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ABSTRACT 
Three alfalfa biotypes were chosen based on the presumption that they would be sources of alfalfa herbage that differed in lignin concentration 
and therefore cell wall digestibility. The hypothesis was that a lesser lignin concentration would result in greater alfalfa neutral detergent fiber 
(NDF) digestibility and greater beef steer growth performance. The three alfalfa biotypes were HarvXtra (Forage Genetics International), Hi-Gest 
360 (Alforex Seeds), and a control alfalfa, LegenDairy XHD (Winfield Solutions LLC). High-moisture wrapped bales were prepared from second-
harvest, d 30 crops. Digestibility of NDF was determined using in vitro incubations and a steer digestibility trial. Alfalfa baleage and trace mineral 
salt were fed to Angus steers (300 kg initial body weight, 4 pens/treatment) in an 83-day growing-phase trial. Alfalfa acid detergent lignin con-
centrations were 75.6, 71.8, and 63.0 g/kg dry matter (P = 0.34) for LegenDairy, Hi-Gest and HarvXtra, respectively. Based on in vitro total-tract 
NDF digestibility coefficients, HarvXtra tended (P ≥ 0.09) to have the highest NDF digestibility. Alfalfa biotype affected in vivo apparent total tract 
digestibility of NDF (P < 0.001) and there was a trend for an effect on acid detergent fiber digestibility (P = 0.051). Hi-Gest and HarvXtra had 
similar in vivo apparent NDF digestibilities, which were greater than for LegenDairy (P < 0.05). There was no alfalfa biotype effect on daily alfalfa 
dry matter intake (DMI; P = 0.51) or average daily gain (P = 0.25) by growing steers. The absence of an effect by the novel alfalfa biotypes on 
DMI by growing steers suggests that the compositional and digestibility differences of the novel alfalfa biotypes compared to LegenDairy were 
not sufficient to alleviate the limitation of physical fill (if evident) on DMI. If more disparity in cell wall composition and NDF digestibility were to 
exist between control and reduced-lignin biotypes, then perhaps an advantage in cattle growth performance for a reduced-lignin alfalfa biotype 
would be detectable.
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INTRODUCTION
Alfalfa (Medicago sativa L.) is one of the most widely grown 
crops in the world today (Barnes et al., 2003). Nearly 7.3 
million ha of alfalfa are harvested in the United States alone 
(Fernandez et al., 2019). The value of alfalfa was estimated to 
be $10 billion USD in 2018, making it the third most valu-
able crop in the US behind corn and soybeans (Fernandez et 
al., 2019). Alfalfa is commonly harvested to produce alfalfa 
silage or hay and fed widely in lactating dairy cow diets and to 
a more limited extent in feedlot cattle diets in North America.

Alfalfa digestibility is limited due to the cell wall structural 
polyphenolic compound, lignin. Forage digestibility research 
has established a negative correlation between lignin concen-
tration and fiber digestibility (Casler, 1987; Jung et al., 1997; 
Reddy et al. 2005). Oba and Allen (1999) discerned that an 
increase in neutral detergent fiber (NDF) digestibility in vitro 
or in situ was associated with increased dry matter intake 
(DMI) and milk production by lactating dairy cows.

Efficiency of alfalfa use has recently been re-considered in 
terms of plant digestibility and harvest efficiency. Scientists de-
veloped a genetically engineered alfalfa with a reduced lignin 
trait (Barros et al., 2019), which is the result of downregulating 
the gene encoding caffeoyl-CoA 3-O-methyltransferase 

(CCOMT). This novel alfalfa is thought to be more efficient 
because of increases in NDF digestibility (Grev et al., 2017; 
Getachew et al., 2018; Arnold et al., 2019). Reduced-lignin 
alfalfa is also considered more efficient because farmers could 
delay alfalfa harvest to increase forage yield or avoid in-
clement weather, while maintaining forage quality with only 
a 3-cut vs. 4-cut harvest regimen (Undersander et al., 2009). 
Another approach to improving alfalfa quality is to dilute the 
stem cell wall fraction (Albrecht et al., 1987) by genetic selec-
tion for an increased leaf-to-stem ratio.

The objective was to feed an alfalfa diet using alfalfa bio-
types that presumably differed in NDF digestibility for the 
purpose of assessing biotype effects on cattle DMI and growth 
performance. It was hypothesized that the reduction in lignin 
concentration of alfalfa, harvested at an immature, constant 
sward age, and the associated increase in alfalfa NDF digest-
ibility would result in increased DMI and increased average 
daily gain (ADG) of growing cattle.

MATERIALS AND METHODS
All procedures involving cattle were approved by the College 
of Agricultural and Life Sciences Animal Care and Use 
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Committee (protocol A005870) and followed the standards 
published in the ADSA-ASAS- PSA Guide for Care and Use of 
Agricultural Animals in Research and Teaching (2020).

Alfalfa Biotypes and Agronomic Management
Three alfalfa biotypes were grown for digestibility evalu-
ation and a steer growth performance trial. LegenDairy 
XHD was the high-quality control alfalfa (N313-16CVS, 
https://www.winfieldunited.com/products/winfield-united-
seed/alfalfa/legendairy-xhd, Winfield Solutions LLC, St. Paul, 
MN), Hi-Gest 360 was a variety selected for high leaf-to-
stem ratio (16-14913-CD, https://www.alforexseeds.com/
alfalfa-products-2/alforex-seeds-alfalfa-varieties/hi-gest-360-
alfalfa-seed/, Alforex Seeds, Woodland, CA), and HarvXtra 
RR 4.0 was a genetically-modified reduced-lignin alfalfa bio-
type (H103-16CVS, Winfield Solutions LLC, St. Paul, MN). 
HarvXtra RR 4.0 was a blend of early generation breeding 
lines produced for limited commercial launch in 2016 (Randy 
Welch, Croplan National Alfalfa Agronomist, personal com-
munication). The fall dormancy ratings of LegenDairy and 
Hi-Gest were 3 and the blend of HarvXtra varieties was 
reported to be 4 (Randy Welch, Croplan National Alfalfa 
Agronomist, personal communication). Winter hardiness 
indices were 1.2, 1.5, and 2 for LegenDairy, Hi-Gest and 
HarvXtra, respectively.

In the spring of 2016, three separate fields were selected and 
planted at the University of Wisconsin-Madison Arlington 
Agricultural Research Station located near Arlington, WI 
(43°20ʹ N latitude, 89°22ʹ longitude, 320 m elevation). 
LegenDairy was planted on May 3, 2016 into a 6.8 ha field 
with a dominant soil type of Saybrook silt loam. Hi-Gest 
and HarvXtra were planted on May 5, 2016. The Hi-Gest 
field was 6.6 ha with a dominant soil type of Saybrook silt 
loam. The HarvXtra field was 6.7 ha with a dominant soil 
type of Plano silt loam, and adjacent to the Hi-Gest field. All 
alfalfas were planted with a John Deere 1590 drill (Deere & 
Company, Moline, IL) with row spacing of 19.05 cm. After 
accounting for pure seed, seed coating, germination and hard 
seed percentages, pure live seed of each biotype was planted 
at the rate of 8.0 kg/ha. The seed coating included a propri-
etary rhizobial inoculum and additional seed protectants, 
which were two fungicides, zinc, manganese and Ascend 
plant growth regulator (http://www.cdms.net/ldat/ldCFI002.
pdf; Winfield Solutions LLC, St. Paul, MN). Field fertility 
was managed to exceed the minimum recommendations ac-
cording to University of Wisconsin-Extension (Laboski and 
Peters, 2012). Fields were cut and chopped on July 10, 2016 
(LegenDairy) and July 11, 2016 (Hi-Gest and HarvXtra), and 
August 22 and 23, 2016, respectively.

Alfalfa Harvest and Storage
High-moisture baleages prepared from alfalfa swards har-
vested at a constant chronological age provided the alfalfa 
biomass. The second-cutting alfalfa crop was harvested in 
2017 for use in the experiments. There were no herbicide or 
insecticide applications to the herbage that was harvested. 
Visual observations of the three alfalfa treatments prior to 
harvest indicated that fields had little to no nonalfalfa vege-
tation. The maturation state of the alfalfa plants was 10% 
bloom. All alfalfa treatments were disc-mowed, raked, and 
baled using the same machinery. Second cutting occurred on 
July 5, 2017, 30 d after first cutting, which is a typical interval 
for harvest of high quality alfalfa in the northern Midwest 

(Grev et al., 2017). Average daily air temperature and total 
precipitation during June 2017 were 20.1 °C and 15 cm, re-
spectively; which were similar to the 10-yr average values of 
18.9 °C and 14 cm, respectively. All fields were round-baled 
(122  ×  152  cm, CIH RB455, Case Corporation, Racine, 
WI). Bales were wrapped contiguously with an in-line bale 
wrapper (H&S LW2, H&S Manufacturing Company Inc., 
Marshfield, WI) on July 6, 2017 using a continuous plastic 
sheet (Agriseal, Norflex Inc., Hudson, WI) of 1  mm thick-
ness and applying seven wraps (Undersander, 2015). All treat-
ments were wrapped in three parallel bale lines that were 
stored outside on the soil, and each bale line end was sealed. 
Bales were wrapped on the same day as baling and remained 
wrapped until needed for feeding. If a puncture to the wrap 
occurred, it was promptly sealed.

Experimental Designs involving Cattle
The grow trial (Trial G) was designed to compare the three 
alfalfa biotypes fed to growing-phase beef steers using a ran-
domized complete block design applied to 12 pens of cattle. 
There were four replicate blocks of pens for cattle fed each 
biotype, and pen was the experimental unit. Alfalfa baleage 
was fed as the sole source of digestible energy, consistent with 
the comment by Mertens and McCaslin (2008) that effects of 
reduced lignin alfalfas were greater when the alfalfas were fed 
in hay-only diets rather than total mixed rations.

Beef steers were used since the nutrient requirements of 
growing steers can be met by this sole source of protein, 
energy, macro-minerals and vitamins, and interpretation of 
results does not invoke proportionality of alfalfa in DMI. 
Seventy-two black Angus steers (approximately 250 kg body 
weight, BW) were purchased via auction from Bloomington 
Livestock Exchange, Bloomington, WI on December 8, 2017 
for Trial G. All cattle were confirmed to not be persistently 
infected with bovine viral diarrhea virus, palpated to con-
firm castration, and injected with Dectomax (Zoetis Inc., 
Kalamazoo, MI) to remove gastrointestinal helminths, Bovi-
Shield Gold 5 (Zoetis Inc., Kalamazoo, MI) for control of 
bovine respiratory disease, and Vision-7 (Intervet Schering-
Plough, Somerville, NJ) to prevent clostridial diseases. Steers 
were housed 7 steers per pen (8.1 m2 per animal) for weight 
blocks 1 and 2, and 5 steers per pen (8.6 m2 per animal) for 
weight blocks 3 and 4. No anabolic implant was adminis-
tered to steers. An automatic waterer was shared by each two 
adjacent pens. All pens were in a pole barn and bedded with 
sawdust to avoid bedding consumption. Prior to feeding al-
falfa baleage, steers were fed dry grass hay ad libitum. Steers 
were transitioned to a nonexperimental alfalfa baleage 5 d 
prior to d 0 of trial G to alleviate pre-trial gut fill as a source 
of variation in initial BW. On d 0, steers were weighed indi-
vidually prior to feeding and stratified by d 0 BW. Steers were 
randomly allocated by stratum within block to five steers per 
pen for six pens and seven steers per pen for six pens. Alfalfa 
treatments were randomly allocated to pens within block. 
Two consecutive prefeeding morning weights were taken for 
each steer for initial (d 0 and 1) and final full BW. The dur-
ation of Trial G was 83 d because the quantity of baleage 
harvested and the feed intake of the steers did not allow for 
the intended trial duration of 90 d. HarvXtra was the first 
biotype bale supply to be exhausted.

Concurrent with Trial G, 6 black Angus steers (310 ± 5 kg, 
mean ± SD) were used for a digestibility trial (Trial D). Using 
a design with two replicated 3  ×  3 Latin squares (Latin 
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rectangle), each steer was fed one of the three alfalfa biotypes 
in each period for a series of three periods for a balanced 
crossover study. Each period lasted 14 d and during the final 3 
d of each period, all feces were quantitatively collected using a 
harness and fecal collection bag (Nelson Weaver Enterprises, 
Dalton, WI).

Feed Management
Alfalfa bales were processed through a bale chopper (Teagle 
8080, Teagle Machinery Ltd, Three Burrows, Truro, UK) with 
knives set to minimum penetration, prior to feeding to cattle. 
Disentanglement and not particle size reduction of baleage 
was the strategy. A bale from each biotype was chopped as 
needed, and resulted in approximately 2 d of forage supply. 
Since Trial G occurred between February 7, 2017 and May 1, 
2017, the prevailing ambient temperature minimized baleage 
spoilage after chopping. Each pen was fed alfalfa baleage ad 
libitum once per day in a fenceline bunk at 0800 h. Daily al-
lotments of chopped baleage were adjusted to have no more 
than 2 kg per pen of alfalfa orts after a 24 h period. Bunks 
were filled manually by using a pitch fork to move alfalfa 
from a chopped baleage biotype pile into a feed cart, which 
was weighed on a platform scale, and then again baleage was 
pitch-forked into the respective pen bunk. Each bunk had one 
22.7 kg trace mineral salt block (Champion’s Choice, Cargill 
Inc., Minneapolis, MN). Guaranteed analysis of the salt block 
was as follows (mg/kg): 940,000–990,000, NaCl; 3,500, Zn; 
2,000, Fe; 2,000, Mn; 300, Cu; 70, I; and 50, Co. Each trace 
mineral block was weighed at the beginning and end of trial 
G to calculate total consumed trace mineral salt per pen.

Sampling
The total number of bales fed for each treatment was as fol-
lows: LegenDairy, 58; Hi-Gest, 58; and HarvXtra, 62. Three 
core samples (approximately 100 g total) per bale were taken 
for subsequent nutritional analysis before each bale was 
chopped. Core samples were obtained using a hay probe 
(2 cm diameter and 43 cm length) mounted to an electric drill. 
Samples were immediately bagged and frozen (−14 °C) for fu-
ture analysis. Approximately 50 g per fed bale were compos-
ited over a 4-wk interval. A total of three composite samples 
per alfalfa biotype were generated. Each composite sample 
was mixed, and a subsample was sent to a commercial la-
boratory for wet chemistry analysis (Rock River Laboratory, 
Watertown, WI, USA).

Digestibility Trial
During Trial D, steers were housed in individual pens (12.2 
m2 per animal). An automatic waterer was shared by each 
two adjacent pens. All pens were in a pole barn and bedded 
with sawdust to avoid bedding consumption. Prior to feeding 
alfalfa baleage, steers were fed a corn silage basal diet. Steers 
were transitioned to a nonexperimental alfalfa baleage-only 
diet 5 d prior to d 0. Each steer had ad libitum access to 
a trace mineral salt block (Champion’s Choice, Cargill Inc., 
Minneapolis, MN) during the course of Trial D.

The feces of each steer were collected, weighed, mixed, 
sampled (10% of the total) and refrigerated (5 °C) every 12 h 
for 3 d. At the end of each sampling period, these samples 
were mixed and a sample of 2400 g was retained per steer and 
frozen (−14 °C) for future analyses.

The alfalfa baleage fed to the trial D steers was from the 
same 2017 harvest and bales as were fed to the Trial G steers. 

Trial D occurred between March 23, 2017 and May 3, 2017. 
A 0.5 kg grab sample of chopped alfalfa was retained during 
feeding for subsequent analysis per steer per period for d 11, 
12, and 13. Feed refusal was removed from individual bunks 
and weighed on d 14 of each period. Grab samples of refused 
feed were taken for each individual steer by random grabs 
until a total of 0.5  kg was reached. Feed and refusal sam-
ples were bagged and frozen immediately for future analysis. 
Before analysis, frozen feed samples were composited while 
in the frozen state by steer and period. Composite subsamples 
were sent to a commercial laboratory for wet chemistry ana-
lysis (Rock River Laboratory, Watertown, WI, USA).

Analytical Methods of Rock River Laboratory
All samples were dried and ground to pass 1 mm screen (Udy 
Cyclone, Udy Corp., Fort Collins, CO, USA). NDF was deter-
mined using method 6 (Ankom Technologies, 2017a), which 
includes addition of sulfite and heat-stable amylase but not an 
ashing step. Acid detergent fiber (ADF) was determined using 
method 5 (Ankom Technologies, 2017b). Acid detergent lignin 
(ADL) was determined in ADF residue samples after sul-
furic acid digestion (method 9, Ankom Technologies, 2020). 
The methods for CP (AOAC 990.03), ether extract (AOCS 
Am5-04, Rapid Determination of Oil/Fat Utilizing High-
Temperature Solvent Extraction; AOCS, 2017), starch (Hall, 
2009), ash (AOAC 942.05) and minerals (Modified AOAC 
968.08) are reported at https://docs.google.com/spreadsheets/
d/1Mmf7v-wT5GDbho1kbO2PzEPUxut0IzgtRO6XU-
Ed-JE/edit?u sp=sharing and by AOAC (2003). Neutral 
detergent-insoluble crude protein and acid detergent-
insoluble crude protein (ADICP) were determined by doing 
a Dumas combustion (AOAC 990.03; AOAC, 2003) of NDF 
and ADF residues, respectively, followed by nitrogen deter-
mination and then multiplying nitrogen times 6.25. Available 
CP is CP less ADICP. Nonfiber carbohydrate was calculated 
using the method of Lanzas et al. (2007). The relative forage 
value index was calculated according to the logic described 
by Undersander et al. (2010). Net energy values for mainten-
ance and gain were calculated using equations from the dairy 
NRC (2001).

In vitro NDF Digestibility
In vitro analyses were conducted on subsamples of the three 
4-wk composite samples for each alfalfa biotype from Trial 
G. Each composite sample was an experimental unit. The 
methods of Lopes et al. (2015) were used for the in vitro ana-
lysis of alfalfa samples and calculation of total-tract NDF 
digestibility (TTNDFD). Briefly, in vitro incubation of trip-
licate dried (60 °C), ground (1 mm) alfalfa samples (0.5 g) in 
F57 filter bags (Ankom Technology, Macedon, NY) followed 
the method of Goeser and Combs (2009) using rumen fluid 
collected and pooled from two rumen-cannulated, lactating 
Holstein cows that were fed a 95% forage diet. After col-
lection, the rumen fluid inoculum was primed with a mix-
ture of 40% cellulose, 20% urea, 20% corn starch, and 20% 
cellobiose (Goeser et al., 2009) and allowed to incubate until 
achieving 0.1  mL of gas production/mL of rumen fluid. In 
vitro incubations were conducted with triplicate bags of each 
sample, duplicate empty filter bags to generate the bag particle 
influx correction factor, and a sample of each of two standard 
ground, alfalfa hays to assess inter-assay variability, though 
these results were not used as a correction factor. Samples 
were incubated at 39 °C with agitation and terminated at 0, 

https://docs.google.com/spreadsheets/d/1Mmf7v-wT5GDbho1kbO2PzEPUxut0IzgtRO6XU-Ed-JE/edit?u
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24, 30, 48, and 240 h. Subsequent determination of NDF fol-
lowed the method described by Lopes et al. (2015) which fol-
lowed method 6 (Ankom Technologies, 2017a). Results from 
0 h samples represented total NDF, and 240 h sample results 
represented indigestible NDF (iNDF). Results at each incuba-
tion time point were expressed as proportion of potentially 
digestible NDF (pdNDF) that disappeared. Digestion rates 
(kd) were the negative value of slope for loge (1 – NDF di-
gested/pdNDF) versus incubation time using the SLOPE func-
tion of Excel (Microsoft Office Professional Plus 2016). The 
TTNDFD coefficients were calculated as follows:

pdNDF = 1NDF240 h, g/kgNDF
TTNDFD, g/kgNDF = pdNDF×

(
kd/

(
kd + kp

))
/0.9

Particle passage rate (kp) was predicted as follows from the 
regression model of Krizsan et al. (2010): Particle passage rate 
(kp, h

−1) = (F + 1.54 + 0.0866 × NDF intake in g/kg BW)/100, 
where F = 0.24, due to alfalfa as sole forage component.

Statistical Methods
Animal performance data from Trial G were analyzed as a 
randomized complete block design using the MIXED pro-
cedure of SAS (SAS 9.4, SAS Institute Inc., Cary, NC), The 
model was as follows:

Yjk = µ+ Tj + bk + ejk,

where Yjk = response variable; µ = grand mean; Tj = the fixed 
effect of alfalfa biotype; bk = the random effect of initial BW 
block; and ejk = experimental error. Pen was the experimental 
unit. Trial D data were analyzed as a three period by six steer, 
Latin rectangle, crossover study with three unique treatment 
sequences using a mixed model in the MIXED procedure of 
SAS. In this design, we opted for more power in detecting 
existence of a carryover effect versus estimating all carryover 
effects in a balanced manner. The model without carryover 
effects is symbolically described as follows:

Yjkl = µ+ Pj + Tk + sl + ejkl,

where Yjkl = response variable; µ = grand mean; Pj = the fixed 
period effect; Tk = the fixed effect of alfalfa biotype; sl = the 
random effect of steer subject, and ejkl = experimental error. 
Animal by period was the experimental unit. The link func-
tion between response and systematic component was chosen 
to be the identity function (gaussian) by visual inspection 
of the residuals. A bias-corrected Kenward-Roger precision 
matrix estimator (KR2) was used for degree of freedom es-
timation in all mixed models (Kenward and Roger, 2009). 
The covariance matrix within steer was modeled as “unstruc-
tured” (UN) for all response variables, which was selected 
by likelihood-based Bayesian information criteria from 
among several other common covariance structures including 
autoregressive (1), ante-dependent, compound symmetry 
(CS), and Toeplitz. Covariance structure modeling was also 
validated visually and by nested model likelihood ratio tests 
(CS vs. UN P = 0.000822). The UN covariance structure was 
also selected by Bayesian information criteria when responses 
were studied with an additive effect for each type of response 
nested within the steer. Statistical carryover effects of the de-
sign were tested for all responses by nested model likelihood 

ratio tests. Overall, there was little evidence for a carryover 
effect from treatments. A “pdmix800” macro (Saxton, 1998) 
was used to generate letter plots for treatment groups at the 
α = 0.05 level.

Nutritional characteristics and in vitro data were analyzed 
as a randomized complete block design using the MIXED 
procedure of SAS and the following model:

Yjk = µ + Tj +mk + ejk,

where Yjk = response variable; µ = grand mean; Tj = the fixed 
effect of alfalfa biotype; mk = the random effect of composite 
sample month; and ejk = experimental error. A 4-wk com-
posite sample was the experimental unit. When the F-statistic 
was significant (P ≤ 0.05), the LSMEANS statement with the 
pdmix800 macro (Saxton, 1998) was used to show treatment 
groupings at the α = 0.05 level. Tendencies were reported for 
P-values (0.10 ≥ P > 0.05).

RESULTS AND DISCUSSION
Alfalfa biotypes were chosen for this project on the basis of 
their common use in commercial production (LegenDairy), 
anticipated dilution of stem lignin in harvested herbage 
(Hi-Gest), and genetic down-regulation of lignin biosynthesis 
(HarvXtra). In preliminary research, we harvested these bio-
types at d 40 of chronological age as second-cutting alfalfa in 
2016. We learned that there was no difference in ADL con-
centration due to alfalfa biotype at that age. Consequently, we 
chose d 30 of chronological age for this project, and second 
cutting to avoid harvest of any fall growth, to lessen the risk 
of grass growth in the sward, and to assure uniformity of 
plant re-growth initiation. Across a wide variety of alfalfa cul-
tivars, ADL concentration is less at a 30-d, rather than 40-d, 
cutting interval (Sulc et al., 2021).

The context for this project design was the harvest of early 
maturity, excellent quality alfalfa with presumed differences 
in ADL content. Compositional results for the alfalfa biotypes 
are shown in Table 1. There was no visual evidence of mold in 
the alfalfa biotypes and the cattle readily ate their respective 
biotype. Hi-Gest and HarvXtra baleages were more dry (P < 
0.05) with greater crude protein (CP) and available CP con-
centrations (P < 0.05) than the LegenDairy treatment. The 
differences in dry matter (DM) concentration did not result 
(P = 0.24) in an effect on acid detergent insoluble protein, 
for which concentrations were very low. The organic matter 
content did not differ (P = 0.39) among biotypes. Arnold et 
al. (2019) associated mean stage count, i.e., plant maturity, 
with ash concentration. Mean stage count was not deter-
mined here, but using the logic of Arnold et al. (2019) there 
appear to be no differences in plant maturity among the 
three biotypes since ash content was not affected by biotype. 
Alfalfa biotype did not have an effect (P > 0.34) on NDF, 
ADF, ADL and ether extract concentrations. Neutral deter-
gent insoluble CP concentration was greater in Hi-Gest and 
HarvXtra than LegenDairy (P ≤ 0.05). While HarvXtra had 
the lowest numerical ADL concentration, its failure to reach 
statistical significance is not surprising considering the rela-
tively large analytical error associated with the ADL assay. 
Hi-Gest and HarvXtra treatments had greater starch concen-
trations than LegenDairy (P < 0.05), but there were no dif-
ferences (P = 0.69) in nonfiber carbohydrate concentration 
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among biotypes. While there were differences among bio-
types in mineral concentrations (Table 1), all concentrations 
were adequate relative to nutrient requirements for growth-
phase beef steers (NASEM, 2016). Relative forage value in-
dices (Undersander et al., 2010), total digestible nutrients, 
and energy values expressed in terms of NEm and NEg did 
not differ (P > 0.34) among alfalfa biotypes. The low propor-
tion of ruminal undegradable protein (RUP, 0.15, Appendix 
Supplementary Table A2) is consistent with previous discus-
sion of high-quality alfalfa (Broderick, 1995).

The CP, NDF, and ADF concentrations and relative forage 
value index indicate that the harvested alfalfas did not qualify 
as excellent quality alfalfa such as is fed to high-producing 
lactating dairy cows. Winning entries in the World Dairy 
Expo Forage Super Bowl have 26–28% CP (Schwab and 
Broderick, 2017) and Premium grade alfalfa has a relative 
forage quality index greater than 170 (https://www.idahohay.
com/uploads/1/7/5/2/17522397/hay_standards.pdf). Relative 
forage value and relative forage quality indices, although 

calculated somewhat differently, are both normalized so that 
an index value of 100 corresponds to full-bloom alfalfa. The 
modest CP concentrations are unlikely to be due to leaf loss 
since methods of harvest, preservation and feeding employed 
here did not result in disproportionate leaf loss. Harvest at 
mid-bud stage (Undersander, 2015) would have been benefi-
cial though quantity of alfalfa herbage would have been less.

Although we observed no statistically significant effect 
of alfalfa biotype on ADL concentration (Table 1), the nu-
merical difference in ADL concentration (HarvXtra vs 
LegenDairy, −12.6  g/kg DM) was greater than previously 
reported for HarvXtra-008 (Arnold et al., 2019) and refer-
enced controls (−6.5 g/kg DM). Compared to LegenDairy, 
ADL concentrations for Hi-Gest and HarvXtra were 95% 
and 83%, respectively. Donnelly et al. (2018) sampled al-
falfa fields on the Arlington Agricultural Research Station at 
five time points during 2017 first crop growth and found a 
slightly lower lignin concentration (−10.4 g/kg DM) in stems 
of HarvXtra vs. Hybriforce 3400. Donnelly et al. (2018) 

Table 1. Nutrient composition of three alfalfa biotypes harvested on d 30 of second-cutting maturity in 2017. Three composite samples composed of 
baleage core samples for each biotype were analyzed. Each composite sample included approximately 20 bales, each of which had been core-sampled 
three times.

Item LegenDairy Hi-Gest HarvXtra SEM P-value 

Dry matter (DM), g/kg 459c 549a 516b 7.2 <0.01

Component, g/kg DM

  Organic matter 886 894 891 4.8 0.39

  Crude protein 185b 202a 196a 2.1 <0.01

ADICP1 7.1 7.3 6.8 0.2 0.24

Available CP2 178b 194a 189a 2.0 <0.01

NDF3 446 455 445 13.1 0.79

NDICP4 8.6b 12.1a 12.5a 0.56 <0.01

ADF5 383 386 376 10.1 0.58

ADL6 75.6 71.8 63.0 7.6 0.34

Ether extract 20.2 18.1 20.9 2.3 0.50

Starch 22.1c 27.3b 33.9a 0.8 <0.01

NFC7 244 231 238 13.9 0.69

Calcium 9.4a 8.6b 9.6a 0.1 <0.01

Phosphorus 3.3a 2.9b 3.1a 0.1 0.02

Magnesium 2.0b 2.2a 2.3a 0.1 0.03

Potassium 28.9a 26.9b 26c 0.3 <0.01

Sulfur 1.7c 2.4a 2.2b 0.1 <0.01

RFV8 123 121 124 3.7 0.70

TDN9 556 563 579 13.7 0.34

Net energy, Mcal/kg DM 

  NEm
10 1.17 1.21 1.28 0.07 0.34

  NEg
11 0.616 0.638 0.704 0.04 0.34

a,b,c Means in a row without common superscripts differ at P ≤ 0.05.
1 Acid detergent-insoluble crude protein.
2 Available Crude Protein = Crude Protein – ADICP.
3 Neutral detergent fiber with addition of sulfite and heat-stable amylase.
4 Neutral detergent-insoluble crude protein.
5 Acid detergent fiber.
6 Acid detergent lignin; Lignin plus ash after sulfuric acid digestion.
7 Non-fiber carbohydrate; EE is ether extract; NFC = 100 – [(NDF – NDICP) + CP + EE + ash].
8 Relative forage value; 100 = full-bloom alfalfa.
9 Total digestible nutrients; td is truly digestible; tdNFC = 0.98 NFC; tdCP = CP * exp[-1.2 * (ADICP/CP)]; NDFn = NDF – NDICP, L is acid detergent 
lignin, tdNDF = 0.75 * (NDFn – L) * [1 – (L/NDFn)0.667; TDN = tdNFC + tdCP + [(EE – 1) * 2.25] + tdNDF – 7; equations 2-4a, 2-4b, 2-4e and 2–5, Dairy 
NRC (2001)
10 Net energy for maintenance; DE (Mcal/kg) = 4.409 * TDN, equation 2-1; ME (Mcal/kg) = 1.01 * DE – 0.45, equation 2-2; NEm = 1.37 ME – 0.138 ME2 
+ 0.0105 ME3 – 1.12; equation 2–13, Dairy NRC (2001); MJ/kg = 4.184 MJ/Mcal * Mcal/kg.
11Net energy for gain; NEg = 1.42 ME – 0.174 ME2 + 0.0122 ME3 – 1.65; equation 2–14, Dairy NRC (2001).

http://academic.oup.com/tas/article-lookup/doi/10.1093/tas/txac032#supplementary-data
https://www.idahohay.com/uploads/1/7/5/2/17522397/hay_standards.pdf
https://www.idahohay.com/uploads/1/7/5/2/17522397/hay_standards.pdf
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likewise found the stem ADL concentration of Hi-Gest 
360 to be 95% of HybriForce. Although Hi-Gest has been 
selected for increased leafiness, the similarity of ADL con-
centrations between LegenDairy and Hi-Gest aligns with 
the results of Albrecht et al. (1987) who reported no dif-
ference between alfalfa stem and leaf lignin concentrations. 
Cherney et al. (2020) compared reduced-lignin alfalfa bio-
type Hx14376 to WL 355.RR across flower and bud stages 
at three U.S. locations and found the reduced-lignin biotype 
to have 14.1% less lignin, and Grev et al. (2020) reported 
that the lignin reduction in reduced-lignin alfalfa biotype 
54HVX41 was due to decreased lignin in the stem and not 
leaf fraction. In general, HarvXtra has about 15% less lignin 
than varieties that have not received the CCOMT modifi-
cation. Our ADL results are consistent with prior reports 
for biotypes denoted as reduced-lignin or having increased 
leafiness.

Three factors govern the digestible energy contribution of 
plant cell walls in the ruminant diet. They are quantity of 
potentially digestible NDF consumed, rate of NDF diges-
tion, and rate of undigested NDF passage out of the rumen 
(Allen and Mertens, 1988). These factors can be determined 
experimentally or estimated from the literature, and inte-
grated via the calculation of TTNDFD (Combs, 2013; Lopes 
et al., 2015).

Total-tract NDF digestibility (Combs, 2013; Lopes et 
al., 2015) was calculated for the alfalfa biotypes (Table 2). 

Concentration of NDF was not affected by biotype (P = 0.35), 
consistent with results shown in Table 1. In vitro-digested NDF 
at the sampling times was also not different among biotypes, 
though there was a tendency (0.09 ≥ P ≥ 0.06) for less NDF to 
be digested at each incubation time for the LegenDairy biotype. 
Table 2 shows that the concentration of iNDF was greater (P < 
0.05) for LegenDairy than for Hi-Gest (−16%) and HarvXtra 
(−22%). The pdNDF fraction was less for LegenDairy than 
for Hi-Gest and HarvXtra; however, the digestion rate (kd) of 
pdNDF was faster (P < 0.05) for LegenDairy and similar to 
that of HarvXtra. The aggregation of these results culminated 
in TTNDFD coefficients that were not affected (P = 0.099) by 
biotype (Table 2) though there was a tendency for HarvXtra 
to have the largest TTNDFD coefficient.

Trial D was utilized to characterize the in vivo apparent 
digestibility of the alfalfa cell walls for the biotypes fed 
during Trial G. Dry matter intake was greater for Hi-Gest 
than LegenDairy (P < 0.05) and HarvXtra was intermediate 
(Table 3). Apparent DM digestibility tended (P = 0.07) to 
be greater for HarvXtra than LegenDairy. Digestibility co-
efficients for NDF in Hi-Gest and HarvXtra were greater 
(P < 0.05) than for LegenDairy. There was a tendency (P = 
0.051) for Hi-Gest and HarvXtra to also have greater ADF 
digestibility coefficients than LegenDairy. These results sug-
gest that the NDF fraction of Hi-Gest and HarvXtra were 
similarly digestible and more digestible than the NDF of 
LegenDairy.

Table 2. Determination of in vitro total-tract NDF digestibility (TTNDFD) coefficients for three alfalfa biotypes harvested on d 30 of second-cutting 
maturity. The biotype composite samples utilized here were identical to those analyzed for Table 1 results.

 LegenDairy Hi-Gest HarvXtra SEM P-value 

NDF, g/kg DM 437 439 446 5.7 0.35

NDF digested, g/kg NDF

  24 h 176 207 195 9.1 0.06

  30 h 219 249 264 15.3 0.09

  48 h 352 373 415 21.4 0.09

iNDF1, g/kg NDF 568a 489b 467b 13.4 <0.01

kd of pdNDF2, h-1 0.050a 0.034b 0.044a 0.0034 0.02

TTNDFD coefficient3 0.315 0.316 0.370 0.021 0.10

a,b Means in a row without common superscripts differ at P≤ 0.05.
1 indigestible neutral detergent fiber, based on NDF remaining after 240 h of in vitro incubation.
2 Rate of digestion of potentially digestible NDF (pdNDF) based on in vitro incubations of 24, 30 and 48 h. kd is negative value of slope for loge (1 – NDF 
digested/pdNDF) vs incubation time.
3 TTNDFD = ((1000-iNDF) * (kd/(kd + kp)))/0.9 in which kp was calculated according to method of Krizsan et al. (2010) using NDF intake of Trial G steers, 
i.e., 9.51, 10.19, and 10.04 g NDF/kg BW for LegenDairy, Hi-Gest, and HarvXtra, respectively. Particle passage rate (kp, h

−1) = (F + 1.54 + 0.0866 × NDF 
intake in g/kg BW)/100, where F = 0.24.

Table 3. Dry matter intake (DMI) and apparent total tract digestibility coefficients of dry matter (DM) and cell wall components in three alfalfa biotypes 
at d 30 of second-cutting maturity1 (Trial D).

Item LegenDairy Hi-Gest HarvXtra SE P-value2 

DMI, kg/d 6.49b 6.87a 6.66ab 0.22 0.02

DM 0.618 0.638 0.656 0.008 0.07

NDF 0.524b 0.580a 0.589a 0.009 <0.001

ADF 0.511 0.588 0.597 0.020 0.051

a,b Means in a row without common superscripts differ at P ≤ 0.05.
1 Six Angus steers (310 ± 5 kg) were used in a digestibility experiment that was a 3 × 6 Latin rectangle. The Latin rectangle consisted of three periods of 14 
d with fecal collection on d 12–14.
2 P values are overall Type 3 treatment effect F-tests.
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Comparison of the TTNDFD estimates (Table 2) with the 
apparent NDF digestibility coefficients (Table 3) indicates 
lack of numeric agreement, for which there may be two pos-
sible explanations. One explanation may be the effect of a 
mixed forage-concentrate diet vs. a solely forage diet, as used 
in Trial D. The TTNDFD model of Combs (2013) is based on 
mixed forage-concentrate diets fed to dairy cows (Lopes et al., 
2015). However, Lund et al. (2007) summarized that forage-
only diets were associated with increased kd and decreased 
kp as compared to supplemented forage diets, and that this 
effect was especially evident for alfalfa hay or early cut grass 
silage vs. corn silage or late-cut grass silage. Second, Lund et 
al. (2007) mathematically discerned that particles of pdNDF 
are selectively retained in the rumen. For alfalfa hay, the kp of 
iNDF was 0.017 h−1 and for digestible NDF, kp was 0.0069 h−1 
(Lund et al., 2007). Their alfalfa hay had similar composition 
and kd (0.045  h−1) as the alfalfa biotypes fed here, though 
with greater proportion of lignin and lower proportion of 
iNDF. The TTNDFD model (Combs, 2013) was introduced 
with an assumed kp for a lactating dairy cow (0.0267 h−1) fed 
a forage-concentrate diet, and 90% of pdNDF digestion was 
assumed to occur in the rumen. The TTNDFD values in Table 
2 include the adjustment in kp based on alfalfa NDF intake 
according to the equation of Krizsan et al. (2010; see Table 2, 
footnote 3). The resulting kp values were 0.0260, 0.0266, and 
0.0265 h−1 for LegenDairy, Hi-Gest, and HarvXtra, respect-
ively, and yet the TTNDFD coefficients are 0.2 units less than 
apparent NDF digestibility coefficients (Table 3). However, 
the Krizsan et al. (2010) equation was the result of a meta-
analysis and not developed with the approach of Lund et al. 
(2007). Therefore, the results of Lund et al. (2007) for a solely 
alfalfa hay diet appear to be the more relevant information. 
When the alfalfa kp = 0.0069  h−1 (Lund et al., 2007) was 
introduced into the TTNDFD digestibility equation (Combs, 
2013) and the ruminal digestion of pdNDF was assumed to 
be 98% (hay-only diet, Huhtanen et al., 2007), the mean 
TTNDFD values were 0.387, 0.433, and 0.470  g dNDF/g 
NDF for LegenDairy, Hi-Gest, and HarvXtra, respectively, 
and still lacked agreement with the NDF digestibility coef-
ficients in Table 3. The TTNDFD calculation underestimated 
apparent NDF digestibility by growing steers fed alfalfa as the 
sole NDF source.

Inferences regarding the nutritional merit of reduced lignin 
concentrations in alfalfa thus far have been based mainly on 

compositional analyses using near-infrared reflectance spec-
troscopy (NIRS), an in vitro experiment, and three in vivo 
experiments. Grev et al. (2017) and Arnold et al. (2019) 
showed that two different HarvXtra varieties had greater 
NIRS-based NDF digestibilities when compared to reference 
alfalfa varieties. Getachew et al. (2018) reported a similar 
NIRS-based NDF digestibility advantage (7%), and further-
more used in vitro rumen gas production results to estimate 
that reduced lignin alfalfa biotypes had 5% more gas produc-
tion, an indirect indicator of DM digestibility, and thus a 4% 
greater calculated metabolizable energy value. The results of 
Getachew et al. (2018) were derived from alfalfa lines with 
downregulated lignin synthesis that were harvested in West 
Salem, WI, in 2014, a site with climatic similarity to the con-
ditions reported here. Alfalfa hay that was transformed by 
downregulating CCOMT was fed to lambs as the sole diet in-
gredient (Mertens and McCaslin, 2008). This alfalfa biotype 
had less lignin compared to its nontransformed control (52 
vs. 59 g/kg DM, respectively; 12% reduction) and a greater 
NDF digestibility coefficient (0.501 vs. 0.464, respectively; 
8% improvement). The effect of the CCOMT transformation 
on NDF digestibility was less when the alfalfa hay was fed as 
an ingredient in a total mixed ration (Mertens and McCaslin, 
2008). Weakley et al. (2008) fed this CCOMT alfalfa bio-
type and its nontransformed control to lactating dairy cows 
and found no effect on DMI yet a greater NDF digestibility 
coefficient (0.486 vs. 0.445, respectively; 9% improvement). 
Getachew et al. (2011) evaluated the CCOMT genetic modi-
fication in field-grown alfalfa and reported similar magni-
tude of effects compared to its nontransformed control, i.e., 
13% reduction in lignin, 6% more in vitro rumen gas pro-
duction, and 4% greater in vitro DM digestibility. Peterson 
et al. (2018) fed HarvXtra or conventional alfalfa hays of 
premium quality to growing-phase Angus heifers. Lignin in 
their HarvXtra was reduced only by 4.2 g/kg (5.5% reduc-
tion) and there was no HarvXtra effect on alfalfa DMI or 
ADG. In general, the CCOMT transformation, such as was 
used in development of HarvXtra, appears to have a larger 
percentage unit effect on lignin reduction than NDF digest-
ibility improvement, acknowledging the variability associated 
with measurement of both fractions. In general, the in vivo re-
sults highlight the insecurity of using compositional analyses 
and in vitro results to extrapolate to an in vivo performance 
benefit.

Table 4. Body weights (BW) and growth performance of beef steers fed three alfalfa biotypes harvested at d 30 of second-cutting maturity1 (Trial G)

 LegenDairy Hi-Gest HarvXtra SEM P-value2 

Initial BW, kg/steer 300 300 300 0.87 0.64

Final BW, kg/steer 378 383 389 6.51 0.28

ADG3, kg/(steer × d) 0.94 1.00 1.07 0.07 0.25

Alfalfa DMI4, kg/(steer × d) 7.23 7.65 7.77 0.47 0.51

Gain efficiency5 0.129 0.132 0.139 0.014 0.78

Salt intake, g/(steer × d) 35.8 19.3 28.4 6.68 0.29

NDF intake, kg/(steer × d) 3.22 3.48 3.46 0.21 0.44

1 Black Angus steers were fed a diet consisting of solely alfalfa baleage plus trace mineral salt for 83 d.
2 P values are overall Type 3 treatment effect F-tests in a randomized complete block design with 4 blocks.
3 Average daily gain.
4 Alfalfa DMI was based on as-fed baleage weight disappearance from feed bunks times dry matter decimal determined (105 °C) for the three composite 
baleage samples per biotype.
5 Gain efficiency was calculated as ADG/alfalfa DMI.
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The results for growth performance of steers fed the three 
alfalfa treatments are shown in Table 4. There was no effect 
of biotype on ADG, alfalfa DMI or BW gain efficiency (P 
≥ 0.25; Table 4). Trace mineralized salt intake was likewise 
unaffected (P = 0.29). Trial G steers were capable of faster 
BW gain, since similar steers fed a protein adequate, 72% 
corn silage-25% distillers grain diet had daily BW gain of 
1.27 kg/d (Karls, 2020). Based on the average BW during the 
trial, alfalfa DM consumption was 21.3, 22.4, and 22.6 g/kg 
BW for LegenDairy, Hi-Gest and HarvXtra, respectively, and 
alfalfa NDF consumption was not different (P = 0.44) among 
the biotypes, corresponding to 9.5, 10.2 and 10.0 g NDF/kg 
BW, respectively. In the absence of a biotype effect on ADG, 
there was no evidence to suggest a difference among biotypes 
in net energy availability. Nevertheless, the steers were cap-
able of growing more rapidly if a higher energy diet would 
have been provided. Clearly, net energy supply limited the 
ADG of these steers.

With regard to the hypothesis of this project, we failed to 
detect an effect of alfalfa biotype on whole plant lignin con-
centration, therefore the implications of reduced lignin con-
centration on in vivo NDF digestibility and digestible energy 
availability to growing cattle cannot be discerned from these 
experiments. Nevertheless, the results presented here can pro-
vide helpful guidance to future examination of in vivo effects 
of reduced-lignin alfalfa when fed to cattle.

Trial G was designed to use growing-phase beef steers for 
which macro-nutrient requirements, except digestible en-
ergy, were met by feeding solely alfalfa baleage. In this con-
text, biotype effects on daily gain or gain efficiency would 
be interpreted to be the result of differences in availability 
of digestible energy. To evaluate the validity of this premise, 
the metabolizable protein (MP) required by these steers and 
supplied by the alfalfa biotypes was calculated (Appendix 
Supplementary Table A2). The MP requirements were 568, 
586, and 607 g MP/d, respectively, for LegenDairy, Hi-Gest 
and HarvXtra. The ruminal daily requirement for RDP is 
considered (NASEM, 2016; p 94) to be equal to rumen micro-
bial protein daily synthesis. Since alfalfa in general and these 
biotypes specifically had RDP coefficients of approximately 
0.85, the RDP supplied (1140–1300  g/d) far exceeded mi-
crobial CP synthesis (392–434 g/d, Appendix Supplmentary 
Table A2). The calculated MP supply was less than the total 
MP requirement by 152, 111, and 140 g/d for LegenDairy, 
Hi-Gest and HarvXtra, respectively. Thus, MP supply may 
have limited ADG for all biotypes.

Future evaluations of alfalfa cell wall digestibility in 
growing cattle should consider inclusion of dietary RUP sup-
plementation, as has been noted for lactating dairy cow diets 
(Broderick, 1995). Dhiman et al. (1993) fed alfalfa silage 
having 17–22% CP to lactating dairy cows and alfalfa silage 
was 98% of their diet. When casein or soy protein was in-
fused into the abomasum, milk yield and milk protein yield 
increased, leading them to conclude that protein, not energy, 
was first-limiting for lactating cows fed all forage diets of al-
falfa silage.

If enhanced alfalfa biotypes lead to improvement in cattle 
growth, it will result from an improvement in NDF digest-
ibility with possible amplification of this benefit via greater 
DM intake. Presumably, ruminal physical fill limited DMI by 
steers fed Hi-Gest and HarvXtra, as it did for LegenDairy 
(Table 4). The compositional benefits in Hi-Gest and 
HarvXtra were not sufficient to alleviate the physical fill 

limitation; hence, there was no biotype effect on DMI (Table 
4). Without sufficient increases in NDF digestibility and DMI, 
there was no energetic basis for a steer growth rate benefit. 
Oba and Allen (1999) recognized the challenging nature of 
this research topic when they summarized, on the basis of 
their meta-analysis, that differences among treatments in 
NDF digestibility were greater when measured in vitro or in 
situ than when measured in vivo.

There was some evidence that HarvXtra and Hi-Gest 
360 biotypes had a more digestible NDF fraction than 
LegenDairy XHD. The concentration of ADL in HarvXtra 
was numerically 16.7% less than that of LegenDairy ADL 
and HarvXtra in vivo alfalfa NDF digestibility was 12.4% 
greater than for LegenDairy; however, steer DMI and ADG 
were not affected by biotype. A limitation of these results is 
that it was based on only one crop year. A second crop year 
was intended in this project but the yields of HarvXtra and 
Hi-Gest only allowed a 49-d trial. In addition, metabolizable 
protein supply from the solely alfalfa diet may have limited 
steer growth rate. If future research seeks to assess implica-
tions for reduced-lignin alfalfa biotypes on cattle perform-
ance, differences in cell wall composition and digestibility 
between the control and modified biotypes should be more 
disparate than found here for LegenDairy and HarvXtra. In 
addition, a non-NDF source of RUP should be considered 
for inclusion in the treatment diets.
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