.01) on that diet compared to AS and AS+CS.  
Diets with similar digestibilities, but greater efficiencies of energy utilization, result in greater capture 
of m�crob�al b�omass w�th less d�etary carbon appear�ng �n fermentat�on end-products.

Table 2.  Effect of forage source on rum�nal fermentat�on and m�crob�al NAN synthes�s after 4-h �n 
v�tro �ncubat�ons.

Forage
1

P>F
2

Item AS AS+CS CS SE
3

Forage Forage x CP

pH 6.73
a

6.68
b

6.73
a

0.01 0.01 0.69

Ammonia-N, mg/dl 4.26
b

4.42
b

4.80
a

0.10 <0.01 0.13

Total free AA, mM 3.38
a

3.37
a

2.59
b

0.06 <0.01 0.93

Acetate, mM 51.6
a

52.9
a

44.9
b

1.4 <0.01 0.96

Propionate, mM 19.7
a

20.5
a

17.1
b

0.6 <0.01 0.84

Acetate:Propionate 2.62 2.59 2.62 0.01 0.06 0.03

Butyrate, mM 7.98
a

8.26
a

7.09
b

0.20 <0.01 0.85

Isobutyrate, mM 0.82
a

0.85
a

0.67
b

0.03 <0.01 0.55

Valerate, mM 0.99 1.01 0.90 0.06 0.43 1.00

Isovalerate, mM 1.34
a

1.43
a

1.12
b

0.05 <0.01 0.17

Total VFA, mM 82.4
a

84.9
a

71.9
b

2.3 <0.01 0.93

True DM digestibility, % 50.1 50.9 49.0 1.1 0.40 0.99

Microbial NAN, mg/dl 22.1
c

23.3
b

25.2
a

0.4 <0.01 0.84

Net Microbial NAN, mg/dl 15.7
b

16.9
b

18.8
a

0.5 <0.01 0.88

Microbial efficiency
4

31.6
b

33.2
b

38.5
a

1.1 <0.01 0.84
a,b,cMeans in the same rows without a common superscript differ (P<0.05).
1AS = alfalfa silage, AS+CS = alfalfa silage plus corn silage, CS = corn silage.
2Probability of a significant effect of forage source or of a forage x CP interaction.
3Standard error of the least squares means.
4Net efficiency, mg microbial NAN/g of DM truly digested.
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Mean pH, concentrations of all VFA, true DM digestibility, and microbial efficiency all were unaffected 
by d�etary CP content.  Concentrat�ons of ammon�a and total am�no ac�ds �ncreased l�nearly; th�s was 
expected because soybean meal replaced corn to �ncrease d�etary CP and soybean meal prote�n has 
relat�vely h�gh rum�nal degradab�l�ty.  However, a quadrat�c response �n m�crob�al NAN synthes�s to 
�ncreas�ng d�etary CP also was observed (Table 3).  The max�mal y�eld of m�crob�al NAN occurred at 
16.5% CP before declining at 18.0 and 19.5% dietary CP.  Because DM digestibility was unaffected 
by CP, this response was reflected in a quadratic trend for microbial efficiency (g net NAN/g of DM 
truly d�gested).  It �s well establ�shed that, �f RDP supply �s lower than requ�red, m�crob�al growth 
will be restricted.  Although the NRC (2001) model indicates that 10.2% degraded CP is adequate 
for m�crob�al prote�n synthes�s �n the rumen, recent �n v�tro and �n v�vo reports �nd�cate that greater 
amounts may be requ�red to max�m�ze m�crob�al growth.

Table 3.  Effect of d�etary CP content on rum�nal fermentat�on and m�crob�al NAN synthes�s after 4-h 
�n v�tro �ncubat�ons.

Conclusions

Under the cond�t�ons of th�s �n v�tro study, s�m�lar rum�nal DM d�gest�on was observed, but d�ets 
containing 50% CS gave rise to greater microbial growth at higher efficiency of energy utilization 
compared to diets containing either 50% alfalfa silage or 25% alfalfa silage plus 25% corn silage.  
Moreover, microbial NAN synthesis and efficiency of energy utilization were maximal at 16.5% CP 
w�th no further �mprovement at h�gher levels of d�etary CP.

CP, % of DM P>F
1

Item 13.5 15.0 16.5 18.0 19.5 SE
2

CP L Q

pH 6.72 6.71 6.71 6.71 6.71 0.02 0.97 0.58 0.71

Ammonia-N, mg/dl 4.01
c

4.39
b

4.54
ab

4.68
ab

4.85
a

0.12 <0.01 <0.01 0.35

Total amino acids, mM 2.98 3.10 3.09 3.15 3.24 0.08 0.29 0.04 0.99

Acetate, mM 49.9 49.7 49.7 49.6 50.3 1.8 1.00 0.91 0.81

Propionate, mM 19.2 19.0 19.1 19.1 19.1 0.7 1.00 0.98 0.93

Acetate:Propionate 2.60 2.61 2.61 2.61 2.64 0.01 0.43 0.18 0.38

Butyrate, mM 7.92 7.82 7.85 7.62 7.67 0.26 0.91 0.39 0.98

Isobutyrate, mM 0.78 0.79 0.80 0.78 0.76 0.04 0.95 0.60 0.55

Valerate, mM 0.99 0.98 0.96 0.95 0.95 0.08 0.99 0.63 0.90

Isovalerate, mM 1.28 1.31 1.37 1.27 1.26 0.07 0.79 0.70 0.34

Total VFA, mM 80.0 79.7 79.8 79.2 80.0 2.9 1.00 0.97 0.89

True DM digestibility, % 49.7 49.2 50.4 49.6 51.1 1.4 0.87 0.47 0.69

Microbial NAN, mg/dl 22.2 23.7 24.3 24.0 23.8 0.6 0.06 0.04 0.03

Net Microbial NAN, mg/dl 15.7 17.3 17.9 17.6 17.4 0.6 0.10 0.06 0.05

Microbial efficiency
3

32.0 35.2 35.6 35.4 34.1 1.4 0.30 0.29 0.06
a,b,cMeans in the same rows without a common superscript differ (P<0.05).
1Probability of a significant effect of dietary CP or of linear (L) or quadratic (Q) effects of dietary CP.
2Standard error of the least squares means.
3Net efficiency, mg microbial NAN/g of DM truly digested.
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Measuring Particle Size, Fragmentation Index, and Effective Fiber in Corn 
Silages
D.R. Mertens and G. Ferre�ra

Introduction

Chem�cal compos�t�on establ�shes the amounts of components �n corn s�lage that affect nutr�t�ve 
value, but phys�cal propert�es can affect ens�l�ng and the ut�l�zat�on of nutr�ents and the phys�olog�cal 
responses by cows. Phys�cal character�st�cs of corn kernels affect the ava�lab�l�ty of starch, wh�ch �s a 
major contr�butor to the d�gest�ble energy �n corn s�lage. Although chopp�ng can d�srupt corn kernels 
�f the chopp�ng length �s short, process�ng through rollers dur�ng chopp�ng �s typ�cally used to �ncrease 
kernel damage and by �mpl�cat�on �ncrease starch d�gest�b�l�ty. However, the actual �mpact of chopp�ng 
and process�ng �s var�able depend�ng upon the chopper sett�ng for theoret�cal length of cut (TLC), the 
sharpness of the knives, roller clearance, and rate of flow of chopped material through the processor. 

Physical properties can affect the packing density of the silage, which influences ensiling fermentation 
and storage stability. Particle size also affects chewing activity and the effectiveness of fiber in meeting 
the minimum fiber requirements of dairy cows. Both chopping length and processing alter the physical 
characteristics of corn silage that affect kernel disruption, mean particle size and effective fiber. Given 
the var�at�on �n chopp�ng and process�ng that can occur, �t �s ev�dent that methods for measur�ng 
phys�cal character�st�cs of corn s�lage are needed. The object�ve of th�s research was to develop a 
laboratory method for s�multaneously measur�ng the part�cle s�ze, extent of kernel fragmentat�on, and 
physically effective fiber of corn silages.

Recommended Method for Measuring Particle Size, Fragmentation Index and Effective Fiber

Vigorous, vertical shaking of dried silages is needed to dislodge fine particles of starch that adhere to 
larger part�cles �n s�lage when the sample �s mo�st. To measure corn s�lage nom�nal mean part�cle s�ze 
(MPS), fragmentat�on �ndex (CSFI) and physically effective neutral detergent fiber (peNDF):

1) Mix the undried silage sample thoroughly and dry a representative sample of 600 ±100 mL 
volume for particle size separation and a separate complete sample of 100 to 200 g wet 
weight for routine analysis. Dry under conditions that will not affect starch or fiber analyses 
(55 to 60 °C).

2) Record the tare weight of a set of sieves with square apertures of 19.00, 13.20, 9.50, 6.70, 
4.75, 3.35, 2.36, 1.18, 0.60 and 0.30 mm, in addition to the bottom pan. Stack sieves in 
ascending order of aperture. Use 20-cm diameter brass or stainless steel sieves with 5-cm 
height for apertures of 4.75 mm and above and 2.5-cm height for all other apertures (ATM 
Corporation, Milwaukee, WI). Using a large number of sieves prevents accumulation and 
bridging of material on any one sieve and allows shorter shaking times.

3) Transfer the entire 600 ml of dried test sample on the top sieve of a stacked series of sieves, 
cover with lid, and place on a vertical shaker (RoTap or equivalent, W.S. Tyler Incorporated, 
Mentor, OH).

4) Shake for 10 min and record the weight of retained material plus sieve for each sieve in the 
series.

5) Composite all retained residues on sieves with apertures of 4.75 and larger. Grind the 
>4.75-mm composite and complete samples suitable for starch analysis. Determine starch 
concentrations of the >4.75-mm composite and total samples using an appropriate method.

6) Composite all residues passing through the sieve with 1.18-mm aperture and analyze the 
<1.18-mm composite and total samples for aNDF.
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7) To determine MPS (minimal cross-sectional dimension) of corn silage calculate the weight 
of residue retained on each sieve and determine geometric mean particle size as described by 
ANSI (1993) using the square dimension of sieve apertures (Table 1).

8) Calculate CSFI = 100 × [(Total sample starch concentration) – (fraction of total particle size 
sample retained on >4.75-mm composite sample sieves) × (>4.75-mm composite sample 
starch concentration)] / (Total sample starch concentration) (Table 2).

9) Calculate peNDF (NDF distribution) = (Total sample aNDF concentration) – (fraction of 
total particle size sample passing through the 1.18-mm sieve) × (<1.18-mm composite 
sample aNDF concentration) (Table 2) or 
Calculate peNDF (DM distribution) = (Total sample aNDF concentration) × (fraction of DM 
passing through the 1.18-mm sieve)

Table 1. Calculation of nominal mean particle size in corn silage.

Aperture
Dimensiona

Sieve
weight

Sieve + 
Sample 
weight

Sample 
weight

Fraction
retainedb

Log
(GM)c

Fraction × 
Log(GM)d

(mm) (g) (g) (g) (%) (log10)
26.400e

19.000 568.77 570.28 1.51 0.020 1.350 0.027
13.200 502.87 504.98 2.11 0.028 1.200 0.034

9.500 492.95 498.30 5.35 0.071 1.049 0.075
6.700 473.32 481.78 8.46 0.113 0.902 0.102
4.750 771.73 784.46 12.73 0.169 0.751 0.127
2.360 450.42 467.58 17.16 0.228 0.525 0.120
1.180 337.49 347.34 9.85 0.131 0.222 0.029
.600 288.42 297.04 8.62 0.115 -0.075 -0.009

(Pan) .038f 255.95 265.29 9.34 0.124 -0.821 -0.102
Totals 75.13 1.000  0.403g

MPSh 2.528h

a Square dimension of sieve aperture. 
b (Sample weight / Total sample weight). 
c Logarithm (base 10) of the geometric mean dimension of particles retained by the sieve. 

Log(GM) = Log10 [  (aperture dimension of sieve above × aperture dimension of the sieve 
retaining particles)]. 

d Fraction retained × Log(GM) for each sieve. 
e To calculate the geometric mean dimension of particles on the top sieve (19000 nm) it is 

assumed they would have passed through the aperture of the next largest geometric progression 
of apertures. To minimize error associated with this assumption the top sieve should contain < 
.05 of the total sample weight. 

f To calculate the geometric average dimension of particles in the pan it is assumed they have 
minimum size of 38 nm. To minimize error associated with this assumption the pan should 
contain < 10% of the total sample weight. 

g Weighted logarithmic normal mean = Average Log(GM) of particles. 
h Nomical mean particle size in mm (minimal cross-sectional dimension) = 10[Average 

Log(GM)].
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Table 2. Calculation of corn silage fragmentation index (CSFI) and physically effective NDF 
(peNDF).

Results and Discussion

Chemical composition. Th�rty-two corn s�lages were obta�ned from a commerc�al feed analys�s 
laboratory (Da�ryland Laborator�es, Inc., Arcad�a, WI), wh�ch were d�verse �n chem�cal and phys�cal 
character�st�cs. The range �n m�n�mum and max�mum chem�cal and phys�cal character�st�cs of the 
32 selected mater�als �nd�cate that they represent a w�de d�vers�ty of corn s�lages (Table 3). Average 
chem�cal compos�t�on was s�m�lar to that reported by NRC (2001) for normal corn s�lage, except for 
ash which was higher than that reported by NRC (5.1 versus 4.0%). 

Fraction Aperture size Fraction of 
Totala

Starch aNDF

Coarse composite >4.75 mm .401 20.90
Medium composite 1.18-4.75 mm .360
Fine composite <1.18 mm .239 37.50
Complete corn 
silage 

100.00 27.02 42.06

CSFIb 68.95
peNDFc (NDF 
dist.)

33.09

pefd (NDF dist.) 0.79
pefe (DM dist.) 0.76
peNDFf (DM dist.) 32.00
a Sums of percentage retained on sieves from Table 1. 
b CSFI =100 × [(Total starch concentration) – (fraction retained on sieves >4.75-mm) × (coarse 

composite starch concentration)] / (Total sample concentration). 
c peNDF (NDF distribution) = (Total aNDF concentration) – (fraction passing through the 1.18-

mm sieve) × (<1.18-mm composite sample aNDF concentration). 
d Physical effectiveness factor (pef) = 100 × [(Total aNDF concentration) – (fraction passing 

through the 1.18-mm sieve) × (<1.18-mm composite aNDF concentration)] / (Total sample 
aNDF concentration). 

e Physical effectiveness factor (pef) based on DM distribution = 100 – (Fraction <1.18 mm). 
f peNDF (DM distribution) = (Total aNDF concentration) × (fraction passing through the 1.18-
mm sieve).
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Table 3. Chem�cal and phys�cal character�st�cs of 32 d�verse corn s�lages.

Mean Particle Size. There are numerous methods of measur�ng part�cle s�ze, wh�ch generate d�fferent 
est�mates of MPS. Separat�on of undr�ed feeds w�th gentle shak�ng �s often �ncomplete because small 
part�cles adhere to large part�cles and th�s �s espec�ally true for small starch part�cles. The t�me needed 
to obta�n complete separat�on var�es w�th the dryness and amount of sample, number of s�eves, and 
shaking motion and intensity. With our vertical shaker and dried samples it typically takes 15 to 20 
minutes to obtain maximum separation using a 600 ml volume of test sample. However, >90% of the 
separation occurs in the first 10 minutes and this time was selected for the recommended method to 
max�m�ze sample throughput. Too m�n�m�ze br�dg�ng of mater�al on s�eves, no s�eve should reta�n 
more than 25% of the total sample.
Gentle, hor�zontal shak�ng keeps part�cles �n a length-w�se plane and separates them by the length 
(largest cross-sect�onal d�mens�on). Conversely, v�gorous, vert�cal shak�ng of part�cles tends to bounce 
them on end and they pass through s�eve apertures based on the�r w�dth or d�ameter. In our method, 
nom�nal MPS �s calculated as descr�bed by us�ng the square �nstead of the d�agonal d�mens�on of 
apertures. Th�s method of s�ev�ng results a determ�nat�on MPS that measures the smallest cross-
sect�onal d�mens�on of part�cles. The length of s�eved corn s�lage part�cles were about 3.4 t�mes the�r 
width and the diagonal dimension of square apertures is √ 2 times the square dimension. Multiplying 
our nom�nal MPS by 4.8 should approx�mate the mean part�cle length, wh�ch var�ed from 3/8 to 1 3/8 
�nches w�th an average of ¾ �nch for the 32 d�verse s�lages. 

Corn Silage Fragmentation Index. We observed that sieves with square apertures of 6.25 mm and 
larger retained most whole corn kernels in corn silage and those with apertures of 4.75 mm retained 
kernel fragments b�gger than one fourth of a kernel. The �n v�tro dry matter d�sappearance (IVDMD) 
of the kernels and fragments retained on the sieves > 4.75 mm was about 30% of that obtained when 
these kernel fragments were finely ground. It was concluded that starch in particles that are less than 
¼ of a kernel would be readily digested, and that the proportion of total starch that is in fragments < 
4.75 mm could be used as a corn silage fragmentation index (CSFI) to provide a quantitative measure 

Characteristics Average
Standard

Deviationa CVb Minimum Maximum 

DM, % 34.7 ±7.8 22.5 19.2 48.1
ANDFc, % DM 44.2 ±6.4 14.5 30.0 56.3
NFCd, % DM 41.6 ±7.1 17.1 27.4 57.7
Starch, % DM 25.2 ±5.7 22.5 12.2 36.2
Crude Protein, % DM 7.8 ±1.4 17.4 5.7 12.5
Ash, % DM 5.1 ±1.5 29.9 3.1 9.6
MPSe, mm 4.2 ±1.4 33.5 2.1 7.3
DM <1.18 mm, % 86.2 ±8.0 9.3 67.5 96.5
peNDFf, % DM 38.3 ±7.1 18.5 25.8 50.9
CSFIg, % of starch 47.8 ±20.6 43.1 0.0 91.3

a The range of average minus one standard deviation to average plus one standard deviation will 
include about 2/3 of the samples. 

b Coefficient of variation = 100*Standard deviation / Average. 
b Amylase-treated NDF. 
c Nonfibrous carbohydrates = 100 – ash – CP – EE – aNDF (EE estimated to be 3.2% of DM). 
d Mean particle size of the minimal cross-sectional dimension. 
e Physically effective NDF estimated from DM particle size distribution. 
f Corn silage fragmentation index, percentage of starch retained on sieves with apertures >4.75. 
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of kernel fragmentat�on �n corn s�lage. We observed that CSFI was pos�t�vely correlated w�th IVDMD 
of whole, unground silages, which confirms that fermentation of starch in small fragments would be 
d�gested w�thout chew�ng by the an�mal. 

For our diverse set of corn silages, the CSFI ranged from 0 to 91% and was negatively correlated 
with MPS (r = -0.46). The low correlation between CSFI and MPS is related to different degrees of 
kernel d�srupt�on w�th�n the same chop length (F�g. 1) Although we have no �nformat�on about the 
chopp�ng length and process�ng of the selected corn s�lages other than v�sual appra�sal, we speculate 
that the upper-r�ght and lower-left boundar�es of the data �n F�gure 1 represent corn s�lages that were 
max�mally processed or unprocessed, respect�vely, at a g�ven MPS. We are plann�ng an exper�ment to 
confirm these relationships.

F�gure 1. Relat�onsh�p of corn s�lage fragmentat�on �ndex to the mean part�cle s�ze of corn s�lages. 
Upper dashed l�ne �s the proposed boundary of max�mally processed corn s�lages at each mean part�cle 
s�ze and the lower sol�d l�ne �s the proposed boundary of unprocessed corn s�lages.

F�gure 1 suggests that longer chopp�ng lengths w�ll also result �n less fragmentat�on w�th process�ng, 
which indicates there is a conflict between chopping length and CSFI. Currently we can speculate that 
a CSFI of 70% would require a MPS of 2.4 mm (about 7/16 inch particle length) without processing, 
but could be ach�eved w�th max�mal process�ng at a MPS of 4.7 mm (about 7/8 �nch part�cle length). 
The merging of these lines at a MPS of about 1.5 mm indicates the point at which corn processing 
has minimal impact because fine chopping already fragments kernels. The high variation in CSFI at 
a given mean particle size, especially at large MPS, confirms the importance of having a quantitative 
�ndex of kernel fragmentat�on �n corn s�lage. 

Physically Effective Neutral Detergent Fiber. It �s well known that da�ry cows requ�re a m�n�mum 
amount of insoluble dietary fiber that is of adequate particle size to stimulate chewing activity and 
promote rum�nal funct�on and cow health. Chew�ng act�v�ty �s related to both NDF concentrat�on and 
part�cle s�ze, and the concept of phys�cally effect�ve NDF (peNDF) comb�nes these propert�es �n a s�ngle 
measurement. Based on the st�mulat�on of chew�ng per un�t of NDF �ntake, the phys�cal effect�veness 
of coarse, medium and finely chopped corn silage ranged from .90 to 1.00, .85 to .95, and .80 to .90, 
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respect�vely. The var�at�on �n phys�cal effect�veness w�th�n and among chopp�ng lengths �nd�cates that 
a quant�tat�ve method for measur�ng the peNDF of corn s�lage d�rectly would be useful.

Part�cles pass�ng through a 1.18-mm s�eve do not st�mulate chew�ng, suggest�ng that a s�mple 
laboratory method for measur�ng part�cle s�ze d�str�but�on us�ng v�gorous vert�cal shak�ng could be 
used to est�mate phys�cal effect�veness factors. By assum�ng that NDF �s evenly d�str�buted among 
part�cles, the fract�on of DM reta�ned on s�eves w�th apertures of 1.18 mm and larger could est�mate 
the phys�cal effect�veness factor. Thus, peNDF (based on DM d�str�but�on) would equal aNDF X 
(fraction of DM retained on >1.18-mm sieves). Using this approach, the physical effectiveness factors 
(DM distribution) of the 32 diverse corn silages ranged from .675 to .965 (Table 3). The average 
physical effectiveness factor was .862, which compares favorably with the average standardized value 
of .85 estimated from chewing activity.

Because fiber is the feed component that requires extensive chewing, it would be most accurate to 
est�mate peNDF based on the d�str�but�on of NDF �n part�cles. Th�s approach could eas�ly be adopted 
by collect�ng the res�due pass�ng through the 1.18-mm s�eve and analyz�ng �t for aNDF. Then peNDF 
based on NDF d�str�but�on could be calculated as total amylase-treated NDF (aNDF) m�nus NDF 
pass�ng through the 1.18-mm s�eve. There �s a sl�ght d�fference �n peNDF determ�ned by DM or NDF 
d�str�but�ons (Table 2); therefore the method of determ�n�ng peNDF should be �nd�cated when results 
are reported.

Conclusion

The proposed method for s�multaneously measur�ng MPS, CSFI and peNDF prov�des a tool for 
assess�ng the phys�cal propert�es of corn s�lage that are �mportant �n ens�l�ng, starch ut�l�zat�on and 
rum�nal health and funct�on. Mean part�cle s�ze �s probably related to potent�al dens�ty of the s�lage 
and prov�des �nformat�on about the relat�ve �mpact of chopp�ng length and process�ng on kernel 
fragmentat�on. Corn s�lage fragmentat�on �ndex prov�des a quant�tat�ve measure of the extent of kernel 
d�srupt�on, wh�ch should be related to the rate of fermentat�on and total d�gest�on of starch �n corn 
s�lage. G�ven the �mportant contr�but�on that gra�n �n corn s�lage makes to total dry matter d�gest�on, 
�nformat�on about starch ut�l�zat�on should be a valuable tool �n adjust�ng the energy value of corn 
silage. When corn silage is a major contributor of fiber in dairy rations, it is important that its physical 
effectiveness be measured and taken into account when formulating diets that are borderline in fiber. 
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Measure Dry Matter Routinely Using a Food Dehydrator
D.R. Mertens, K. Bolton and M. Jorgensen

Introduction

Dry matter (DM) of s�lages can change from one day to the next, espec�ally when we move to forage 
that was cut at different times of the day or from different fields or cuttings.  These changes affect the 
rat�on that �s m�xed and fed, result�ng �n altered m�lk product�on.  Changes �n DM can have dramat�c 
�mpacts on health and product�v�ty of da�ry cows, �f the formulated rat�on was des�gned to be at the 
upper or lower limits of fiber concentration. For example, assume that alfalfa silage changes from 45 
to 35% DM and we did not adjust the mixing ration. The 3333 lb of silage added to the total mixed 
rat�on (TMR) only contains 1167 lb of DM from alfalfa silage containing 35% DM instead of 1500 
lb of DM when the silage was 45% DM. Not only have we have shorted the group of cows 333 lb of 
DM, but also we have lowed the fiber content of the diet.

We sampled the s�lages be�ng fed to the non-research herd at the U.S. Da�ry Forage Research Center 
farm every 3 to 4 days for several months (Fig. 1). The range within lots of silage varied from 3 to 8% 
DM and there were 6 to 10% DM differences between lots of both alfalfa and corn silages (Fig. 1). 
Although changes �n forage DM can be gradual, ra�n and snow can result �n abrupt changes �n forage 
DM in exposed bunker silos of 5 to 15% DM, especially if there is loose silage on the floor of the 
s�lo.

Figure 1. Variation in dry matter (determined by drying in a convection oven at 55 °C for 24 hours) of 
s�lages fed at the U. S. Da�ry Forage Research Center over several months.

We observed that 25% of the TMR fed on dairy farms were significantly different in DM from the 
formulated d�et. These d�fference �nd�cate that da�ry rat�ons can be �ncons�stent due to changes �n 
DM of the forage. Da�ry farmers need a s�mple, rap�d method of measur�ng DM that can be used 
rout�nely. Koster testers and m�crowave ovens prov�de rap�d methods of measur�ng DM, but they 
dry only one sample at a t�me and must be mon�tored dur�ng the dry�ng process. It would be �deal �f 
a method could dry mult�ple samples, would be somewhat automated, and could be worked �nto the 
routine flow of daily feeding activity. Food dehydrators are designed to dry moist foods at relatively 
low temperatures, and they are read�ly ava�lable and have the capac�ty to dry mult�ple samples. The 
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object�ve of th�s research was to evaluate the use of a commerc�al food dehydrator to measure DM of 
mult�ple samples rout�nely.

Materials and Methods

We evaluated an Excalibur Model 3926T (26 hour timer) food dehydrator containing nine shelves 
with the variable temperature control set at the maximum (155 °F). By removing every other shelf, 
th�s un�t can dry four samples s�multaneously �n pans w�th su�table surface area. To ensure that a s�ngle 
sample of forages would be representat�ve for DM determ�nat�on, we selected a 200-gram test sample 
amount. Th�s test sample amount was dr�ed �n several pans w�th d�mens�ons (lengthxw�dthxdepth) of 
21.1Í11.0Í7.0, 30.2Í20.6Í5.2, 38.5Í25.7Í3.0 or 26.5Í16.7Í3.8 cm. Recommended Procedure:

1. Collect a representative sample of all moist feeds (a total of about 2 gallons collected from 10 
locations).

2. Turn on the dehydrator to preheat it and leave the front open.
3. Place a labeled 10Í15, 11Í14 or 12Í13 inch baking pan on the scale and record the pan weight 

(P_wt) to the nearest 0.1 g.
4. Tare the pan to 0.0 and add 200-205 g of test sample for the first feed.
5. Remove the pan + sample from the scale, spread it evenly over the surface of the pan
6. Weigh pan + sample and record the weight (S_wt) to the nearest 0.1 g. (If any sample is 

dislodged from the pan when spreading the sample, it is not weighed.)
7. Place one of the fine mesh screens that come with the dehydrator on the back portion of the 

pan (closest to the fan) to minimize loss of dried sample by air flow. Load the pan in the 
dehydrator.

8. Repeat steps 2 through 6 for each additional feed.
9. After all pans are loaded, replace the front cover of the dehydrator. It will not close 

completely when 15-inch pans are used but this is OK.
10. Timer can be set to the appropriate time for drying. If drying for 2 hours to obtain a rapid 

estimate of DM, it is recommended to reload the samples and dry for an additional 2 to 6 
hours to confirm the DM determination.

11. After the samples have dried, remove each sample from the dehydrator and remove the mesh 
screen. Weigh each pan + dried sample and record the final weight (F_wt) to the nearest 0.1g.

12. Calculate DM: % DM = 100 X (F_wt – P_wt) / S_wt. If DM was determined after 2 hours of 
drying, estimate DM using the equation: % DM 24h = -17.4 + 1.21 X (% DM 2h).

Drying at 55 °C for 24 hours closely matches the DM determined by measuring true water loss using 
Karl F�scher or toluene d�st�llat�on and was selected as the reference DM value for compar�son to the 
dehydrator method. Drying at 55 °C (131 °F) volatilizes some non-water components in feed but also 
leaves some res�dual water. These two errors seem to compensate for one another. We evaluated the 
food dehydrator method us�ng 24 s�lages (�nclud�ng 8 alfalfa s�lages and 11 corn s�lages) that ranged 
from 22.2 to 54.2% DM and four concentrates (including high moisture corn, distiller’s grain and 
brewer’s grains) that ranged from 24.5 to 73.4 % DM.

Results and Discussion

Measur�ng DM �s not as easy as �t appears.  Some water �s on the surface of part�cles and �s easy to 
evaporate, other water �s �ns�de of part�cles and must m�grate to the surface to be evaporated, and some 
water �s t�ghtly bound to molecules �n the feed. Thus, �t takes t�me for mo�sture to m�grate and evaporate 
from feeds. Oven dry�ng �s also compl�cated because compounds other than water can evaporate. In 
fermented feeds, like silages or wet distiller’s or brewer’s grains, there are significant amounts of short 
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cha�n fatty ac�ds that are volat�le. In add�t�on, res�dual alcohols and prote�n degradat�on products are 
also volat�le. Even carbohydrates can lose we�ght when dr�ed at temperatures that are too h�gh. 

Forages are very heterogeneous, and prel�m�nary stud�es �nd�cated that 200 g test samples reduced 
var�at�on among DM measurements. In�t�al exper�ments demonstrated that the surface area of the pan 
affected the rate at wh�ch samples would dry. Dry�ng rate was cons�derably slower when there was 
more than 1.3 to 1.4 grams of mo�st sample per square �nch of pan area. Thus, a 10Í15, 11Í14 or 12Í13 
�nch pan would be acceptable for a 200 g test sample. We recommend cook�e or bak�ng pans because 
they are �nexpens�ve, durable, and easy to obta�n.

After select�ng the test sample amount and pan s�ze, we evaluated the effect of dry�ng t�me �n the food 
dehydrator. The dehydrator could dry four samples in the first 4 hours at a low temperature that would 
m�n�m�ze evaporat�on of non-mo�sture matter and not char the sample w�thout superv�s�on. We suspect 
that this efficient drying is due to the combination of shallow test sample depth and high flow rate of 
heated a�r �n the dehydrator. It �s obv�ous that some volat�le fatty ac�ds and alcohols are evaporated by 
the dehydrator method, but the�r loss �s probably compensated by the �ncomplete removal of all water 
at 155 °F, similar to the laboratory reference method for DM. After 4 hours in the dehydrator, average 
DM values were typically within 99% (slightly lower for wetter samples) of those from our reference 
oven method. Drying in the dehydrator for 6 to 8 hours equaled our reference method DM and drying 
for 24 hours resulted �n DM that were sl�ghtly lower than the reference values. The standard dev�at�ons 
among repl�cated samples was h�gher for shorter dry�ng t�mes, but were s�m�lar to the reference method 
when drying time exceeded 6 hours (Table 1). It appears that the dehydrator can dry replicated 200-g 
test samples within 1% DM of one another, which is similar precision to the reference laboratory 
method.

Table 1. Change �n dry matter determ�nat�on and �ts standard dev�at�on w�th dry�ng t�me �n a food 
dehydrator (155 °F) for three forages each dried on all four shelves on two different days.

On average, alfalfa s�lages dr�ed more qu�ckly than corn s�lages, but they also d�ffered �n DM (40.1 
and 34.6%, respectively). Most of the difference in drying rate is related to the moisture content of 
the s�lage. As expected, feeds w�th h�gher mo�sture dr�ed at a slower rate. When the mo�sture contents 
were s�m�lar, alfalfa s�lage had only a sl�ghtly faster dry�ng rate than corn s�lage (F�g. 2). 

Drying time Dry Matter Standard deviationa

2 hours 45.7 ±1.80
4 hours 35.8 ±1.41
6 hours 34.8 ±1.16
8 hours 34.5 ±1.04
24 hours 34.3 ±1.03
24 hours, Reference 
Methodb

34.6 ±0.99

aStandard deviation is the + and – spread in the average value that would include 2/3 of the 
replicates.
bReference method dry matter determined in a forced-air draft convection oven at 131 °F for 24 h. 
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F�gure 2. Effect of dry�ng t�me on dry matter determ�nat�on of alfalfa and corn s�lages of d�fferent dry 
matter concentrations using a food dehydrator at 155 °F.

There are t�mes when a rap�d determ�nat�on of DM �s needed to adjust the m�x�ng rat�on for mo�sture 
added by ra�n or snow. Although �t appears that samples cannot dry completely �n 2 hours, �t was 
poss�ble to develop an equat�on that can be used to est�mate the 24-hour DM w�th from 2-hour DM 
w�th acceptable accuracy:  24h DM = -17.4 + 1.21 X (2h DM). Th�s equat�on �s only val�d for the 
specific dehydrator and method we used. Although using the equation is not as accurate as drying for 
6 to 8 hours (variation that is about 2.5 times that of the reference method), it is acceptable for quickly 
check�ng DM.

We tested the food dehydrator method to ensure that �t could handle four very wet samples and 
observed that they dr�ed at s�m�lar rates compared to when they were dr�ed as s�ngle sample w�th three 
other mater�als �n the dehydrator. We also evaluated the effect of shelf locat�on.  We observed that the 
average DM for all drying times that was determined on the bottom and top shelves (36.7 and 36.6%, 
respectively) were slightly higher than DM on the middle shelves (35.9 and 36.2%). Because the 
bottom and top shelves had h�gher DM �t �nd�cates that samples on them d�d not dry as qu�ckly. Most 
of this difference in DM was related to short drying times and by 24h there was less than 0.5% DM 
d�fference among shelves. The var�at�on �n DM among shelves �s small relat�ve to the var�at�on among 
replicated test samples and should be of little concern. However, most efficient drying of samples can 
be obta�ned by putt�ng the samples w�th most mo�sture on the m�ddle shelves.

Conclusions

A s�mple DM method was developed us�ng a food dehydrator that could dry four samples rap�dly w�th 
a m�n�mum of attent�on. Th�s method could be used on da�ry farms to rout�nely mon�tor the changes 
�n DM of feeds and prov�de the necessary �nformat�on need to adjust da�ry rat�ons. Prov�d�ng more 
consistent with rations will minimize fluctuations in milk production and negative impacts on animal 
health.
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Feed Utilization by Cattle
Effect of Amount and Ruminal Degradability of Dietary Soybean Meal Protein on 
Performance of Lactating Dairy Cows
J. J. Olmos Colmenero and G. A. Broder�ck

Introduction

Dietary crude protein (CP) should supply sufficient rumen-degraded protein (RDP) to support optimal 
microbial protein formation plus sufficient rumen-undegraded protein (RUP) with the proper amino 
ac�d (AA) balance to complement the m�crob�al prote�n.  Solvent-extracted soybean meal (SSBM) �s 
the most common prote�n source fed to da�ry cows �n the U.S.  However, SSBM has a relat�vely h�gh 
RDP content and replac�ng some SSBM w�th supplemental RUP may allow equ�valent product�on 
of milk and protein at lower dietary CP content.  Under this scenario, there would be more efficient 
convers�on of d�etary N �nto m�lk prote�n and econom�c advantage would be ga�ned through reduced 
feed costs rather than �ncreased product�on.  Therefore, the object�ve of th�s study was to determ�ne 
whether product�on could be ma�nta�ned at lower d�etary CP content by part�ally replac�ng SSBM 
w�th expeller soybean meal (ESBM; SoyPlus, West Central Coop., Ralston, IA; a heat-treated soybean 
meal), thereby reduc�ng N excret�on.

Material and Methods

Twenty-eight multiparous Holstein cows averaging 129 days-in-milk and 656 kg BW were blocked 
by days-�n-m�lk �nto 7 groups of 4 (one block w�th rum�nal cannulas).  Cows w�th�n blocks were 
randomly ass�gned to balanced 4x4 Lat�n squares and fed total m�xed rat�ons that d�ffered �n source 
and level of CP:  A) 15.5% CP with RUP added as ESBM; B) 16.5% CP without ESBM; C) 16.5% CP 
plus ESBM; and D) 17.5% CP without ESBM (Table 1).  Experimental periods lasted 28 d--14 d for 
adaptat�on and 14 d for data collect�on.  Feeds were analyzed weekly for CP and DM to adjust to the 
des�red CP contents as a proport�on of d�etary DM.  Fecal and ur�nary N excret�on were est�mated from 
spot fecal and ur�ne samples us�ng �nd�gest�ble ADF as fecal maker and creat�n�ne as ur�ne volume 
marker.  Rumen metabol�tes were determ�ned �n cannulated cows at var�ous t�mes from 0 to 24 hours 
after feed�ng.  Data were analyzed us�ng the Proc M�xed procedures �n SAS.  Contrasts were used to 
compare the effects of:  1) Diet A versus B; 2) Diet B versus C; and 3) Diet B versus D.  Significance 
was declared at P < 0.05; least squares means are reported.

Results and Discussion

Dietary NDF contents were similar (average 27% of DM), indicating that diets were of high energy 
and typical of those fed to early lactation cows (Table 1).  Actual dietary CP contents were 15.6, 16.6 
and 17.6%, so dietary CP targets were nearly achieved in the trial.  Generally, there were no significant 
effects (P > 0.05) of diet on production traits in this trial (Table 2).  However, there was a trend (P = 
0.08) for lower m�lk y�eld �n cows fed d�et A versus d�et B, suggest�ng that feed�ng RUP from soybean 
meal could not be used to reduce dietary CP below 16.6%.  Moreover, trends were detected for higher 
DM �ntake (P = 0.09) and we�ght ga�n (P = 0.10), and lower m�lk y�eld/DM �ntake (P = 0.06), in cows 
fed d�et D versus d�et B (Table 2), suggest�ng that �ncreased d�etary CP �ncreased �ntake but w�thout 
affecting production.  Another interesting finding was significantly (P ≤ 0.03) higher milk lactose 
concentrat�ons w�th the feed�ng of RUP as ESBM (Table 2).  M�lk urea N was �ncreased (P < 0.01) by 
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each increment of dietary CP; adding RUP to the 16.6% CP diet also increased milk urea (Table 2).

Apparent N efficiency (milk-N/N-intake) declined 2.5 percentage units (P < 0.01) when dietary CP 
was increased from 16.6% (diet B) to 17.6% (diet D) (Table 2).  This lower N efficiency was paralleled 
by �ncreased rum�nal concentrat�on of ammon�a-N as well as �ncreased ur�nary excret�on of urea-N 
and total-N (Table 3).  Increasing dietary RUP at 16.6% CP (diet B versus diet C) resulted in greater 
(P < 0.01) urinary excretion of urea-N; this suggested that the extra RUP from ESBM was limited by 
insufficient methionine absorption, the amino acid most often found limiting in Mid-Western diets 
(Broder�ck et al., 2004, USDFRC Res. Sum.).  Ur�nary excret�on of pur�ne der�vat�ves (a measure of 
m�crob�al prote�n format�on) and fecal N excret�on (Table 3), as well as nutr�ent d�gest�b�l�ty (data not 
shown), were not altered (P ≥ 0.14) by diet in this trial.

Conclusion

Results from this experiment suggested that inclusion of RUP from ESBM in a diet with 15.6% CP 
(diet A) did not sustain milk production as well as a diet containing 16.6% CP with greater RDP 
from SSBM (d�et B).  D�ets w�th the same CP content but h�gher RDP (d�et B) or h�gher RUP (d�et 
C) yielded similar production and nutrient efficiencies.  The highest CP diet supplemented with only 
SSBM (d�et D) d�d not �mprove product�on of m�lk, but �ncreased ur�nary N excret�on, result�ng �n 
depressed N efficiency.  Under the conditions of this trial, 16.6% CP was adequate to support milk and 
protein yields of 40 and 1.25 kg/d.

Table 1.  Composition of diets.

Diets

Item A B C D

----------------------% of DM-------------------------

Alfalfa silage 20.0 20.0 20.0 20.0

Corn silage 35.0 35.0 35.0 35.0

Rolled high moisture shelled corn 32.9 31.5 30.6 29.4

Solvent soybean meal 3.7 9.6 4.6 11.7

Expeller soybean meal 4.5 0.0 5.9 0.0

Roasted beans 2.5 2.5 2.5 2.5

Sodium bicarbonate 0.6 0.6 0.6 0.6

Limestone 0.5 0.5 0.5 0.5

Salt 0.2 0.2 0.2 0.2

Vitamin premix and trace minerals
1

   0.1    0.1   0.1    0.1

Chemical composition

Crude protein 15.6 16.6 16.6 17.6

Neutral detergent fiber 27.3 26.9 27.4 26.9
1
Provided (/kg DM): 56 mg of Zn, 46 mg of Mn, 22 mg of Fe, 12 mg of Cu, 0.9 mg of I,

0.4 mg of Co, 0.3 mg of Se, 6440 IU of vitamin A, 2000 IU of vitamin D, and 16 IU of

vitamin E.
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Table 2.  Effect of rumen-undegraded protein (RUP) or crude protein (CP) supplementation on 
production of lactating dairy cows.

Table 3. Effect of rumen-undegraded protein (RUP) or crude protein (CP) supplementation on 
ruminal metabolites and excretion in lactating dairy cows.

1
Standard error of the least squares means.

2
A vs. B = effect of feeding 1% more CP without supplemental RUP; B vs. C = effect of feeding more RUP at equal CP; B vs. D =

effect of feeding 1% more CP.

Diets

A B C D

Dietary CP, % 15.6 16.6 16.6 17.6 Contrasts (P-value)
2

Item           Dietary ESBM, % 4.5 0 5.9 0 SE
1

A vs. B B vs. C B vs. D

DM intake, kg/d 25.2 25.6 25.5 26.4 0.7 0.39 0.81 0.09

BW gain, kg/d 0.68 0.53 0.53 0.73 0.09 0.23 1.00 0.10

Milk yield, kg/d 38.8 40.0 40.3 40.1 1.3 0.08 0.68 0.91

Milk/DM intake 1.53 1.56 1.58 1.51 0.04 0.23 0.61 0.06

3.5% FCM, kg/d 41.1 42.2 42.9 42.7 1.4 0.21 0.44 0.59

Milk fat, % 4.03 3.98 4.00 4.00 0.10 0.59 0.79 0.80

Milk fat, kg/d 1.50 1.54 1.57 1.56 0.06 0.37 0.43 0.54

Milk protein, % 3.23 3.24 3.20 3.28 0.04 0.56 0.14 0.26

Milk protein, kg/d 1.21 1.26 1.24 1.27 0.04 0.11 0.54 0.76

Lactose, % 4.87 4.83 4.89 4.85 0.04 0.03 <0.01 0.34

Lactose, kg/d 1.87 1.90 1.92 1.92 0.07 0.44 0.71 0.74

SNF, % 8.99 8.97 8.98 9.01 0.05 0.45 0.67 0.12

SNF, kg/d 3.42 3.52 3.51 3.54 0.11 0.26 0.97 0.75

Milk urea N, mg/dl 8.9 9.8 10.4 12.0 0.2 <0.01 0.01 <0.01

Milk protein N, % of N intake 30.1 29.3 28.8 26.8 0.7 0.27 0.50 <0.01

1
Standard error of the least squares means.

2
A vs. B = effect of feeding 1% more CP without supplemental RUP; B vs. C= effect of feeding more RUP at equal CP; B vs. D =

effect of feeding 1% more CP.

Diets

A B C D

Dietary CP, % 15.6 16.6 16.6 17.6 Contrasts (P-value)
2

Item      Dietary ESBM, % 4.5 0 5.9 0 SE
1

A vs. B B vs. C B vs. D

Ruminal metabolites

pH 6.61 6.49 6.57 6.57 0.07 0.13 0.33 0.30

Ammonia-N, mg/dl 7.16 6.87 7.03 9.18 0.99 0.79 0.88 0.04

Total free AA, mM 6.84 8.58 8.45 8.51 1.05 0.25 0.93 0.96

Estimated urinary excretion

Urine volume, L/d 26.8 27.8 29.0 32.1 2.1 0.67 0.62 0.07

Urea N, g/d 134 139 165 201 5 0.41 <0.01 <0.01

Total N, g/d 208 225 241 279 10 0.15 0.17 <0.01

Total N, % of N intake 33.3 33.2 35.7 37.6 1.3 0.97 0.12 <0.01

Purine derivatives, mmol/d 610 652 632 674 35 0.30 0.62 0.58

Estimated fecal excretion

N, g/d 214 222 218 237 10 0.41 0.67 0.14

N, % of N intake 33.9 32.7 32.3 31.4 1.0 0.32 0.76 0.30
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Effect of Supplementing Rumen-Protected Methionine on Production and Nitrogen 
Excretion in Lactating Dairy Cows
G. A. Broder�ck, M. J. Stevenson, R. A. Patton, N. E. Lobos, and J. J. Olmos Colmenero 

Introduction

Over-feed�ng of crude prote�n (CP) adds expense and can contr�bute to env�ronmental pollut�on from 
excess N excret�on.  Th�s excess N �s largely excreted as ur�nary urea, the most lab�le form of manure 
N and the form that can be lost as volat�le ammon�a �nto the a�r.  Meth�on�ne has been reported to be 
the essent�al am�no ac�d most frequently l�m�t�ng for m�lk and prote�n y�eld �n da�ry cows fed typ�cal 
M�d-Western d�ets.  Th�s suggests that supplement�ng w�th rumen-protected Meth�on�ne (RP-Met) 
may allow feed�ng less CP w�thout loss of product�on but w�th reduced ur�nary N excret�on.  We 
conducted a lactat�on tr�al to test whether feed�ng RP-Met could be used to reduce the d�etary CP and 
N excret�on but w�thout los�ng m�lk product�on.

Material and Methods

Twenty-four multiparous Holstein cows averaging 598 kg BW were blocked by days-in-milk into 6 
groups of 4 (one block w�th rum�nal cannulas).  Cows were randomly ass�gned w�th�n blocks to balanced 
4x4 Lat�n square sequences and fed total m�xed rat�ons �n wh�ch d�etary CP was reduced �n steps of 1.3 
percentage un�ts by replac�ng soybean meal w�th h�gh mo�sture shelled corn plus �ncremental RP-Met 
(as Mepron®; Degussa Corp., Kennesaw, GA) (Table 1).  Each exper�mental per�od lasted 28 d--14 d 
for adaptat�on and 14 d for data collect�on.  Feeds were analyzed weekly for CP and DM to adjust to 
the des�red CP contents as a proport�on of d�etary DM.  Apparent ur�nary excret�on of ur�nary N and 
total N was estimated from spot urine samples (taken from 4 squares of 16 total cows) using creatinine 
as volume marker.  Rumen metabol�tes were determ�ned at var�ous t�mes from 0 to 24 hours after 
feeding.  Data were analyzed using the Proc GLM procedures of SAS.  Significance was declared at P 
< 0.10; least squares means are reported.

Table 1.  Composition of diets.

Diets

Item A B C D

----------------------% of DM-------------------------

Alfalfa silage 20.9 20.9 20.9 20.9

Corn silage 28.1 28.1 28.1 28.1

Rolled high moisture shelled corn 28.0 30.7 33.3 36.0

Solvent soybean meal 11.7 8.9 6.2 3.5

Roasted soybeans 4.5 4.5 4.5 4.5

Soy hulls 5.8 5.8 5.8 5.8

Sodium bicarbonate 0.6 0.6 0.6 0.6

Dicalcium phosphate 0.2 0.2 0.2 0.2

Salt 0.2 0.2 0.2 0.2

Vitamin premix and trace minerals1    0.1    0.1   0.1    0.1

Mepron2 0 0.04 0.07 0.11

Chemical composition

Crude protein 18.6 17.3 16.1 14.8

Neutral detergent fiber 27.1 27.1 27.0 27.0
1Provided (/kg DM): 56 mg of Zn, 46 mg of Mn, 22 mg of Fe, 12 mg of Cu, 0.9 mg of I,

0.4 mg of Co, 0.3 mg of Se, 6440 IU of vitamin A, 2000 IU of vitamin D, and 16 IU of

vitamin E.
2Ruminally protected methionine product from Degussa Corp., Kennesaw, GA.
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Results and Discussion

Dietary NDF contents were similar (average 27% of DM), indicating that diets were of high energy 
and typical for those fed to early lactation cows (Table 1).  The target of 1.3% decrease in CP with each 
reduct�on �n solvent soybean meal, and �ncrement of h�gh mo�sture corn and RP-Met, was ach�eved �n 
the tr�al.  Dry matter �ntake, we�ght ga�n, as well as y�elds of prote�n, lactose and SNF, were unaltered, 
desp�te an overall reduct�on �n d�etary CP of 3.8 percentage un�ts (Table 2).  However, there were 
significant effects (P ≤ 0.08) on milk/DM intake and on yields of milk, 3.5% FCM and fat (Table 2).  
Production was greater at 17.3% CP plus 8 g/d of RPM and 16.1% CP plus 17 g/d of RPM, than on the 
other 2 diets.  Moreover, there were significant (P ≤ 0.02) quadratic effects for all 5 of these variables 
when analyzed aga�nst CP concentrat�on (data not shown).  Th�s means that product�on was greater 
at 16.1 and 17.3% CP, with supplemental RP-Met, than at higher or lower dietary CP.  Apparent N 
efficiency (milk-N/N-intake) improved nearly 8 percentage units from highest to lowest CP and was 
greatest (P < 0.01) on lowest CP diet (containing the most RP-Met); however, this.was accompanied 
by losses �n y�eld of m�lk and m�lk components.

The typical large reductions (P < 0.01) in milk urea-N (Table 2), and in ruminal ammonia-N and 
est�mated total ur�nary-N excret�on (Table 3), were observed as d�etary CP was decreased.  Ur�nary 
urea-N fell from 78 to 53% of total urinary-N and appeared to account for virtually all of the decline in 
ur�nary-N excret�on as CP �ntake decreased.  Under the cond�t�ons of th�s tr�al, feed�ng lower CP d�ets 
supplemented with RP-Met resulted in improved N-efficiency and reduced urinary N excretion.

Table 2.  Effect of replacing CP from soybean meal with high moisture corn plus rumen protected 
methionine (RP-Met) on production of lactating dairy cows.

1SE = standard error of the least squares means.
2
Probability of a significant effect of diet.

a,b,c,d
Least squares means in rows with different superscripts are different (P < 0.05).

Diets

Dietary CP, %

Item                 RP-Met, g/d

A

18.6

0

B

17.3

8.2

C

16.1

16.6

D

14.8

25.0  SE
1

P > F
2

DM intake, kg/d 23.4 23.4 23.8 23.7 0.5 0.88

BW gain, kg/d 0.14 0.42 0.55 0.42 0.17 0.41

Milk yield, kg/d 39.7
ab

41.6
a

41.7
a

39.7
b

0.7 0.06

Milk/DM intake 1.72
ab

1.80
a

1.77
ab

1.69
b

0.03 0.06

3.5% FCM, kg/d 38.9
b

42.0
a

41.2
ab

38.6
b

1.0 0.04

Milk fat, % 3.55 3.58 3.40 3.31 0.10 0.17

Milk fat, kg/d 1.37
ab

1.49
a

1.43
ab

1.32
b

0.05 0.08

Milk protein, % 3.02 2.98 2.96 3.04 0.04 0.39

Milk protein, kg/d 1.15 1.23 1.23 1.20 0.03 0.19

Lactose, % 4.81 4.82 4.78 4.81 0.03 0.78

Lactose, kg/d 1.90 2.00 1.99 1.92 0.04 0.20

SNF, % 8.74 8.72 8.68 8.71 0.02 0.31

SNF, kg/d 3.43 3.61 3.61 3.46 0.07 0.17

Milk urea N, mg/dl 14.5
a

11.8
b

9.4
c

7.9
d

0.3 < 0.01

Milk N/N-intake 0.262
d

0.299
c

0.317
b

0.340
a

0.007 < 0.01
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Conclusion

Results from th�s exper�ment �nd�cated that RP-Met could be used to replace part of the d�etary CP that 
�s normally fed as solvent soybean meal.  By supplement�ng w�th RP-Met, �t was poss�ble to reduce 
dietary CP from 18.6 to as little as 16.1% CP without losing production of milk and milk components.  
Th�s reduced ur�nary-N excret�on, potent�ally the most pollut�ng form of manure N.  When feed�ng 
RP-Met, production and production efficiency were optimized between 16.1 and 17.3% CP.  Reducing 
dietary CP to 14.8% could not be compensated for by supplementation with RP-Met.

Effect of Supplementing Rumen-Protected Methionine at Two Levels of Dietary 
Crude Protein in Lactating Dairy Cows
G. A. Broder�ck, M. J. Stevenson, R. A. Patton, N. E. Lobos, and J. J. Olmos Colmenero 

Introduction

Meth�on�ne may be the essent�al am�no ac�d most often l�m�t�ng for m�lk and prote�n y�eld �n da�ry 
cows.  Feed�ng rumen-protected Meth�on�ne (RP-Met) should allow d�etary CP to be reduced w�thout 
losing production.  Leonardi et al. (J. Dairy Sci. 86:4033, 2003) reported that supplementing with 
RP-Met increased milk protein concentration at both 16.1 and 18.8% dietary crude protein (CP), with 
no interaction.  This would be unexpected if methionine were a typical first-limiting amino acid.  We 
conducted a lactat�on tr�al to determ�ne whether there were s�m�lar or d�fferent�al responses to RP-Met 
on product�on �n lactat�ng da�ry cows fed 2 levels of d�etary CP.

Material and Methods

Thirty-two multiparous Holstein cows averaging 604 kg BW were blocked by days-in-milk into 8 
groups of 4 (1 block w�th rum�nal cannulas).  Cows were randomly ass�gned w�th�n blocks to balanced 
4x4 Latin square sequences and fed total mixed rations in a 2x2 arrangement of diets: 17.3 or 16.1% 
CP, with or without supplementation of about 15 g/d of RP-Met (fed as Mepron®; Degussa Corp., 

Table 3.  Effect of replacing CP from soybean meal with high moisture corn plus rumen

protected methionine (RP-Met) on ruminal N metabolites and estimated urinary excretion.

1SE = standard error of the least squares means.
2
Probability of a significant effect of diet.

a,b,c,d
Least squares means in rows with different superscripts are different (P < 0.05).

Diets

Dietary CP, %

Item                 RP-Met, g/d

A

18.6

0

B

17.3

8.2

C

16.1

16.6

D

14.8

25.0  SE
1

P > F
2

Ruminal concentrations

Ammonia-N, mg/dl 9.9
a

7.7
b

6.5
bc

5.5
c 0.5 < 0.01

Total amino acids, mM 14.7
a

11.2
b

10.4
b

10.5
b

0.5 0.03

Urinary excretion

Urine volume, L/d 27.9
a

29.4
a

24.8
b

24.2
b

0.03 0.06

Urea-N, g/d 205a 148b 115c 80d 4 < 0.01

Total-N, g/d 260a 207b 188c 150d 6 < 0.01

Urea-N/Total-N 0.78a 0.72b 0.62c 0.53d 0.01 < 0.01
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Kennesaw, GA) (Table 1).  Each exper�mental per�od lasted 28 d--14 d for adaptat�on and 14 d for 
data collect�on.  Feeds were analyzed weekly for CP and DM to adjust to the des�red CP contents as a 
proport�on of d�etary DM.  Rumen N metabol�tes were determ�ned at var�ous t�mes from 0 to 24 hours 
after feed�ng.  Data were analyzed us�ng the Proc GLM procedures of SAS; least squares means are 
reported.  Orthogonal contrasts were used to assess the effects of CP and RP-Met, and the�r �nteract�on; 
significance was declared at P < 0.05.

Table 1.  Compos�t�on of d�ets.

Results and Discussion

Dietary NDF contents were similar (average 27% of DM), indicating that diets were of high energy 
and typical for those fed to early lactation cows (Table 1).  The targets of 17.3 and 16.1% CP, with 
or without about 15 g/d of RP-Met, were achieved in the trial.  There were no significant effects (P 
≥ 0.27) of supplementing with RP-Met on any production variable measured in this trial (Table 2).  
However, there were significant increases (P ≤ 0.03) in yield of milk, protein and SNF, and trends (P 
≤ 0.09) for greater DM intake and increased lactose secretion, at the higher level of dietary CP (Table 
2).  As expected, milk urea-N was higher and apparent N efficiency (milk-N/N-intake) was lower on 
17.3% CP, indicating better (P < 0.01) N utilization on the lower CP diet.  There was no effect of diet 
on rum�nal concentrat�ons of e�ther ammon�a or total am�no ac�ds.

Results from this trial differed from those reported by Leonardi et al. (J. Dairy Sci. 86:4033, 2003) 
because there were no responses to RP-Met, regardless of prote�n level. Also, trends were detected 
for the �nteract�on of d�etary CP and RP-Met (P ≤ 0.10) for protein and SNF yield.  Cows in the 
Leonard� study were calculated to be �n pos�t�ve energy balance wh�le those �n the present exper�ment 
were calculated to be �n negat�ve energy balance due to lower than expected DM �ntake on all d�ets.  
Although apparent weight gain averaged 0.35 kg/d in this trial, the mean ratio of milk yield to DM 
�ntake was 1.87, �nd�cat�ng that there was cons�derable mob�l�zat�on of t�ssue nutr�ents—both am�no 
ac�ds and fat—to support m�lk synthes�s.  Product�on l�kely was l�m�ted by energy supply and the small 

Diets

Item E F G H

----------------------% of DM-------------------------

Alfalfa silage 20.9 20.9 20.9 20.9

Corn silage 28.1 28.1 28.1 28.1

Rolled high moisture shelled corn 30.7 30.6 33.4 33.3

Solvent soybean meal 8.9 8.9 6.2 6.2

Roasted soybeans 4.5 4.5 4.5 4.5

Soy hulls 5.8 5.8 5.8 5.8

Sodium bicarbonate 0.6 0.6 0.6 0.6

Dicalcium phosphate 0.2 0.2 0.2 0.2

Salt 0.2 0.2 0.2 0.2

Vitamin premix and trace minerals
1 0.1 0.1 0.1 0.1

Mepron
2 0 0.07 0 0.07

Chemical composition

Crude protein 17.3 17.3 16.1 16.1

Neutral detergent fiber 27.1 27.1 27.0 27.0
1
Provided (/kg DM): 56 mg of Zn, 46 mg of Mn, 22 mg of Fe, 12 mg of Cu, 0.9 mg of I,

0.4 mg of Co, 0.3 mg of Se, 6440 IU of vitamin A, 2000 IU of vitamin D, and 16 IU of

vitamin E.
2Ruminally protected methionine product from Degussa Corp., Kennesaw, GA.
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but significant effects of CP level may have been driven by greater DM intake at 17.3% CP (Table 
2).  The present findings were also unlike those from the other protected methionine study (Broderick 
et al., 2004 Research Summar�es) �n that the effect of RP-Met was not greater at lower d�etary CP.  
Average DM �ntake �n the other tr�al was 2.1 kg/d greater.

Table 2.  Effect of supplement�ng rumen-protected meth�on�ne (RP-Met) at 2 levels of crude prote�n 
(CP) on product�on of lactat�ng da�ry cows.

Conclusion

Under the conditions of this trial, reducing dietary CP from 17.3 to 16.1% reduced yield of milk, 
prote�n and SNF and th�s reduct�on was not reversed by supplement�ng w�th RP-Met.  The results 
suggested that RP-Met may be �neffect�ve when feed �ntake �s �nadequate to support m�lk y�eld.

1
Standard error of the least squares means.

2
Orthogonal contrasts:  CP = diets E and F vs. diets G and H; RP-Met = diets E and G vs. diets F and H; CP*RP-Met interaction =

diets E and H vs. diets F and G.
3
Effect of diet on ruminal concentration.

Diets

E F G H

Dietary CP, % 17.3 17.3 16.1 16.1 Contrasts (P-value)
2

Item                      RP-Met, g/d 0 15.4 0 14.8 SE
1

CP RP-Met CP*RP-Met

DM intake, kg/d 21.6 21.8 21.6 20.9 0.3 0.09 0.44 0.14

BW gain, kg/d 0.48 0.24 0.33 0.36 0.10 0.90 0.27 0.15

Milk yield, kg/d 39.8 40.1 39.2 38.7 0.4 0.01 0.87 0.34

Milk/DM intake 1.86 1.87 1.84 1.89 0.03 0.98 0.31 0.39

3.5% FCM, kg/d 39.7 40.7 39.9 39.1 0.7 0.33 0.96 0.24

Milk fat, % 3.57 3.59 3.65 3.62 0.09 0.55 0.94 0.81

Milk fat, kg/d 1.40 1.43 1.42 1.38 0.04 0.71 0.94 0.35

Milk protein, % 3.08 3.09 3.07 3.06 0.02 0.37 0.98 0.67

Milk protein, kg/d 1.21 1.23 1.19 1.17 0.01 0.01 0.94 0.08

Lactose, % 4.84 4.84 4.84 4.83 0.02 0.92 0.66 0.99

Lactose, kg/d 1.91 1.96 1.89 1.86 0.03 0.06 0.76 0.13

SNF, % 8.85 8.85 8.83 8.83 0.02 0.24 0.79 0.99

SNF, kg/d 3.47 3.57 3.44 3.38 0.05 0.03 0.67 0.10

Milk urea N, mg/dl 12.4 12.1 10.2 10.2 0.2 < 0.01 0.38 0.45

Milk protein N, % of N intake 31.9 32.4 34.3 34.7 0.5 < 0.01 0.37 0.91

Ruminal concentration

Ammonia-N, mg/dl 6.0 6.1 6.1 5.9 0.7 0.99
3

Total amino acids, mM 4.8 4.4 5.2 4.2 0.9 0.86
3

Effect of Source of Rumen-Degraded Protein on Production and Ruminal 
Metabolism in Lactating Dairy Cows. 
S. M. Reynal and G. A. Broder�ck

Introduction

Understanding the factors influencing efficiency of microbial protein synthesis is essential to 
improve the precision and accuracy of ration formulation, to maximize feed efficiency in dairy 
cows, and ultimately to minimize N excretion.  Increasing evidence, mostly from in vitro studies, 
supports the idea that amino acids (AA) and peptides stimulate both growth rate and yield of ruminal 
microorganisms.  In vivo experiments are needed to determine the sources and amounts of rumen-
degraded protein (RDP) required to optimize microbial protein yield in the rumen and to improve N 
utilization by dairy cows.  This trial was conducted to study the effects on production and ruminal 
metabolism of replacing true protein RDP from solvent soybean meal (SSBM) with urea RDP, while 
holding dietary rumen-undegraded protein (RUP) constant.
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Materials and Methods

Twenty-e�ght lactat�ng da�ry cows (8 w�th rum�nal cannulas) averag�ng 137 DIM were ass�gned to 
seven 4x4 Lat�n squares and fed d�ets d�ffer�ng �n the proport�ons of RDP com�ng from urea and 
non-urea sources.  Proport�ons of �ngred�ents (DM bas�s; F�g. 1) �n the four concentrate m�xes �n 
d�ets A to D were changed �n equal �ncrements to replace RDP from SSBM w�th RDP from urea, 
wh�le replac�ng RUP from SSBM w�th RUP from l�gnosulfonate-treated soybean meal (SoyPass; 
Ligno-Tech, Rothchild, WI) (Table 1).  Diets contained on a DM basis 16.0% CP, 25.5% NDF, and 
14.2% ADF.  Estimated (NRC, 2001) dietary concentrations (DM basis) were 1.60 Mcal NEl/kg, 50% 
nonfiber carbohydrate, 10.6% RDP, and 5.7% RUP and were held constant during the trial.

Table 1.  Composition of diets

Results and Discussion

As urea replaced SSBM �n d�ets A to D, there were l�near decreases �n DM �ntake, body we�ght 
gain, and yields of milk, 3.5% FCM, milk protein, milk fat, and SNF by, respectively, 1.3, 0.23, 3.3, 
2.6, 0.10, 0.09, and 0.27 kg/d (Table 2).  Concentrations of fat, protein, and SNF in milk were not 
significantly affected by RDP source and averaged, respectively, 3.05, 3.19, and 9.04% across diets.  
Replac�ng true prote�n RDP w�th RDP from urea resulted �n l�near �ncreases �n the concentrat�ons of 
urea-N in milk (from 6.8 to 9.1 mg/dl; P < 0.01) and blood (from 8.9 to 12.8 mg/dl; P < 0.01) and of 
ammonia-N in the rumen (from 8.4 to 10.8 mg/dl; P < 0.01).  Total free AA averaged 18.5 mM and 
mean pH was 6.53 in the rumen and were not significantly affected by treatment.

Diet

Item A B C D

---------------------------- % of DM ------------------------

Ingredients

Corn silage 15.0 15.0 15.0 15.0

Alfalfa silage 40.0 40.0 40.0 40.0

Rolled HMSC 29.6 28.7 28.5 27.8

Ground shelled corn – 1.98 4.00 6.26

Solvent SBM 14.0 9.82 4.98 –

Lignosulfonate-treated SBM – 2.52 5.12 8.00

Urea – 0.41 0.84 1.31

Sodium bicarbonate 0.50 0.52 0.52 0.54

Salt 0.30 0.31 0.31 0.33

Limestone 0.30 0.31 0.31 0.33

Dicalcium phosphate 0.20 0.21 0.21 0.22

Vitamin-mineral mix
1

0.20 0.21 0.21 0.22

Chemical composition

CP, % of DM 16.1 15.9 16.0 16.1

NDF, % of DM 24.8 25.4 25.9 25.7

ADF, % of DM 14.1 14.2 14.4 13.9

NDIN, % of total N 6.23 8.28 9.46 11.1

ADIN, % of total N 2.49 2.55 2.59 2.49

1
Provided (/kg DM): 56 mg of Zn, 46 mg of Mn, 22 mg of Fe, 12 mg of Cu, 0.9 mg of I,

0.4 mg of Co, 0.3 mg of Se, 6440 IU of vitamin A, 2000 IU of vitamin D, and 16 IU of

vitamin E.
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Table 2.  Effect of source of dietary rumen-degraded protein (RDP) on production and ruminal 
metabolism.

Conclusion

Results from th�s exper�ment �nd�cated that urea RDP cannot replace true prote�n RDP from SSBM 
w�thout negat�vely affect�ng product�on of m�lk and m�lk components and body we�ght ga�n �n lactat�ng 
da�ry cows.  Feed�ng RDP from SSBM may have st�mulated greater m�crob�al growth and uptake of 
ammon�a �n the rumen, result�ng �n �mproved N ut�l�zat�on when compared w�th feed�ng urea.

Diet and % urea in diet DM

A B C D P > F
1

Item 0 0.41 0.84 1.31 SE RDP source Linear Quadratic Cubic

Production

DM intake, kg/d 23.6
a

23.2
a

23.0
ab

22.3
b

0.4 0.02 <0.01 0.68 0.67

Milk yield, kg/d 39.3
a

38.6
a

38.5
a

36.0
b

0.9 <0.01 <0.01 0.18 0.26

3.5% FCM, kg/d 38.0 36.6 36.6 35.4 1.1 0.21 0.04 0.92 0.49

Milk fat, % 3.05 3.17 2.92 3.05 0.09 0.15 0.47 0.98 0.03

Milk fat, kg/d 1.20 1.19 1.10 1.11 0.04 0.07 0.02 0.80 0.22

Milk protein, % 3.22 3.18 3.18 3.18 0.04 0.85 0.50 0.63 0.72

Milk protein, kg/d 1.27
a

1.22
b

1.21
b

1.17
b

0.03 <0.01 <0.01 0.90 0.32

SNF, % 9.09 9.02 9.03 9.00 0.05 0.39 0.13 0.54 0.59

SNF, kg/d 3.59
a

3.48
a

3.45
ab

3.32
b

0.08 <0.01 0.06 0.16 0.10

MUN,
2
 mg/dl 6.77

d
7.45

c
8.13

b
9.08

a
0.31 <0.01 <0.01 0.48 0.75

BUN,
2
 mg/dl 8.87

d
9.89

c
11.39

b
12.78

a
0.45 <0.01 <0.01 0.61 0.72

Body weight gain, kg/d 0.57 0.53 0.34 0.34 0.10 0.18 0.04 0.84 0.43

Ruminal metabolism

pH 6.51 6.52 6.51 6.59 0.05 0.24 0.14 0.28 0.39

NH3-N, mg/dl 8.35
b

9.32
ab

10.27
a

10.75
a

0.73 0.05 <0.01 0.69 0.86

Total free AA, mM 16.9 19.5 19.4 18.0 1.7 0.62 0.63 0.22 0.84
a,b,c

Least square means within the same row without a common superscript differ (P<0.05).
1
Probability of a significant effect of RDP or of linear, quadratic or effects of RDP level in the diet.

2
Milk (MUN) and blood (BUN) urea-N determined using a colorimetric assay.

Omasal Flow of Soluble Proteins, Peptides, and Free Amino Acids in Dairy Cows 
Fed Diets Supplemented with Proteins of Varying Ruminal Degradabilities
S. M. Reynal, I. R. Ipharraguerre, M. L�ñe�ro, A. F. Br�to, G. A. Broder�ck and J. H. Clark

Introduction

In v�vo and �n v�tro ev�dence �nd�cates that pept�des and free am�no ac�ds (AA) st�mulate growth rate 
and y�eld of rum�nal m�croorgan�sms.  Moreover, a h�gh proport�on of the total AA absorbed �n the 
�ntest�nes of rum�nants appears to be �n the form of pept�des, whereas pept�de-bound Met and Lys have 
been shown to support prote�n synthes�s by mammal�an t�ssues grown �n v�tro.  On the other hand, the 
new systems of rum�nant rat�on formulat�on rely on rate constants for rum�nal prote�n degradat�on and 
passage that are most commonly est�mated us�ng �n s�tu �ncubat�ons.  Rates of rum�nal degradat�on of 
the soluble N fraction (fraction A) from all feeds incubated in situ are assumed to be infinite. However, 
�f a port�on of the d�etary N escapes rum�nal degradat�on as solutes, the val�d�ty of th�s assumpt�on may 
not hold true.  Desp�te the nutr�t�onal and metabol�c �mportance of soluble AA, most of the �nformat�on 
on the�r degradat�on and metabol�sm �s based on methodolog�es that may be unrel�able.  Pept�de-bound 
AA are usually determ�ned by quant�tat�on of free AA (FAA) concentrat�ons before and after hydrolys�s 
of samples prev�ously deprote�n�zed by ac�d prec�p�tat�on.  However, extent of deprote�n�zat�on �s 
dependent on the type and concentrat�on of the ac�d used, as well as on the structure of the prote�ns.  
Alternatively, soluble N fractions can be separated using ultrafiltration with membranes of different 
molecular we�ght (MW) cut-offs w�thout add�t�on of ac�ds.  The follow�ng study was conducted to 
study the effect of feed�ng d�ets d�ffer�ng �n the concentrat�on, rum�nal degradab�l�ty, and source of 
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protein supplement on the omasal flows of soluble proteins, peptides and free AA fractionated using 
ultrafiltration.

Materials and Methods

Three rum�nally and duodenally cannulated cows were ass�gned to an �ncomplete 4 x 4 Lat�n 
square w�th four 14-d per�ods and fed d�ets supplemented w�th urea, solvent soybean meal (SSBM), 
l�gnosulfonate-treated soybean meal (LSBM), or corn gluten meal (CGM) (Table 1) to study the 
effects of protein source and degradability on omasa flows of soluble AA.  Soluble AA in omasal 
digesta was fractionated by MW using ultrafiltration into soluble proteins greater than 10 kDa (10K), 
ol�gopept�des between 3 and 10 kDa (3-10K), pept�des smaller than 3 kDa (small pept�des), and free 
AA (FAA). Digesta flow leaving the rumen was quantified using the omasal sampling technique.  The 
external m�crob�al marker 15N was used to measure microbial N flows from the rumen.  Homoarginine 
was used as an �nternal standard to substract the FAA contents from the 10K, 3-10K, and small pept�de 
fractions.  Soluble fractions were analyzed for 16 AA after hydrolysis in 6 N HCl, us�ng norleuc�ne as 
an �nteral standard and �on-exchange chromatography w�th n�nhydr�n detect�on.

Table 1.  Ingredient and chemical composition of experimental diets.1

Results and Conclusions

Small peptides isolated by ultrafiltration contributed between 13 and 20% of the total AA in the soluble 
fraction but less than 3% of the total AA flowing at the omasal canal of cows fed diets differing in 
the concentrat�on, source, and rum�nal degradab�l�ty of the prote�n supplement (Table 2).  S�m�larly, 
soluble proteins greater than 10 kDa contributed between 7 and 13% of total soluble AA and less than 
2% of total AA flowing at the omasal canal.  When averaged across diets, AA present in soluble 3-10K 
oligopeptides averaged 71% of total soluble and 9.4% of total AA flows, whereas free AA accounted 
for 1.6% of total soluble and 0.23% of total AA flows at the omasal canal.  Therefore, our results 
suggest that hydrolys�s of ol�gopept�des was the rate-l�m�t�ng step dur�ng m�crob�al degradat�on of 
soluble prote�ns and that small pept�des and free AA were rap�dly ut�l�zed by rum�nal m�crobes and 
did not accumulate in the rumen.  On average, soluble AA of dietary origin accounted for 74% of total 

Diets

A B C D

Item Basal SSBM LSBM CGM

---------------------------- % of DM --------------------------

Ingredients

Alfalfa silage 25.0 25.0 25.0 25.0

Corn silage 35.0 35.0 35.0 35.0

Shelled corn, ground 34.8 32.1 32.7 28.6

Urea 2.3 --- --- ---

Solvent soybean meal --- 5.2 --- ---

Lignosulfonate-treated SBM --- --- 4.6 ---

Corn gluten meal --- --- --- 8.5

Minerals and vitamins 2.87 2.68 2.74 2.81

Chemical composition

DM, % 50.4 50.4 50.7 49.6

CP, % of DM 19.7 15.8 15.3 18.2

NDF, % of DM 31.8 28.6 30.0 28.1

ADF, % of DM 20.0 17.8 17.5 17.6

Starch, % of DM 28.1 28.1 27.2 26.1

TAAN, % of TN 35.5 68.8 64.4 82.3

NPN, % of TN 64.5 31.2 35.6 17.7

NFC, % of DM
2

41.2 44.8 45.5 42.5

NEL, Mcal/kg
2

1.57 1.59 1.56 1.58
1
CGM = corn gluten meal, LSBM = lignosulfonate-treated soybean meal, NFC = non-

fiber carbohydrates, SSBM = solvent soybean meal, TAAN = total AA-N.
2
Estimated using the NRC (2001) model.
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soluble AA and 10% of total AA flows (Table 3).

Table 2.  Effect of dietary treatment on omasal flows of AA in soluble proteins, peptides, and in their 
free form.

Table 3.  Effect of dietary treatments on the omasal flows of total and soluble AA.

Conclusion

Our results suggest that hydrolys�s of ol�gopept�des l�kely was the rate-l�m�t�ng step dur�ng m�crob�al 
degradat�on of soluble prote�ns.  Moreover, small pept�des and free AA appeared to be rap�dly ut�l�zed 
by rum�nal m�crobes and d�d not accumulate �n the rumen.  A substant�al proport�on of d�etary AA 
flowed from the rumen as solutes.  This calls into question the validity of using the in situ technique 
for est�mat�ng the k�net�cs of rum�nal prote�n degradat�on.

Diets

A B C D Contrast

Item Basal SSBM LSBM CGM SEM A vs. D B vs. C C vs. D

---------------------g AA/d--------------------- ---------------P-value---------------

Total 2006 2608 2824 2573 161 <0.01 0.10 0.04

Microbial 1011 1312 1238 1083 68 0.48 0.52 0.20

Dietary 995 1295 1584 1491 124 <0.01 <0.01 0.05

Soluble AA flow

Total 254 308 266 377 48 0.14 0.56 0.17

% of TAA flow 15.5 11.6 9.2 15.9 3.7 0.93 0.63 0.23

Microbial 90.3 70.7 62.4 109.5 21.8 0.29 0.57 0.20

% of TSAA flow 33.2 20.6 21.7 28.8 2.6 0.29 0.74 0.22

% of TAA flow 5.40 1.77 2.10 5.34 2.10 0.98 0.92 0.45

Dietary 168 242 206 271 25 <0.01 0.03 <0.01

% of TSAA flow 66.8 79.4 78.3 71.2 2.6 0.29 0.74 0.22

% of TAA flow 10.7 8.0 8.2 13.1 2.8 0.56 0.97 0.40
1
CGM = corn gluten meal, LSBM = lignosulfonate-treated soybean meal, SSBM = solvent soybean meal.

2
TAA = total AA, TSAA = total soluble AA.

Diets

A B C D Contrast

Item Basal SSBM LSBM CGM SEM A vs. D B vs. C C vs. D

---------------P-value---------------

In soluble proteins of MW greater than 10 kDa

g/d 29.9 30.3 30.6 26.1 4.8 0.53 0.95 0.48

% of TSAA flow 13.2 10.0 11.0 7.0 2.4 0.13 0.74 0.27

% of TAA flow 1.57 1.15 1.07 1.06 0.17 0.12 0.76 0.98

% microbial 70.2 74.1 71.5 76.6 5.8 0.46 0.75 0.55

% dietary 29.8 25.9 28.5 23.4 5.8 0.46 0.75 0.55

In soluble oligopeptides of MW between 3 and 10 kDa

g/d 171 213 186 297 43 0.13 0.7 0.16

% of TSAA flow 65.4 67.9 69.9 79.3 3.9 0.09 0.74 0.19

% of TAA flow 10.79 7.93 6.40 12.54 3.05 0.68 0.72 0.21

% microbial 35.7 18.9 18.7 27.2 5.8 0.07 0.9 0.08

% dietary 64.3 81.1 81.3 72.8 5.8 0.07 0.9 0.08

In soluble peptides of MW smaller than 3 kDa

g/d 47.3 59.6 45.5 49.1 5.6 0.12 <0.01 0.05

% of TSAA flow 19.5 20.3 17.5 12.7 2.1 0.11 0.42 0.21

% of TAA flow 2.80 2.34 1.63 2.13 0.47 0.20 0.18 0.30

% microbial 7.53 5.01 5.47 9.43 5.80 0.27 0.77 0.07

% dietary 92.5 95 94.5 90.6 5.8 0.27 0.77 0.07

In soluble free AA

g/d 5.31 5.68 3.73 4.69 1.80 0.66 0.24 0.45

% of TSAAN flow 1.87 1.83 1.59 1.04 0.44 0.08 0.49 0.18

% of TAAN flow 0.34 0.21 0.14 0.22 0.11 0.25 0.50 0.44

% microbial 7.53 5.01 5.47 9.43 5.8 0.15 0.38 0.17

% dietary 92.5 95 94.5 90.6 5.8 0.27 0.77 0.07
1
CGM = corn gluten meal, LSBM = lignosulfonate-treated soybean meal, SSBM = solvent soybean meal.

2
TAA = total AA, TSAA = total soluble AA.
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Effect of Two Forms of Lauric Acid on Ruminal Protozoa and Fermentation 
Pattern in Dairy Cows
A. P. Fac�ola, G. A. Broder�ck, A. N. Hr�stov, and M. I. Leão

Introduction

M�crob�al prote�n synthes�zed �n the rumen and rumen-undegraded prote�n are the ma�n sources of 
metabolizable protein for ruminants. The ciliate protozoa in the rumen may decrease outflow of both 
rumen-undegraded prote�n and m�crob�al prote�n. Rum�nal protozoa are major contr�butors to bacter�al 
prote�n turnover w�th�n the rumen, thus reduc�ng N ut�l�zat�on and contr�but�ng to the negat�ve 
env�ronmental �mpact of rum�nant product�on. Most defaunat�on techn�ques are harmful to an�mals 
and not appl�cable under pract�cal feed�ng cond�t�ons. Med�um cha�n fatty ac�ds such as laur�c ac�d 
(LA; C12:0) have been shown to have potent ant�-protozoal effects. Furthermore, they are not harmful 
and can be fed rout�nely. We hypothes�zed that LA, e�ther as LA or sod�um laurate (NaLA) would have 
s�m�lar ant�-protozoal effects. Hence, the a�m of th�s study was to test the effect�veness of these two 
forms of LA for suppress�ng protozoa �n the rumen.

Materials and Methods

Six multiparous Holstein cows, averaging 660 kg of BW, 102 DIM, 40 kg/d of milk and fitted with 
rum�nal cannulas, were grouped �nto 2 blocks of 3 by DIM �n a random�zed complete block des�gn. 
Cows were fed a diet composed of (DM basis) 15% alfalfa silage, 40% corn silage, 29.5% rolled high 
moisture corn, 14% solvent soybean meal, 0.5% sodium bicarbonate, 0.3% limestone, 0.3% salt, 0.2% 
dicalcium phosphate, 0.2% vitamin and trace mineral supplement, 16.6% crude protein and 29% NDF. 
Th�s d�et was fed for a 2-week covar�ate per�od plus a 3-week exper�mental phase. Cows w�th�n blocks 
were then randomly assigned to one of 3 treatments: 1) Control (no supplement); 2) 160 g/d of LA; 
or 3) 178 g/d of NaLA (equimolar to LA) dissolved in 1,600 ml of water. Both LA and NaLA were 
g�ven as a s�ngle da�ly dose v�a rum�nal cannula �mmed�ately before feed�ng. Dry matter �ntake was 
measured da�ly. D�gesta was collected from 4 rum�nal s�tes at 0, 1, 2, 4, 8, 12, 18 and 24 h after feed�ng 
on the last day of the covariate period (day 0), and on day 1, 2, 3, 7, 10, and 16 of the experimental 
phase, and stra�ned through two layers of cheesecloth. Determ�nat�ons were made of pH, ammon�a, 
total free am�no ac�ds, VFA, and total protozoal counts. Data were analyzed us�ng Proc M�xed �n SAS 
with significance declared at P ≤ 0.10. Least squares means are reported.

Results and Discussion

Giving LA as an intraruminal dose of 160g/day did not affect intake; however, the equimolar dose of 
NaLA reduced DM intake by 3.6 kg/d (Table 1). This may be related to the fact that NaLA was given 
in solution and may have dispersed more rapidly throughout the ruminal fluid phase while more LA 
became associated with the particulate phase. Also, more NaLA may have flowed out of the rumen 
and rap�dly absorbed, st�mulat�ng greater CCK release, wh�ch could account for the depress�on �n 
feed �ntake. The ma�n effect observed �n th�s study was the rap�d reduct�on of protozoal populat�ons 
when both LA and NaLA were dosed daily into the rumen, approaching the final populations within 
2-3 days (Fig. 1). Protozoal numbers averaged 6 and 9% of Control on LA and NaLA, respectively 
(Table 1). Others have reported the �nh�b�tory act�on of LA on rum�nal protozoa. It �s well accepted 
that l�p�ds, �n general, possess strong ant�-protozoal act�v�ty. However, the mechan�sms by wh�ch th�s 
occurs �s unclear. Rum�nal ammon�a decreased sharply w�th both treatments and was lowest on LA 
(Table 1). Th�s effect was probably assoc�ated w�th reduced protozoal �ngest�on and degradat�on of 
bacter�al prote�ns. In the present study, both treatments reduced concentrat�on of rum�nal total free 
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am�no ac�ds. The act�ve protozoal pept�dases and proteases act on d�etary and m�crob�al prote�ns to 
release free am�no ac�ds �nto the med�um. Moreover, c�l�ates ut�l�ze only about half of the�r �ngested 
N; the rest �s expelled as short-cha�n pept�des and free am�no ac�ds. Th�s may expla�n why free am�no 
ac�d concentrat�on �n the rumen decreased w�th defaunat�on. 

Except for butyrate, there were no significant effects of LA or NaLA on concentrations of total or 
�nd�v�dual VFA. Most l�terature has reported a decrease �n total VFA product�on as a consequence 
of defaunat�on through reduced carbohydrate fermentat�on. Effects on the �nd�v�dual VFA have been 
var�able, although exper�ments frequently have shown �ncreased molar proport�ons of prop�onate 
at the expense of butyrate and acetate. Th�s may expla�n the reduced butyrate. Defaunat�on stud�es 
often report that a lack of c�l�ates leads to rum�nal pH �nstab�l�ty due a loss of the ab�l�ty of protozoa 
to slow fermentat�on of sugars and non-structural carbohydrates by reduc�ng ava�lab�l�ty of those 
carbohydrates to bacter�al fermentat�on. The reason why NaLA �ncreased pH was not clear but th�s 
preparat�on may have acted to buffer rum�nal ac�d�ty.

Table 1.  Effects of laur�c ac�d (LA) or sod�um laurate (NaLA) on �ntake, rum�nal metabol�sm and 
protozoal counts.

1

Item Control LA NaLA SE P > F

DM intake, kg/d 25.3
a

23.8
a

21.7
b

0.5 0.07

Ammonia, mM 6.6
a

2.6
c

4.6
b

0.5 <0.01

Total free amino acids, mM 10.4
a

6.6
b

3.9
c

0.8 <0.01

pH 6.25
b

6.38
b

6.69
a

0.09 0.08

Total VFA, mM 75.6 71.6 63.6 13.7 0.83

Acetate, mM 42.6 38.0 38.6 7.6 0.90

Propionate, mM 18.7 20.0 15.4 5.13 0.82

Butyrate, mM 10.0
a

8.0
ab

5.7
b

0.8 0.09

Isobutyrate, mM 0.98 0.91 0.92 0.10 0.89

Isovalerate, mM 1.53 1.92 1.71 0.13 0.18

Valerate, mM 1.76 2.66 1.23 0.37 0.15

Protozoa, x 10
6
 cells/ml 5.90

a
0.37

b
0.51

b
0.34 <0.01

a,b,c Means in rows without common superscripts are different (P < 0.10).
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Figure 1.  Effects of laur�c ac�d or sod�um laurate on protozoal counts over t�me

Conclusion

Both LA and NaLA showed high anti-protozoal activity when single doses of 160 g/d were given daily 
via ruminal cannulas. These treatments reduced the ruminal ciliate population by 90% within 2-3 days. 
Dosing with LA reduced ruminal ammonia concentration by 60% without reducing DM intake. Both 
agents reduced rum�nal free am�no ac�d concentrat�on. LA d�d not affect rum�nal pH or reduce total 
rum�nal VFA concentrat�on. Thus, LA was shown to be a potent defaunat�on agent, obv�at�ng the need 
to use the more costly NaLA.
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Dietary Manipulation in Dairy Cattle to Reduce Ammonia Emissions
T. H. M�sselbrook,, J. M. Powell, G. A. Broder�ck and J. H. Grabber

Introduction

Dairy cows utilize feed nitrogen (N) much more efficiently than many other livestock, but they excrete 
three t�mes more N �n manure than �n m�lk. An average cow produc�ng 8,200 kg of m�lk annually 
excretes 21,000 kg of manure conta�n�ng about 110 kg N, �n approx�mately equal proport�ons �n feces 
and ur�ne. The major�ty of ur�nary N (depend�ng on d�et and an�mal cond�t�on) �s �n the form of urea, 
wh�ch �s read�ly hydrolyzed by fecal urease to ammon�a (NH3). About 25% of dairy manure N is lost 
as NH3 under current U.S. pract�ces ammon�a losses beg�n d�rectly after ur�ne depos�t�on �n the da�ry 
barn and cont�nue throughout manure handl�ng, storage, and land appl�cat�on. Most efforts to reduce 
nutr�ent loss from da�ry operat�ons have focused on land appl�cat�on of manure, where a large �mpact 
can be made at relat�vely low cost. However, reduc�ng N excret�on through d�etary man�pulat�on 
represents another opportun�ty where large �mpacts could potent�ally be made, as subsequent losses 
would be reduced throughout the manure management cont�nuum, part�cularly �f comb�ned w�th other 
abatement strateg�es such as at manure appl�cat�on. The object�ves of th�s study were to assess the 
influence of manipulating dairy cattle dietary protein level and form on NH3 em�ss�ons from ur�ne and 
fecal deposits to a concrete floor and from fresh and stored slurries applied to soil.

Materials and Methods

Dietary treatments
Urine and feces were collected from lactating Holstein cows, housed in a tie-stall system, from two 
dietary trials varying in either dietary protein level or protein form. In the first trial, cattle were fed 
diets with a high (19%) or low (14%) CP content (treatments referred to hereafter as HCP and LCP, 
respectively), with two cows per dietary treatment. In the second trial, cows were fed diets of similar 
composition, with the exception of the forage legume component which was either alfalfa (Medicago 
sativa), or birdsfoot trefoil of low (ca. 2% DM basis) or high (ca. 4% DM basis) tannin content 
(treatments referred to hereafter as ALF, BFTL and BFTH, respectively), with three cows per diet. 

The laboratory set-up consisted of 6 chambers in which the manure was exposed to a constant airflow. 
Air was drawn through the system by means of a vacuum pump, with the airflow rate through each 
chamber be�ng controlled at 4 L m�n-1. An ac�d trap before each chamber removed any NH3 from �nlet 
a�r and a second ac�d trap on the outlet s�de of each chamber collected any NH3 em�tted dur�ng the 
measurement per�od. 

Emissions from Simulated Deposits to Barn Floor
Deposits of urine and feces to a barn floor would normally be scraped, leaving a thin layer 
from which emission occurs. In the simulation experiments, therefore, a constant mass of feces 
and volume of urine were applied to the chambers in order to achieve a thin emitting layer of 
approximately 1 mm above the cement surface. Immediately after adding the urine, the chamber 
lid was closed and sealed with silicon grease and the air flow through the system started. Acid traps 
were changed after 1, 3, 6, 12, 24 and 36 h and measurement stopped at 48 h. 

Emissions from Slurry Applied to Soil
For s�mulated em�ss�ons from land appl�cat�ons, the ur�ne and feces from each selected treatment were 
m�xed �n the proport�ons �n wh�ch they were excreted to produce slurr�es, wh�ch were then standard�zed 
at 7% dry matter (DM) content by the addition of water. Two experiments were conducted in which 
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NH3 em�ss�on measurements were made from e�ther fresh (stored for 24 h at 4°C) or stored (two weeks 
at amb�ent temperature, mean 20°C) slurr�es appl�ed to so�l �n the laboratory chambers. 

Results

Nitrogen excretion
From the d�etary prote�n level tr�al, ur�ne N concentrat�on �n HCP was almost tw�ce that �n LCP (Table 
1). There were no significant differences between the protein level treatments in fecal N concentrations 
or �n the volumes of ur�ne and mass of feces collected over the collect�on per�od. The greater N 
concentrat�ons �n ur�ne for HCP resulted �n a sh�ft �n the relat�ve proport�on of N excreted �n ur�ne or 
feces from approx�mately equal amounts �n LCP to a much greater proport�on �n the ur�ne for HCP. 
Based on the concentrat�on and volume outputs, mean hourly total N excret�on per cow over the 
collection period was 30% lower for LCP than HCP.

From the protein form trial, urine N concentration was greatest in BFTL, with no significant differences 
between that of ALF and BFTH (Table 1). There were no significant dietary effects on total N 
concentrat�on �n the feces or �n the volumes of ur�ne and mass of feces collected over the collect�on 
per�od, although there was a suggest�on �n the data that fecal N contents and outputs were greater 
w�th BFTH. Th�s, comb�ned w�th the lower ur�ne N concentrat�on for that treatment resulted �n there 
being a significant shift in the relative proportion of N excreted in the urine and feces from a greater 
proport�on �n the ur�ne for ALF and BFTL to a greater proport�on �n the feces for BFTH. 

Ammonia Emissions from Simulated Deposits to Barn Floor
Protein level. Cumulat�ve NH3 em�ss�ons from the ur�ne and feces �n the chambers over the 48 hour 
measurement period were not significantly different between LCP and HCP (Fig. 1a), although 
when expressed as a proport�on of e�ther the total N (F�g. 1b) or urea N (F�g. 1c) appl�ed losses were 
significantly greater from LCP, as the urine from the LCP treatment had a lower total N and urea N 
concentrat�on. Protein form. Cumulat�ve NH3 em�ss�on over the 48 hour measurement per�od was 
significantly greater from ALF than BFTL and BFTH (Fig. 2a), which were not significantly different, 
�n absolute terms or when expressed as a proport�on of the total N or urea N appl�ed (F�g. 2b and 2c). 

Table 1. Proportion of nitrogen excretion in urine and feces as influenced by dietary protein 
level or form in lactating dairy cattle. Values are the mean for the two (protein level trial) or 
three (protein form trial) cows on each diet. 

Dietary protein level 
trial

Dietary protein form trial 

Low
crude

protein

High
crude

protein

Alfalfa Birdsfoot
trefoil 

low CT 

Birdsfoot
trefoil 

high CT 
Urine [total N] (g L-1) 4.5b 8.5a 7.5b 8.8a 6.7b

Feces [total N] (g kg-1 DM) 20.6 24.4 26.7 29.5 33.1
†Urine volume (L h-1) 1.09 1.05 0.93 1.09 1.07
†Feces volume (kg DM h-1) 0.21 0.17 0.20 0.21 0.30
Relative proportion (%) of total N in:
…urine 52b 68a 55a 60a 40b

…feces 48a 32b 45b 40b 60a

Within each trial, values with different superscripts are significantly different (P < 0.05). 
†Based on total amount collected per cow over the 60 – 100 h collection period which excluded 
times when cows were being milked. 
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Figure 1. Influence of dietary crude protein (CP) content on ammonia emissions from dairy 
cattle urine (8 ml) and feces (8 g) deposited on a simulated barn floor: a) expressed as g N m-2; b) 
as a % of total N applied; c) as a % of the urea N applied. Dietary CP contents: 13.6% ( ) and 
19.4% ( ). Error bars show ± 1 standard error (n=3). 
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Figure 2. Influence of dietary protein form on ammonia emissions from dairy cattle urine (8 ml)
and feces (8 g) deposited on a simulated barn floor: a) expressed as g N m-2; b) as a % of total N 
applied; c) as a % of the urea N applied. Dietary forage legume component: alfalfa ( ); birdsfoot 
trefoil with low tannin content ( ); birdsfoot trefoil with high tannin content ( ). Error bars 
show ± 1 standard error (n=3). 

0 10 20 30 40 50

A
m

m
on

ia
 e

m
is

si
on

, %
 T

N
 a

pp
lie

d

0

5

10

15

20

25

30

Hours after deposition

0 10 20 30 40 50

A
m

m
on

ia
 e

m
is

si
on

, %
 u

re
a-

N
 a

pp
lie

d

0

10

20

30

40

50

60

X Data

0 10 20 30 40 50

A
m

m
on

ia
em

is
si

on
, g

 N
 m

-2

0.0

0.5

1.0

1.5

2.0

2.5

(a)

(b)

(c)



2004 RESEARCH SUMMARY72 2004 RESEARCH SUMMARY

Figure 3. Influence of dietary crude protein (CP) content on ammonia emissions from fresh 
slurry applied to soil: a) expressed as g N m-2; b) as a % of total N applied; c) as a % of the total 
ammoniacal N applied. Dietary CP contents: 13.6% ( ) and 19.4% ( ). Error bars show ± 1 
standard error (n=3). 
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Figure 4. Influence of dietary protein form on ammonia emissions from fresh slurry applied to 
soil: a) expressed as g N m-2; b) as a % of total N applied; c) as a % of the total ammoniacal N 
applied. Dietary forage legume component: alfalfa ( ); birdsfoot trefoil with low tannin content
( ); birdsfoot trefoil with high tannin content ( ). Error bars show ± 1 standard error (n=3). 
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Ammonia Emissions from Slurry Applications to Soil 
Protein level. Cumulat�ve NH3 em�ss�ons over 48 hours from the appl�cat�on of fresh slurr�es to 
soil were significantly greater for HCP than LCP, both in absolute terms and when expressed as a 
percentage of the �n�t�al TAN concentrat�on, but not when expressed as a proport�on of the total slurry 
N content (F�g. 3). Cumulat�ve em�ss�ons over 48 hours from the appl�cat�on of stored slurr�es to so�l 
were also significantly greater for HCP, in absolute terms and as a proportion of the initial total N or 
TAN (data not shown). Protein form. Cumulat�ve NH3 em�ss�ons over 48 hours follow�ng appl�cat�on 
of the fresh slurries to soil were significantly greater for ALF and BFTL than BFTH in absolute terms 
and as a proport�on of the total N appl�ed, but there were no treatment d�fferences as a proport�on of 
TAN appl�ed (F�g. 4). Follow�ng appl�cat�on of the stored slurr�es, cumulat�ve em�ss�ons over 48 hours 
were significantly greater from ALF than either BFTL or BFTH in absolute terms and as a proportion 
of total N applied, but again, there were no significant differences when expressed as a proportion of 
the TAN appl�ed (data not shown). 

Discussion

Nitrogen excretion was reduced by 30% and urinary N excretion by 45% when dietary crude protein 
content was lowered from 19.4 to 13.6%. These values are not based on a full daily collection of urine 
and feces and the poss�b�l�ty that d�fferences �n excretal volumes wh�le the cows were away from the 
stalls cannot be excluded. In add�t�on, the mean hourly rate of excretal output may also have been 
d�fferent wh�le the cows were be�ng moved and m�lked, so mean da�ly output values have not been 
given. However, these results confirm the work of others that N excretion can be reduced by lowering 
d�etary CP content and that the reduct�on �s predom�nantly �n the urea-N content of the ur�ne. 

Measurements from the simulated barn floor trials indicated that cumulative NH3 em�ss�ons would 
cont�nue to �ncrease beyond the 48 h measurement per�od (F�gs. 1 and 2). Th�s �s cons�stent w�th the 
t�me requ�red for complete hydrolys�s of the urea content of the ur�ne, wh�ch has to occur before NH3 
volat�l�zat�on can take place. 

Urea hydrolys�s also appeared to be a l�m�t�ng factor controll�ng em�ss�on rates from the fresh slurr�es 
applied to soil in the protein level trial. Slurry TAN content was only 20% greater for HCP compared 
w�th LCP whereas a much greater d�fference would be expected based on d�fferences �n ur�ne urea N 
concentrat�ons. 

Conclusion

Manipulating the level and form of protein in the diet of lactating cows influenced the amount and form 
of N excret�on and subsequent NH3 emissions from the barn floor and manure management. Reducing 
dietary CP content from 19 to 14% reduced total N excretion and resulted in a greater proportion of 
the N excretion in urine, with an increase in urine N concentration of 90%. Surprisingly, losses from 
a simulated barn floor were similar from both treatments in the short term (48 h), presumably because 
urease act�v�ty was l�m�t�ng, but losses from slurr�es appl�ed to so�l were lower for the LCP treatment 
both �n absolute terms and as a proport�on of the TAN appl�ed. Increas�ng the concentrat�on of CT �n 
the forage legume component of the d�et sh�fted N excret�on from ur�ne to feces and led to reduced 
losses from the barn floor (in absolute terms and as a proportion of urine urea-N applied) and slurries 
appl�ed to so�l (�n proport�on to the reduct�on �n the TAN content of the slurr�es).
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Manure Nutient Management
Nitrogen Availability From Dairy Manure
P.R. Cus�ck, J.M. Powell, K.A. Kell�ng, G.R. Muñoz, and R.F Hensler

Introduction
 
Da�ry manure �s a valuable source of n�trogen (N) for crop product�on.  Accurate est�mates of da�ry 
manure N availability in the first- and subsequent residual-years after application are needed to 
max�m�ze crop N uptake and reduce N losses to the env�ronment.  Th�s study exam�ned da�ry manure 
N ava�lab�l�ty and m�neral�zat�on of da�ry manure components us�ng var�ous methods.

Materials and Methods

Experiment 1: A field trial was conducted at the West Madison Agricultural Research Station, Madison, 
WI on a Plano silt loam (fine-silty, mixed, mesic, Typic Argiudoll) during the 1998 to 2003 cropping 
seasons.  Corn (Zea mays L., c v Lemke 6063) was planted all years of the study.  Treatments include 
five fertilizer N treatments (40, 80,120,160, and 200 lb acre-1) appl�ed every year; two manure rates 
(estimated to provide approximately 80 and 160 lb available N/acre in the first year) applied at various 
�ntervals (every 1, 2, or 3 years) and a no fert�l�zer or manure control.  M�cro plots us�ng manure labeled 
w�th 15N were �ncorporated w�th�n the larger unlabeled plots.  N�trogen ava�lab�l�ty was determ�ned 
us�ng the d�fference, fert�l�zer equ�valence, and 15N �sotope methods.    The apparent recovery method 
compares treatment whole-plant N uptake from the manure treatments to the amount taken up by the 
un-manured control plots.  The fert�l�zer equ�valence method compares manur�al N y�eld or uptake 
responses from where a s�m�lar response �s obta�ned from a fert�l�zer N treatment.  The apparent 
and fert�l�zer equ�valence methods are commonly used for pred�ct�ng the ava�lab�l�ty of n�trogen �n 
manures in first year studies.  The 15N method �s new. 

Exper�ment 2. Da�ry ur�ne and feces were labeled w�th 15N. L�ter bags conta�n�ng 15N-labled manure 
were randomly buried horizontally at 6 inches to the side of the corn row, spaced 9.8 inches apart.  
Bags were excavated dur�ng the corn grow�ng per�od. At the t�me of bag sampl�ng �n 2002, corn plants 
from a non-adjacent row were sampled. 

Exper�ment 3. An �ncubat�on tr�al ut�l�zed a Plano s�lt loam w�th the follow�ng �n�t�al chem�cal 
characteristics: 3.55% total C, 2.56% total organic C, 72 mg kg-1 Bray P1, 2220 mg kg-1 total Kjeldahl 
N, and 7.6 pH.  Soils were amended with 15N labeled and unlabeled da�ry manure components such 
that only one components (feces, ur�ne or bedd�ng) was labeled and the others not labeled. 

Results and Discussion

Exper�ment 1. Manure N ava�lab�l�ty est�mates from th�s study are shown �n Table 1. The apparent 
recovery and 15N methods had the lowest est�mates of manure N ava�lab�l�ty and the fert�l�zer 
equ�valence method had the h�ghest est�mates.  The d�fference method rel�es heav�ly on manure N 
uptake by corn �n the control plots. In th�s study the control plots had h�gh y�elds throughout all study 
years caus�ng low est�mates of apparent manure N ava�lab�l�ty.  The recovery of 15N had the lowest 
var�ab�l�ty of all the methods. 
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This study estimated first-year nitrogen availability from dairy manure to be 19% when averaged 
across all methods.  Currently, the University of Wisconsin Extension recommends that dairy manure 
N availability (based on total N) during the first year to be 30% when surface applied and 40% 
when incorporated within 72 hours. Our estimates appear to be lower than these other sources. One 
explanation for this may be the use of the 15N isotope where others have also found estimates to be 
lower as result of a phenomena inherent to the method and can be explained by “pool substitution” 
whereby soil microorganisms immobilize applied 15N and add 14N to the total N pool. 

This study found second- and third-year N availability to average 9 and 2%, respectively when averaged 
across all methods.  The Un�vers�ty of W�scons�n Extens�on recommends da�ry manure res�dual N 
availability to be 10 and 5% for the second- and third-year after application.  The fertilizer equivalent 
method produced results that were comparable to Un�vers�ty of W�scons�n Extens�on recommendat�ons 
for res�dual da�ry manure N ava�lab�l�ty.  Est�mates us�ng 15N were lower than those obta�ned us�ng 
the fert�l�zer equ�valent method and may be cons�dered a m�n�mum res�dual manure N ava�lab�l�ty.  
Based on th�s and other stud�es, �t �s suggested that second and th�rd year res�dual N ava�lab�l�ty 
from a single application of semi-solid dairy manure would be 9 to 12%, and 3 to 5%, of the original 
manure N application, respectively.  Based on our first-year and residual availability estimates for 
semi-solid dairy manure, producers can be confident in University of Wisconsin recommendations for 
da�ry manure N ava�lab�l�ty.  

Exper�ment 2. Of the total manure N added to the litterbags, an annual average of 67% apparently 
mineralized (data not shown).  The litterbag released 53% and 86% of the mineralizable N pool by 
day 21 �n 2000 and 2002, respect�vely.   Much of th�s m�neral�zed N may be attr�buted to ur�ne, 
which comprised about 42% of the total manure N.  This may suggest that the 45% of N remaining 
�n l�tterbags from our study may rema�n �n so�l organ�c pool for some t�me.   Th�s �nd�cates that the 
manure N during the first year of application may be entering soil N organic pools.  

Exper�ment 3. In the incubation trial, soil samples taken on day 168 from all temperatures and 
treatments were analyzed for �norgan�c 15N to determ�ne �nd�v�dual manure component contr�but�ons 
to m�neral�zed N (Table 2).  Net ur�ne m�neral�zat�on was unaffected (P<0.05) by temperature and 
averaged 55% at the end of the 168 day observation period.  Because total 15N recover�es averaged 
115% (data not shown), providing evidence that manure N was not lost in this experiment, it is likely 

Table 1.  Estimates of first-, second-, and third-year manure N availability using various 
methods.

--------------------------------------Method------------------------------
Manure N 
availability

n† 15N Recovery Apparent recovery Fertilizer Equivalence 

--------------------------------%------------------------------
1st year 6 17 (3.1) ‡ 14 (4.7) 25 (10.5)§ 
2nd year 5 6 (1.1) 8 (6.6) 12 (7.9)§ 
3rd year 4 2 (0.4) 1 (5.8) 3 (9.4) § 

† no. of measurement years in parentheses; 4 reps/year 
‡ Average (standard error) 
§ Data from 2002 excluded. 
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that the remaining 45% urine 15N was exchanged w�th unlabeled N or may have been m�neral�zed and 
subsequently �mmob�l�zed.    

Approximately 19% of applied fecal 15N was mineralized over the 168 d observation period.  Fecal 15N 
mineralization increased significantly with increasing temperature.  Other studies have also shown a 
pos�t�ve relat�onsh�p between temperature and manure N m�neral�zat�on. In vessels where all appl�ed 
manure components were labeled, N mineralization averaged 30% and was unaffected by temperature 
likely dominated by high N mineralization of urine.  This is relatively close to the 35% mineralized N 
der�ved by summ�ng the proport�onate contr�but�on of �nd�v�dual labeled manure N components.      

Conclusion

The use of the stable �sotope 15N prov�ded d�rect, and therefore more prec�se est�mates of da�ry manure 
N availability to corn the first, second and third year after manure application.  Use of 15N labeled 
dairy manure confirmed current University of Wisconsin Extension recommendation on dairy manure 
N ava�lab�l�ty.  Conservat�on of da�ry ur�ne N �s key to manure N ava�lab�l�ty to crops.  Most ur�ne N 
apparently mineralizes during the first few weeks after manure application. A large portion of applied 
manure N that �s not taken up by a crop rema�ns �n the so�l, and may be ava�lable to crops over the 
long term.

Table 2.  Mineralized 15N recovered from various labeled manure components over 
all temperatures at day 168. 

Temp
(ºC)

Urine Feces Bedding All
components

------------------------------% of applied 15N--------------------------
11 44 13 15 24
18 60 18 24 30
25 63 26 25 36

Pt>F 0.054 0.003 <0.001 0.088
LSD, 0.05 16.2 5.7 3.5 10.4
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Livestock Manure used as Fertilizer or Fuel
J. M. Powell

Introduction

In the US, an�mal agr�culture accounts for approx�mately $100 b�ll�on annually, or half of all farm sales. 
The manure produced by da�ry and beef cattle, poultry and sw�ne conta�ns vast amounts of n�trogen 
and phosphorus (Table 1) that �n some reg�ons can be land appl�ed at agronom�c rates on farms where 
�t �s produced. Manure prov�des essent�al and secondary nutr�ents for crop product�on, �ncreases so�l 
organ�c matter levels, and enhances so�l phys�cal propert�es and overall so�l qual�ty. Manure also 
contains energy that can be converted into fuel. This paper summarizes potential agronomic benefits 
and pollut�on hazards assoc�ated w�th land-appl�cat�on of manure, followed by a br�ef d�scuss�on of 
the �ncreas�ng attract�veness of us�ng manure as fert�l�zer and energy �n the current era of h�gh energy 
costs.

Manure as a fertilizer for crop production

N�trogen (N) �s the most l�m�t�ng nutr�ent to cereal crop product�on so the fert�l�zer value of manure 
�s usually equated to �ts ab�l�ty to prov�de N to a succeed�ng crop. Manure N ava�lab�l�ty for use by 
crops is highly influenced by its ammonium content (Fig. 1), which depends on the amount of urine 
N conserved. Organ�c N �n feces and bedd�ng �s more slowly released than ur�ne N, and cont�nues to 
m�neral�ze and be ava�lable for crop uptake years after appl�cat�on. If and when manure �s �ncorporated 
also affects the ava�lab�l�ty of manure N to crops. 

Two approaches are commonly used to est�mate the fert�l�zer N value of manure; (1) apparent manure 
N recovery by crops (�.e., the d�fference method, or d�fference �n crop N uptake �n plots that rece�ved 
and d�d not rece�ve manure); and (2) compar�son of crop response w�th approx�mately equ�valent 
rates of commercial fertilizer (i.e., the fertilizer equivalence approach).  A ‘decay series’ is developed 
that pred�cts the proport�on of manure N ava�lable the 1st, 2nd and 3rd year after appl�cat�on.  A recent 
summary of approx�mately 90 tr�als conducted between 1931 and 2002 across a w�de range of so�ls and 
env�ronmental cond�t�ons and found that 1st year manure N ava�lab�l�t�es were remarkably cons�stent 
within animal species and averaged 36% for dairy, 32% for beef, 27% for sheep, 51% for poultry and 
62% for swine.  However, averages tend to obscure within-study variability. For example, using the 
difference method and the fertilizer equivalent approach estimates of corn N uptake during the first 

Table 1. Manure nitrogen and phosphorus available for application to cropland in the US, 
1997

Animal Type Manure nitrogen Manure phosphorus 

------------------1,000 Mg-------------------
Dairy cattle 288.2 110.6
Feedlot beef cattle 176.8 115.2
Other cattle 59.2 49.1
Poultry 552.8 251.2
Swine 124.3 125.5
Total 1,201.3 651.6

1
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year after dairy manure application ranged from –60 % of applied N (a negative value obtained when 
crop N uptake in non-manure control plots is greater than manure-amended plots) to 148% (values > 
100% obtained when crop N uptake exceeds N additions). The use of manure labeled with the stable 
�sotope 15N prov�des a more d�rect and less var�able measure of manure N ava�lab�l�ty to crops. 

Manure appl�cat�ons prov�de crop y�elds comparable or super�or to y�elds w�th �norgan�c fert�l�zer. The 
beneficial effects of manure are due not only to nutrients, but also improvements in soil organic matter 
content (SOM), soil structure and tilth. Improvements in infiltration, soil aggregation and bulk density 
due to manure appl�cat�on can reduce runoff and eros�on. SOM enhancement due to manure �ncreases 
so�l cat�on exchange and buffer�ng capac�t�es, wh�ch enables manure-amended so�ls to reta�n nutr�ents 
(and chem�cals such as pest�c�des) for longer per�ods of t�me. SOM �ncreases carbon sequestrat�on 
�n so�ls, wh�ch m�t�gates the effects of r�s�ng atmospher�c CO2 levels on global cl�mate.  However, 
manure may also prov�de soluble carbon and n�trates, wh�ch can enhance N2O em�ss�ons from so�l and 
contr�bute to global warm�ng. 

Limitations to using manure as a fertilizer 

Effect�ve recycl�ng of manure nutr�ents through crops presents many challenges. For example, to 
achieve analytical results with a 95% confidence interval with a 10% probable error for manure N 
content, 1, 55 and 17 subsamples are required for dairy compost, chicken manure and stockpiled beef 
manure, respect�vely. Another factor that �nh�b�ts good manure management �s the large d�fference �n 
the N:P ratio of manure vs. the N:P requirements of crops.  Applying sufficient manure to meet crop 
N requ�rements usually results �n excess�ve P appl�cat�on, wh�ch can �ncrease the hazard of so�l P 
bu�ldup and loss �n runoff. The N:P rat�o of manure can be al�gned to the N:P requ�rements of crops by 
removing unnecessary mineral P supplements from animals’ diets and through conservation of manure 
N.  

Figure 1. Availability of manure N for crop uptake

Ammonium Nitrogen
Organic Nitrogen

Total Manure Nitrogen

Ammonium N  % Available

Sidedressed
   Incorp.       100 
   Sprinkler Irrig.        50 

Preplant application 
& incorporation 

   Immediately           95 
   1-day later              50 
   2-days later            25 
   3-days later            15 

Not incorporated       5 to 20 

Fall application for 
spring planting         0 

Organic N  % Available 

from present
application

Solid   25
Stored liquid 35
Composted 20

Organic N from 
1 year ago 12
2 years ago  5
3 years ago                     2

1
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The prox�m�ty of where manure �s produced and crops are grown �s key to manag�ng manure for 
its agronomic benefits. During the early to mid part of the last century, crops and livestock were 
operat�onally and funct�onally l�nked enterpr�ses. Most feed was homegrown and N prov�ded by 
legumes and manure susta�ned crop y�elds. The �ntroduct�on of �nexpens�ve fert�l�zers and �nexpens�ve 
transport costs allowed crops to be grown �n one locat�on and l�vestock produced �n another. On many 
farms, manure became an undes�rable byproduct and any connotat�on of �ts �ntr�ns�c fert�l�zer value 
was replaced with a ‘waste’ mentality. Specialization in livestock is most pronounced in feedlot cattle, 
sw�ne and poultry �ndustr�es. Espec�ally s�nce the m�d-1980s, the average herd s�ze on U.S. da�ry farms 
has grown markedly, and m�lk product�on �s becom�ng concentrated on the largest farms. The trend 
towards fewer and larger farms for all l�vestock types has he�ghtened publ�c concern about pollut�on. 

When m�smanaged, manure has the potent�al to pollute a�r, land and water resources. Over the past 
decade, env�ronmental pol�cy has focused on ways to �mprove manure management and arrest the bu�ld 
up of so�l test P, runoff, and the pollut�on of lakes, streams and other surface water bod�es. Emerg�ng 
env�ronmental pol�cy �s a�med at abat�ng the em�ss�on of a�r pollutants from an�mal agr�culture.  

Major pathways of manure N losses are em�ss�ons of the gasses NH3, N2O and N2, and the leach�ng 
of NO3. Ammonia loss range from 30 to 40% of total N excreted. Nitrate losses typically range 
from 10 to 30% and denitrification 2 to 5% of total N applied.  High nitrate leaching contaminates 
groundwater and increase losses of N via denitrification.  Although denitrification may constitute only 
a small percentage of appl�ed manure N, N2O contr�butes to global warm�ng and ozone deplet�on. The 
h�ghly �nteract�ve nature of manure N transformat�ons and pathways of N loss necess�tate that manure 
management be based on an understand�ng of the tradeoffs �nvolved �n conservat�on of one N form and 
concom�tant �ncreases �n other N losses. For example, manure �nject�on �nto so�l to reduce ammon�a 
loss (and �mprove a�r qual�ty) may �ncrease n�trate leach�ng (and reduce ground water qual�ty) and 
increase denitrification (greenhouse gas formation). 

Nutrient management planning

Nutr�ent loss from agr�culture, as well as natural ecosystems are �nev�table. A cont�nuous challenge �s 
to enhance nutr�ent use by crops and l�vestock and m�n�m�ze nutr�ent loss through good management.  
Animal nutrition, field, whole-farm and landscape models have been developed to improve nutrient 
management on crop-l�vestock farms. Wh�le of great use �n pred�ct�ng b�ophys�cal outcomes (e.g., 
feed nutr�ent use by l�vestock and excret�on �n manure, fert�l�zer and manure nutr�ent use by crops, 
soil nutrient buildup and loss), most models do not address social and economic factors that influence 
farmers’ ability and willingness to adopt alternative practices.  A manure management plan must be 
pract�cal to be effect�ve. A sl�ghtly �mperfect, less comprehens�ve, but pract�cal plan w�ll almost always 
prov�de more des�red results than a more compl�cated one that �s not pract�cal to �mplement. 

Manure, fuel production and use

A pr�nc�pal strategy to fac�l�tate manure management has been to �mprove manure handl�ng and storage. 
Most dairy and swine manure is now flushed from housing, and manure is stored in outside lagoons. 
The widespread expansion of flush and lagoon systems was premised on labor efficiency and the notion 
that storage would fac�l�tate calculat�on of manure nutr�ents ava�lable and allow for land appl�cat�on 
dur�ng favorable weather cond�t�ons and close to crop nutr�ent demands. However, anaerob�c manure 
lagoons accounted for approximately 7% of the global methane emissions in 1991, a figure that has 
likely increased substantially. Covered lagoons, complete mix digester systems, and plug flow digester 
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systems can capture methane that can be converted �nto energy and used for electr�c�ty product�on, 
heat�ng and cool�ng. The cost effect�veness of methane recovery and energy convers�on �s becom�ng 
�ncreas�ngly attract�ve �n areas were l�vestock concentrat�ons, and therefore the supply of manure, �s 
high enough to produced sufficient energy competitive with classical energy sources.

The use of manure as a subst�tute for fert�l�zer N may become more attract�ve as energy costs �ncrease. 
Natural gas is used to produce a large fraction of fertilizer N, and natural gas accounts for 75-90% of 
the cost of mak�ng anhydrous ammon�a.  Conserv�ng manure N may be of much greater �mportance 
as energy costs cont�nue to escalate.  Furthermore, �t w�ll reduce carbon d�ox�de (greenhouse gas) 
generat�on dur�ng the manufacture of N fert�l�zer.

Conclusion

Manure benefits crop production through its fertilizer value and enhancement of soil physical properties 
and overall so�l qual�ty. The fert�l�zer N value of manure depends on the conservat�on of ur�ne N. 
Approximately 25-35% of the N contained in manure of ruminant livestock (beef and dairy cattle, 
sheep) is available to the plant the season following application vs 50-60% for poultry and swine.  
As livestock and crop production become more specialized, it becomes more difficult to conserve 
manure nutr�ents and recycle them through crops. Manure N losses v�a ammon�a volat�l�zat�on, n�trate 
leaching and denitrification, and manure P losses in runoff are the principal pollution concerns. The 
economics of practices that enhance manure’s fertilizer value, and capture of methane during manure 
storage may become �ncreas�ngly attract�ve �n the current era of h�gh energy costs.

Use of the Logic Model to Build Partnerships for Understanding and Abating 
Ammonia Emissions from Dairy Farms
J. Mark Powell, E. Taylor-Powell, R. Klemme, T. Johnson, L. Bruss, and T. M�sselbrook 

Introduction

Partnersh�ps are key to understand�ng and solv�ng complex �ssues fac�ng agr�culture.  Yet, producers, 
agr�cultural research and extens�on, agr�bus�ness, and pol�cy makers often have d�fferent �nterests 
and mandates and therefore d�fferent approaches to the development and �mplementat�on of 
technologies that enhance farm profitability and environmental performance. All stakeholders need 
a common understand�ng of the real and perce�ved r�sks of alternat�ve technolog�es and pol�c�es, 
and the�r compat�b�l�ty w�th ex�st�ng product�on pract�ces. To create th�s common understand�ng and 
a jo�nt act�on plan for abat�ng ammon�a em�ss�ons from da�ry farms, a mult�-stakeholder group of 
research, extens�on and pol�cy makers used a log�c model framework.  The log�c model prov�ded an 
organ�zat�onal framework that focused d�scuss�on and understand�ng �n order to �dent�fy the �nputs, 
act�v�t�es and outputs of each partner to create an act�on plan and a process for ach�ev�ng agreed upon 
des�red outcomes. 

The nat�onal trend towards fewer and larger l�vestock farms has he�ghtened publ�c concern about 
water and a�r pollut�on. Over the past several years, env�ronmental pol�cy related to an�mal agr�culture 
has focused on land appl�cat�on of manure, espec�ally how to stop or reverse so�l phosphorus (P) bu�ld 
up, runoff, and the subsequent pollut�on of lakes, streams and other surface water bod�es.  Pol�cy �s 
now aimed at reducing air emissions from animal agriculture.  For Wisconsin, “America’s Dairyland”, 
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a�r em�ss�ons relate d�rectly to ammon�a.  Most of the n�trogen conta�ned �n the ur�ne excreted by da�ry 
cows can be transformed rap�dly and em�tted as ammon�a gas. Two �mpacts of em�tted ammon�a are 
of pr�nc�pal concern:

(1) Em�tted ammon�a comb�nes w�th compounds �n the upper atmosphere to form part�culates. These 
part�culates have been related to haze �n urban areas, and also have been attr�buted to a var�ety of adverse 
health effects, �nclud�ng premature mortal�ty, chron�c bronch�t�s, asthma, and hosp�tal adm�ss�ons. 

(2) When deposited in natural ecosystems, ammonia contributes to ecosystem fertilization, acidification, 
and subsequent “age�ng”. Th�s n�trogen (N) �nput from ammon�a can cause dramat�c sh�fts �n the 
vegetation, enhancing grass growth and fire hazards in some areas.
Under the federal Consol�dated Em�ss�ons Report�ng Rule, each state w�ll be requ�red by 2004 to 
report a�r em�ss�ons to the US Env�ronmental Protect�on Agency (EPA). These est�mates w�ll be used 
�n a�r qual�ty regulat�ons to control the a�r-borne part�culates and haze that affect many reg�ons of the 
US. 

Establishing the partnership

To respond to the need for quant�tat�ve �nformat�on on ammon�a em�ss�ons, the “Partnersh�p �n 
Understand�ng and Abat�ng Ammon�a Em�ss�ons from W�scons�n Da�ry Farms” was created �n 
March 2004.  A number of factors came together at th�s part�cular t�me to cause the creat�on of th�s 
partnersh�p:   

1) Producer concern was r�s�ng about the �mpend�ng ammon�a em�ss�on regulat�ons and effect on 
the�r bus�ness.
2) W�scons�n was requ�red to report an ammon�a em�ss�ons �nventory to USEPA;
3) Fund�ng became ava�lable to do ammon�a em�ss�on research;

The partnersh�p �ncluded four pr�nc�pal stakeholder groups w�th d�verse �nterests:  

1) Research: USDA-Agr�cultural Research Serv�ce, Da�ry Forage Research Center and Un�vers�ty of 
W�scons�n, College of Agr�cultural and L�fe Sc�ences;
2) Extens�on: W�scons�n Agr�cultural Stewardsh�p In�t�at�ve (WASI)
3) Pol�cy: W�scons�n Department of Natural Resources
4) Producers: Profess�onal Da�ry Producers of W�scons�n (PDPW)

The �n�t�al purpose, br�ng�ng the partners together, was to plan an “Ammon�a Em�ss�ons Workshop”.  
Dur�ng the �n�t�al plann�ng meet�ngs, �t became clear that future workshops focus�ng on research, 
technology transfer and pol�cy would be warranted and cont�nued collaborat�on would be advantageous.  
Rather than an ad hoc approach, the partners dec�ded to th�nk more long-term and plan for ongo�ng 
collaborat�on.  The research and extens�on members of the workshop plann�ng comm�ttee had 
exper�ence �n us�ng the log�c model �n other plann�ng and evaluat�on efforts.  It was felt that the log�c 
model could prov�de a way for the partners to clar�fy the�r work together, art�culate the�r jo�nt des�red 
outcomes and future research act�v�t�es. 
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The logic model

The research and extension members crafted the first model. It was brought to the group for discussion 
and modifications were incorporated. The current partnership model is illustrated in Figure 1.  It 
dep�cts outcomes for the partnersh�p process that are necessary �n order for the act�v�t�es the partnersh�p 
undertakes to be ach�eved.  It shows the role of the �nd�v�dual stakeholders and how they �nterrelate 
and contr�bute to the ach�evement of the ult�mate goal, reduct�on �n ammon�a em�ss�ons.  Th�s overall 
log�c model has helped fac�l�tate d�scuss�on, understand�ng and d�rect�on among the partners.  It �s 
cons�dered a roadmap that h�ghl�ghts and commun�cates the end dest�nat�on and route for gett�ng 
there.  

A component research log�c model (F�g. 2) was developed as a research plann�ng exerc�se. It dep�cts, 
�n more deta�l, the act�v�t�es and outcomes for the research component that feeds �nto the overall effort 
(overall log�c model).  Th�s component log�c model was shared w�th the other partners and m�nor 
modifications were made as a result.   

Figure 1.  Logic Model: Partnership in Understanding and Abating Ammonia Emissions from Wisconsin Dairy Farms 

INPUTS ACTIVITIES OUTPUTS

SITUATION:  Ammonia is a potential human health and environmental concern. No organized, unified effort exists to understand ammonia
emissions processes and use this information to develop policy and adoptable practices that enhance ammonia capture on dairy farms.
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Conclusion

The log�c model framework helped the partnersh�p create a synops�s of �n�t�al act�v�t�es and �n�t�ate a 
process of plann�ng future work. It helped us understand the nature of our partnersh�p and the value 
of work�ng collaborat�vely.  It helped us focus on and art�culate an ult�mate end goal and �dent�fy the 
contr�but�ons of each partner �n  ach�ev�ng that des�red end result.   It has g�ven us a one-page p�cture 
that commun�cates how we w�ll work together.  We w�ll cont�nue to rev�s�t the log�c models to: 
•	 Further refine the individual contributions to the whole and the performance necessary from each 
partner;
•	 Analyze alternat�ve strateg�es for ach�ev�ng our des�red end state;
•	 Refine the series of connections and plausible chains of outcomes;
•	 Create more specific work plans for accomplishing our goals;
•	 Ident�fy ways to measure our �nd�v�dual contr�but�ons and the success of the whole partnersh�p.  

Figure 2.  Research Logic Model:  Partnership in Understanding and Abating Ammonia Emissions from WI Dairy Farms
SITUATION:  Current research knowledge related to ammonia emissions from dairy farms is inadequate. 
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Factors that Impact Manure Management and Policy on Wisconsin Dairy Farms
J. Mark Powell, H. Saam, D. McCrory, D. Jackson-Sm�th 

Introduction

Federal and state agenc�es have �ncreas�ngly focused env�ronmental, an�mal agr�culture regulat�ons 
on the amount and t�m�ng of manure appl�cat�on to cropland. The current regulatory focus �s on large 
l�vestock operat�ons under the assumpt�on that they produce the most manure, and therefore pose the 
greatest env�ronmental r�sk.  However, �t �s becom�ng �ncreas�ngly ev�dent that farms of all s�zes can 
generate negat�ve env�ronmental �mpacts. It often has been suggested that econom�es of s�ze, more 
modern technolog�es and potent�ally h�gher management sk�lls assoc�ated w�th large-scale operat�ons 
may put these operat�ons at a decreased potent�al to pollute �n relat�on to smaller, outdated fac�l�t�es.

Env�ronmental pol�cy for controll�ng agr�cultural pollut�on g�ves very l�ttle recogn�t�on to the d�verse 
biophysical and socioeconomic conditions farmers face, and how these factors influence farmer ability 
to control pollut�on from the�r farms. It �s often assumed that pollut�on �s s�mply a matter of cho�ce, 
and that pol�cy should “exam�ne the quest�on of how to �nduce farmers who cause water qual�ty 
damages through the�r cho�ce of product�on pract�ces to adopt pollut�on prevent�on and pollut�on 
control pract�ces that are cons�stent w�th soc�etal env�ronmental qual�ty object�ves”.  We contend that 
most livestock producers do not chose to adopt practices that pollute, but rather some find themselves in 
environments that limit management choices. This paper summarizes recent findings related to manure 
collect�on, stock�ng dens�ty, feed�ng pract�ces, so�ls and weather, and soc�o-econom�c factors that 
affect manure management behav�or, and how th�s �nformat�on may be cons�dered when formulat�ng 
pol�cy a�med at �mprov�ng the env�ronmental performance of W�scons�n da�ry farms.

Balancing Animal Numbers with Cropland Area for Manure Spreading

An alternat�ve (or add�t�ve) to the current herd s�ze or watershed �nd�cators for target�ng manure 
management pol�cy �s an�mal dens�ty, expressed �n terms of the number of an�mals per un�t area of 
cropland.  An�mal dens�ty �s �ncreas�ngly be�ng used �n Europe and �n certa�n parts of the U.S.  The 
strength of us�ng an�mal dens�ty as a regulatory standard l�es �n �ts ab�l�ty to prov�de a relat�vely 
straightforward indicator of a farm’s nutrient balancing potential.  By characterizing the relationship 
of an�mal numbers (and the manure they produce) to the ava�lable cropland area for manure ut�l�zat�on, 
an�mal dens�ty addresses the core movement of nutr�ents w�th�n the farm nutr�ent cycle.  W�thout 
adequate cropland on wh�ch to recycle manure nutr�ents, farms of all s�ze have an �ncreased potent�al 
for nutr�ent loss.  

Having sufficient cropland for agronomic manure application rates is a key aspect of nutrient 
management planning.  There is a direct relationship between a dairy farm’s ability to grow feed for 
its herd and the farm’s manure recycling potential. A recent survey of 98 representative dairy farms 
in Wisconsin showed that farms having stocking rates of less than 0.70 animal units (AU = 454 kg 
animal) per hectare (or 1.7 acres per cow) are self-sufficient in forage and grain production, and 
therefore have adequate cropland area for recycling manure phosphorus (P). Approximately 50% of 
Wisconsin dairy farms are self-sufficient forage/grain, 68% produce 90% of their forage/grain and 
80% produce 80% of their annual forage/grain requirement. 

Another study of approximately 800 dairy farms showed that 95 percent of Wisconsin dairy farmers 
have sufficient cropland for recycling manure according to a N-based nutrient management standard 
(F�g. 1). Calculat�ng an�mal dens�ty based on just the t�lled port�on of total cropland area decreases 
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this value to 79% of dairy farms   Implementation of a P-based standard reduces the overall amount 
of cropland available for manure application, and a large proportion of Wisconsin dairy farms (37% 
based on total cropland and 75% based on tilled cropland) would lack sufficient land area for recycling 
manure P.  When the area of cropland on wh�ch manure �s actually spread �s used to calculate an�mal 
dens�ty, �t �s clear that the major�ty of farms do not currently meet e�ther manure N- or P-based land 
appl�cat�on standards.

Linkage Between Feeding Practices and Manure Nutrient Recycling

Wh�le the concept of us�ng an�mal dens�ty as an �nd�cator of nutr�ent balanc�ng potent�al �s fa�rly 
transparent, certa�n assumpt�ons about feed�ng pract�ces and the land base ava�lable for manure 
appl�cat�on need to be cons�dered.  For example, feed�ng pract�ces can have a dramat�c effect on 
manure P levels and the amount of land needed to recycle manure P.  Research shows that excess�ve P 
feed�ng to da�ry cows �ncreases total and water-soluble P �n manure and the amount of P �n runoff after 
manure has been land-appl�ed. 

Over the past 2-3 years, many W�scons�n da�ry farmers have reduced the d�etary P content of the�r da�ry 
cows’ diet without sacrificing milk production, milk quality, or the herd’s reproductive performance. 
Further reduct�ons �n d�etary and therefore manure P can be atta�ned by restr�ct�ng the use of m�neral 
P supplements, and encourag�ng the use of prote�n supplements that have a more favorable crude 
prote�n:P balance. The drawback to th�s approach may be cost. S�nce env�ronmental �mprovements do 
not currently have direct economic benefits, it is continues to be rational for farmers to select protein 
supplements based on least cost, regardless of the�r P content.

Figure 1. Distribution of Wisconsin dairy farm abilities to meet manure nitrogen and phosphorus 
standards based on cropland used for manure spreading. 
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Regional Differences in Manure Management

Although most Wisconsin dairy farms have sufficient cropland for spreading manure, there is a large 
“manure gap” between cropland areas ava�lable for manure appl�cat�on and the cropland area that 
actually rece�ves manure, and th�s “manure gap” var�es depend�ng on the reg�on of the state. For 
example, dairy farmers in the northeast (NE) spread manure on only 23% of their total operated cropland 
area versus 30% in the south central (SC) and 44% in the southwest (SW) regions of the state. Farmers’ 
�nab�l�ty to use a greater proport�on of the�r cropland area for manure spread�ng may be due to var�ous 
factors, such as (1) the presence or absence of manure storage fac�l�t�es; (2) labor ava�lab�l�ty and 
mach�nery capac�ty for manure spread�ng; (3) the amount of manure actually collected, and therefore 
that needs to be spread on cropland; and (4) var�at�ons �n the manure “spread�ng w�ndow”, or days that 
manure can be spread g�ven reg�onal d�fferences �n weather and so�l cond�t�ons. Manure spread�ng �s 
also related to distances between where manure is produced and fields where manure is applied and to 
land ownersh�p; as the percent of land owned �ncreases so does percent of total cropland that rece�ves 
manure. 

The ab�l�ty of farmers to ut�l�ze as much of the�r cropland as poss�ble for manure appl�cat�on �s l�kely 
to be cruc�al �n comply�ng w�th future state-w�de nutr�ent management regulat�ons.  Inherent reg�onal 
so�l and cl�mate d�fferences may ex�st wh�ch h�nder farmers from one area �n ach�ev�ng th�s goal as 
read�ly as those �n another reg�on. In the study of manure spread�ng d�fferences between the NE and 
SW reg�ons of W�scons�n, �t was postulated that reg�onal d�fferences �n so�l type and weather may 
affect manure spread�ng behav�or. The SW reg�on �s character�zed by s�lt loam so�ls of relat�vely h�gh 
permeability and drier field conditions in the spring and fall. In contrast, the NE is characterized by more 
finely textured and less permeable clay and red loam soils. A recent analysis of the impact of regional 
d�fferences �n so�l type and weather cond�t�ons on the number of su�table days for manure appl�cat�on 
v�a surface spread�ng and t�llage and/or manure �nject�on �nd�cated that farmers �n the SW may have 
approximately 28% more Fall days for surface application of manure and 60% more days available for 
t�llage and �nject�on operat�ons than the NE reg�on of the state (F�g. 2). Th�s may enable them to access 

greater port�ons of the�r cropland 
and more read�ly comply w�th 
manure management regulat�ons 
than the�r NE counterparts.  The 
major reason for d�fferences 
was due to so�l type, rather than 
weather. 

Figure 2. Suitable days for manure surface application (SA), tillage and injection (T&I)
for the southwest (SW) and northeast (NE) regions of Wisconsin
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Spatial Arrangement Between Barns and Fields

The spat�al arrangement between where the an�mals are housed (and where the manure �s produced) 
and the location of fields can greatly affect manure management. Farmers apply manure more often to 
fields that are close to the barn, than to distant field, which are often rented land. Spreading on distant 
fields may be very time and energy consuming, and hence not an economically viable option.  

As da�ry farmers expand herd s�ze, access to close-by or cont�guous rented land parcels �s becom�ng 
increasingly difficult. This appears to be particularly true in the NE region of Wisconsin where farmers 
have greater difficulty than in other regions in finding access to close-by rented land parcels.  Farmers 
in northeast Wisconsin spread manure on a much smaller fraction (23%) of their total cropland base 
than farmers �n the southwest reg�on of the state.

Evidence from several on-farm follow-up visits suggest that farms in the NE are more likely than 
farms in other regions of the state to be renting fields that are more distant from the barn and more 
difficult to access without transporting manure on heavily traveled commuter roads.  This could 
create additional disincentives for farmers in this region to spread on their rented cropland, compared 
to areas with lower development pressure.  Policy can create incentives that promote closer linkages 
between crops and livestock. For example, manure contracts among crop and dairy farmers can 
reduce manure hauling distances. Such area-wide integration of crops and livestock is the most 
energy and nutrient efficient form of crop and livestock production.

Conclusions

Current pol�cy approaches may not fully cons�der the env�ronmental �mpl�cat�ons of �mportant manure 
management opt�ons, such as the balance between cow numbers and cropland ava�lable for manure 
land-spread�ng, opt�mal feed�ng, and farmer ab�l�ty to collect and land-spread manure under the d�verse 
b�ophys�cal and soc�oeconom�c cond�t�ons they face. Be�ng able to match l�vestock numbers w�th an 
adequate land base for manure appl�cat�on �s an �ntegral part of good nutr�ent management.  It creates 
a balance between l�vestock numbers, the amount of forage and gra�n they need and the amount of 
manure produced, thereby reduc�ng the need for off-farm feed purchases, manure exportat�on, and the 
overall l�kel�hood of nutr�ent accumulat�on and loss. From a pol�cy perspect�ve, unl�ke water qual�ty-
based indicators that are difficult to measure and attribute to farm practices, animal density can be 
accurately assessed on each farm at low costs.

An�mal dens�ty may prov�de a useful, and s�ze-neutral �nd�cator for target�ng regulatory overs�ght 
�n W�scons�n, and perhaps be an effect�ve way to target l�m�ted cost-shar�ng mon�es toward h�gh-
dens�ty operat�ons s�tuated �n landscapes that are at greatest r�sk for nutr�ent loss.  These h�gh-dens�ty 
operat�ons w�ll l�kely requ�re the greatest ass�stance �n adher�ng to nutr�ent management standards.  
An an�mal dens�ty standard would also prov�de a much-needed framework for plann�ng da�ry herd 
expans�ons.  
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Value Added Product Processing
Novel Bio-Based Adhesives Produced by Fermentation of Alfalfa Fiber
P.J. We�mer, R.G. Koegel, L.F. Lorenz, C.R. Fr�hart, and W.R. Kenealy

Introduction

Fermentat�ons of cellulos�c b�omass to produce fuel ethanol are not yet commerc�ally v�able, due 
to the h�gh cost of enzymes for hydrolyz�ng cellulose to fermentable sugars, and to the lack of 
add�t�onal co-products that add value to the fermentat�on. A prom�s�ng route to ethanol product�on 
�s  “consol�dated b�oprocess�ng” (CBP), �n wh�ch the cellulos�c mater�als are fermented by anaerob�c 
bacter�a that produce the�r own polysacchar�de-hydrolyz�ng enzymes, and that ferment the result�ng 
ol�gomers to ethanol.  We have prev�ously reported that the res�dues from cellulose fermentat�on by 
the rum�nal bacter�um Ruminococcus albus, a potent�al CBP organ�sm, d�splays adhes�ve propert�es 
that may be useful for wood-bond�ng appl�cat�ons.  The present study was carr�ed out to determ�ne �) 
if the fermentation residue from a more commonly available biomass, alfalfa fiber, could also serve as 
a b�o-based adhes�ve; and ��) �f another CBP organ�sm, Clostridium thermocellum, can also produce 
such a res�due.

Methods

Alfalfa fiber was obtained by a wet-fractionation process that separated expressed juice (containing 
most proteins, sugars, and other soluble materials) from a residual fiber fraction (largely stem material 
w�th some leaf mater�al), as follows:  Freshly-cut alfalfa (Medicago sativa L.) was passed, sequent�ally 
through a hammer mill and  a multi-cone press and the retained solids (alfalfa fiber) were air-dried 
indoors on a tarpaulin. Approximately 75% of the original dry matter was retained in the fiber fraction. 
The resulting fiber chopped and then was ground through a Wiley mill (1 mm screen size). No additional 
pretreatment of this fiber fraction was performed prior to their use in the culture media.  

R. albus 7 and C. thermocellum ATCC 27405 were grown under CO2 at 300 liter scale in Modified 
Dehority medium(MDM) containing 1.5 kg of alfalfa fiber.  After 48 h incubation, the fermentation 
residue (containing incompletely fermented alfalfa fiber, adherent bacterial cells, and their extracellular 
polysaccharide) was collected on a plate-and-filter press and freeze dried. The solids were ground to 
various particle sizes in a Wiley mill (0.5 mm screen), then used to formulate adhesive pastes in 
the presence or absence of var�ous add�t�ves commonly used �n plywood manufacture.  Adhes�ve 
formulat�ons were used to prepare dupl�cate three-ply aspen panels, wh�ch were pressed at 1.14 MPa 
(165 lb in-2) and 180 oC for 5 min, yielding a three-ply panel 9.5 mm thick.  After conditioning, the 
panels were tested for shear strength and wood fa�lure, us�ng standard tests of the Nat�onal Inst�tute 
for Standards and Technology. 

Results and Discussion

Test�ng of the result�ng plywood panels (F�g.1) revealed that the dr�ed fermentat�on res�due from e�ther 
bacter�um d�splayed poor shear strength and wood fa�lure under wet cond�t�ons, typ�cal of b�o-based 
adhes�ves.  However, the fermentat�on res�dues were able to serve as an effect�ve co-adhes�ve �n the 
presence of phenol-formaldehyde (PF). When formulated to contain 30% of its total dry weight as 
fermentat�on res�due the fermentat�on res�due/PF compos�te d�splayed shear strength and wood fa�lure 
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values under both wet and dry cond�t�ons that were comparable to those of �ndustry standards for PF 
that contained much smaller amounts of fillers or extenders. By contrast, PF adhesives prepared with 
30% of dry weight as either unfermented alfalfa fiber or conventional fillers or extenders, rather than 
as fermentat�on res�dues, d�splayed poor performance, part�cularly under wet cond�t�ons. 

Testing of fermentation residue of various particle size classes in adhesives formulated at 30% 
fermentat�on res�due (dry we�ght bas�s, balance PF res�n) revealed that part�cle s�ze had l�ttle effect on 
shear strength of the result�ng panels.  However, part�cle s�ze strongly affected wood fa�lure values, 
with optimum adhesive performance obtained with fermentation residue ground to 75 µm or less in 
particle size.  Because only this fraction represented only 19% of the dry weight of 0.5 mm-Wiley 
m�lled fermentat�on res�due used �n F�g.1, �t �s l�kely that substant�al performance advantages would 
be ga�ned from more v�gorous s�ze reduct�on pr�or to use of the fermentat�on res�due �n the adhes�ve 
formulat�on.  

Conclusions

The res�due from fermentat�on of wet-fract�onated alfalfa by R. albus or C. thermocellum d�splays 
potent�al as a co-adhes�ve w�th phenol-formaldehyde �n plywood manufacture that could substant�ally 
reduce the use of th�s petroleum-der�ved mater�al.  Consequently, the fermentat�on res�due thus has 
potential to add value to a CBP fermentaion of alfalfa fiber to ethanol. Additional research should focus 
on economical particle size reduction of the residue, along with modification of pressing conditions to 
�mprove performance. 
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F�gure 1: Shear strength (panel A) and wood fa�lure (panel B) data for plywood adhes�ves formulated 
w�th phenol-formaldehyde res�n and var�ous add�t�ves:  GLU-X/WSF, equal we�ghts of GLU-X wheat 
bran flour and walnut shell flour, UFA, unfermented alfalfa fiber; Ra, residue of R. albus alfalfa fiber 
fermentat�on; Ctc, res�due of C. thermocellum alfalfa fiber fermentation. Values in parentheses on 
the vert�cal ax�s �nd�cate percentages (dry we�ght bas�s) of add�t�ve, w�th rema�nder be�ng alkal�ne 
phenol-formaldehyde. abc: Different letters indicate significant differences (P<0.01) in shear strength 
or wood failure under dry conditions. wxyz: Different letters indicate significant differences (P<0.01) 
�n shear strength or wood fa�lure under wet (vacuum/pressure/soak) cond�t�ons. The �ndustry standard 
for wood failure is 85%.
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U.S. DAIRY FORAGE RESEARCH CENTER 
ANNUAL DAIRY OPERATIONS REPORT 

JANUARY 2005 (for 2004) 

JILL A. DAVIDSON - HERD MANAGER 

HERD STATISTICS                   CHANGE FROM  
Herd Inventory         PREVIOUS YEAR 

  Milking cows   274      - 30 
  Dry cows      52      - 1 
   average cow age   45 months            0 
   percent first lactation   42 %          - 1 
   percent second lactation     29 %          + 2 
   percent third or greater lactation   29 %          - 1 
     
  Herd replacements   350       + 4 

Total    676                 - 26
  Rumen fistulated cows     18      - 6

Herd Performance 
  Cows calved   380      + 9 
  Heifer calves born live   185     - 2 
  Heifer calves born dead     19     + 5 
  Bull calves born live   168     + 13   
  Bull calves born dead     20         0 
  Heifer calves died < 1 year old       8 (4.3%)     + 5 
  Number of sets of twins     21         0 
  DHIA rolling herd average 
   milk                    24,884 lbs.                        + 366 
   protein                         739 lbs.                + 11 
   fat                         921 lbs.                           - 7 
  Milk sold in 2003               7,908,510 lbs.                     - 4002 
   
  Average Mailbox Milk Price/cwt   $15.95             + 3.92 

  Heifer calves sold     5                +1 
  Bull calves sold   168               +15 

   Cows Sold 
   Cows culled for: 
       Reproduction Problems     48                - 7 
       Poor Production     15                - 4 
       Poor Feet and Legs     25                   0 
       Mastitis     38                 + 24 
        Other     53                 + 22 
  Cattle Sales Revenue                     133,451            + 46,052 

Herd Reproduction
  Average days open   130                   - 10 
  Average calving interval   13.8 months                   + 0.2 
  Average services per conception     2.9                 + 0.5 
  Average age at first calving     24 months         - 1 
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