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Abstract
The objective of this study was to explore the relationships between ruminal microbial populations from Angus steers 
that were divergent in carcass traits related to adipose accumulation. Twenty-four feedlot-finished Angus steers 
(age: 538 ± 21 d; body weight following lairage: 593.9 ± 43.7 kg) were slaughtered, and ruminal contents and carcass 
data were collected. Ruminal microbial deoxyribonucleic acid (DNA) extraction and 16S ribosomal ribonucleic acid 
(rRNA) gene sequencing were performed to determine microbial relative abundances, to estimate microbial diversity, 
and to predict microbial metabolic pathways. A variety of correlation analyses and one-way ANOVA were performed 
to investigate the relationships between the rumen microbiome and carcass traits. Marbling score (P = 0.001) and 
longissimus lipid content (P = 0.009) were positively correlated to Chao1 Richness Index, suggesting that increased 
intramuscular fat was associated with increased numbers of ruminal microbial species. The phyla Tenericutes and TM7 
were negatively correlated (P ≤ 0.05) to marbling score and longissimus lipid content, indicating that lower abundances 
of these phyla may be associated with improvements in intramuscular fat content. Greater abundance of the bacterial 
family S24-7 was positively correlated (P = 0.002) to marbling score. Analysis by marbling classification revealed 
further linkages to microbial richness (P ≤ 0.063), diversity (P = 0.044), and S24-7 (P < 0.001) populations. Computational 
prediction of the microbial metabolic pathways revealed no differences (P ≥ 0.05) in metabolic pathway expression 
in rumen microbes between steers in the high- and low-marbling classes. Several phyla, families, and genera were 
positively correlated (P ≤ 0.05) to both rib fat thickness and yield grade. Collectively, our results suggest that microbial 
composition is associated to differing performance in carcass adipose traits. Overall, most of the bacterial taxa 
correlated to the intramuscular and subcutaneous fat depots did not overlap, suggesting the microbial population end 
products likely impacted adipose accumulation largely via separate adipogenic pathways of the host animal.
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Introduction
The rumen of cattle is capable of fermenting a wide variety 
of feedstuffs because it contains a diverse and competitive 

consortium of bacteria, protozoa, archaea, and fungi that are 
collectively recognized as the rumen microbiome (Hungate, 
1966; Sharp et  al., 1998; Mackie et  al., 2000). The ruminal 
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microbial population produces fermentation products such 
as volatile fatty acids (VFA) and microbial crude protein that 
contribute to meeting the host’s requirements for energy and 
protein, respectively (Hungate, 1966; Russell and Wallace, 
1997). Nonetheless, the rumen microbiota are divergent 
in their functional group(s), or ecological niche(s) (e.g., 
amylolytic, proteolytic, and cellulolytic), as well as in their 
metabolic pathways, which ultimately dictates the production 
of fermentation end products and their impact on the host 
animal (Hungate, 1966). Thus, understanding the microbial 
community composition and the impact of population changes 
on end product contributions is key to understanding how the 
microbial population impacts host production of meat, milk, and 
fiber (e.g., wool and hair) through the nutrients produced by the 
microbes, which are then absorbed and metabolized by the host.

In recent years, several studies have explored the interactions 
between the ruminal microbial populations and ruminant 
production traits, such as feed efficiency (Myer et al., 2015; Shabat 
et al., 2016; Ellison et al., 2017; Schären et al., 2018; Li et al., 2019), 
methane emission (Kamke et al., 2016; Wallace et al., 2019), and milk 
fatty acid composition (Buitenhuis et al., 2019). Throughout these 
studies, trends in microbial relative abundances were linked to 
production trait differences, suggesting that the rumen microbiome 
impacted animal performance. Although these relationships are 
not necessarily a new discovery, the new methodologies that are 
now available continually allow us to visualize the host–microbial 
relationship in greater detail. Nonetheless, while improvements 
in production efficiency are clearly of great economic value to 
the beef industry (Samarajeewa et  al., 2012), an area of similar 
value that has received little correlative investigation to date is 
the relationship between the rumen microbiome and beef carcass 
merit. The inherent value in a beef carcass is determined by 
consumer perception, which dictates the economic return to the 
producer. Thus, producing a beef carcass that is both high quality 
and high quantity supports the relationship that the industry has 
with consumers and increases income directly to the producer.

Expectations set by the consumers for overall beef palatability 
include a tender, juicy, and flavorful beef product (Smith and 
Carpenter, 1974; O’Quinn et al., 2018). Marbling (intramuscular fat) 
is a large influencer of palatability (O’Quinn et al., 2018); hence, 
marbling is critical to the value of a beef carcass. For producers, 
profitability is influenced not only by beef quality through 
improved marbling, but also by the quantity of beef produced. 
Thus, yield grades (which can be significantly affected by seam fat, 
determined via kidney, pelvic, heart fat percentage) represent the 
amount of boneless retail product that is generated and, therefore, 
can also impact producer profitability (Trenkle, 2001; Forristall 
et al., 2002).

The objective of this study was to conduct a preliminary 
investigation into the relationships between the rumen 
microbial populations and both carcass quality and yield traits 
in Angus steers. We hypothesized that steers with differing 
carcass merit in terms of marbling, longissimus lipid content, 
adjusted 12th rib fat thickness, and yield grades would have 
different ruminal microbiota compositions, which would result 
in different expressions of the microbial metabolic pathways.

Materials and Methods
All animals used in this study were humanely managed under 
the University of Georgia (UGA) Animal Care and Use Committee 
guidelines (AUP #A2012 11-006-R1).

Experimental animals

The 24 Angus steers utilized in this study were a subsample 
selected from a group of 60 commercial Angus steers produced 
for an ongoing study on selection for feed efficiency and 
carcass quality. Information about the selection, management, 
and diets of the steers were reported by Detweiler et al. (2019) 
in a summary of the study’s first 3 yr. Briefly, the 24 Angus 
steers were part of the fifth generation of offspring that had 
been divergently selected for marbling and feed efficiency. 
Overall, there were eight sires represented in the subsample 
that were divergent in terms of residual average daily gain 
(low or high) and marbling (high or average) expected progeny 
differences (EPD), but that were similar in terms of other 
EPD. While the selection of the subsample was based on the 
investigation of the digestive tract microbiome in relation to 
feed efficiency, as detailed by Welch et  al. (2020), additional 
data collection on the carcasses allowed for the present study 
to explore the relationships between the rumen microbiome 
and carcass traits.

The steers were produced from the cow herd at the 
Northwest Georgia Research and Education Center in Calhoun, 
GA (34°30′N, 84°57′W). The calves were born around January 
2017 (calving season length: 47 d), weaned in September, 
and transported to Brasstown, NC (35°10′N, 83°23′W), shortly 
after weaning. The steers were backgrounded on pasture until 
they entered the feedlot at approximately 13 to 14 mo of age. 
During the approximately 4 mo that they spent in the feedlot, 
the steers completed a 70-d feed intake trial using a GrowSafe 
(GrowSafe Systems Ltd., Airdrie, Alberta, Canada) bunk system 
where average daily gain (0.98 ± 0.16 kg/d), average daily dry 
matter intake (11.65 ± 2.02 kg/d), residual feed intake (−0.04 ± 
1.83  kg/d), and dry matter gain to feed ratios (0.09  ± 0.02) 
were measured. All steers were nutritionally managed as a 
contemporary group with the nutrient composition of the 
finishing diet (dry matter basis) being: net energy maintenance 
95.17 mcal/cwt, net energy gain 65.00 mcal/cwt, crude protein 
14.5%, roughage 12.4%, rough neutral detergent fiber 6.9%, 
fat 5.3%, calcium 0.7%, phosphorus 0.5%, potassium 0.7%, 
magnesium 0.2%, sulfur 0.3%, and added salt 0.2%. No growth 
enhancement technologies such as hormone implants, beta-
adrenergic agonists (e.g., ractopamine), or ionophores (e.g., 
monensin) were utilized during any phase of production. Upon 
exiting the feedlot, the steers were evaluated for residual feed 
intake, an indicator of feed efficiency. The 12 most-efficient 
and 12 least-efficient steers were selected and humanely 
slaughtered (age 538  ± 21 d; body weight following lairage 
593.9 ± 43.7 kg) at the UGA Meat Science Technology Center, a 
federally inspected meat plant in Athens, GA (33°57′N, 83°22′W).

Abbreviations

Chao1 Chao1 Richness Index
DNA Deoxyribonucleic Acid
EPD expected progeny difference
Evenness Pielou’s Evenness Index
KEGG Kyoto Encyclopedia of Genes and 

Genomes
OTU operational taxonomic units
Pdive Faith’s Phylogenetic Diversity Index
PICRUSt Phylogenetic Investigation of 

Communities by Reconstruction of 
Unobserved States

rRNA Ribosomal Ribonucleic Acid
VFA volatile fatty acid
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Sample and carcass data collection

The 24 steers were fasted and held overnight with access to 
water and were harvested the following morning under USDA 
inspection. Ruminal contents were aseptically collected into 
50-mL conical tubes following the evisceration process and 
were frozen at −20 °C until further analysis. The rumen contents 
were collected from both the ventral caudal and ventral cranial 
pouches, in order to get a representative sample of the fluid-
associated microbial populations in the rumen, and represent 
the microbial populations of steers that were fasted (approx. 
24 h) prior to slaughter.

Carcasses were chilled at 2  °C for 48  h before a trained 
evaluator collected USDA yield and quality measures, 
including adjusted 12th rib fat thickness, hot carcass weight, 
kidney pelvic heart fat, ribeye area, overall carcass maturity, 
and marbling scores (recorded to a tenth of a marbling score; 
500 = Modest00, 600 = Moderate00, 700 = Slightly Abundant00, and 
800  =  Moderately Abundant00). A  1.27-cm longissimus dorsi 
steak from the anterior end of the loin was removed, trimmed 
of all subcutaneous and intermuscular fat, vacuum-packaged, 
and immediately frozen at −20 °C for proximate analysis.

Proximate analysis

For proximate analysis, the 1.27-cm steaks were thawed 
overnight at 6 °C, powder homogenized in liquid nitrogen, and 
then refrozen for subsequent analysis. To determine the lipid 
and moisture content, duplicate samples of approximately 2.0 g 
were weighed and sealed into separate ANKOM bags (Ankom 
Technology, Fairport, NY). Samples were placed in a drying oven 
(model no.: 1350 FM, Sheldon Manufacturing Co., Cornelius, 
OR) at 100 °C overnight, cooled in a desiccator for 10 min, and 
weighed to determine the amount of moisture lost from the 
sample. Dried samples were placed in the Crude Fat Extractor 
(model no.: ANKOM XT15, Ankom Technology, Fairport, NY). To 
remove residual ether after extraction, samples were placed 
back in the 100 °C drying oven for 15 min, cooled for 10 min in 
a desiccator, and weighed to determine their crude fat content. 
Samples were reanalyzed if the coefficient of variation was 
greater than 10% between duplicates. 

DNA extraction and 16S rRNA gene sequencing

Ruminal samples were thawed and processed following the 
deoxyribonucleic acid (DNA) extraction procedure described by 
Rothrock et al. (2014). Briefly, this procedure requires 0.33 g of sample 
(as-is basis) to be weighed out into a 2-mL Lysing Matrix E tube (MP 
Biomedicals LLC, Irvine, CA) prior to mechanical and enzymatic 
steps to achieve DNA extraction. Cells were homogenized and 
disrupted via a FastPrep 24 Instrument (MP Biomedicals LLC, 
Irvine, CA) and InhibitEX Tablets (QIAGEN, Venlo, Limburg, The 
Netherlands) were added for enzymatic inhibition. Elution and 
purification of DNA were completed using an automated robotic 
workstation (QIAcube; QIAGEN, Venlo, Limburg, The Netherlands). 
Extracted DNA purity and concentration were evaluated using a 
Synergy H4 Hybrid Multi-Mode Microplate Reader along with the 
Take3 Micro-Volume Plate (BioTek Instruments Inc., Winooski, VT).

The extracted DNA samples were prepared for 16S ribosomal 
ribonucleic acid (rRNA) gene sequencing by the Georgia 
Genomics and Bioinformatics Core (https://dna.uga.edu). The 
DNA amplification was performed using the forward: S-D-Bact-
0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and reverse: S-D-
Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTAATCC-3′) primer pair 
(Klindworth et al., 2013). Amplified DNA was sequenced using the 

Illumina MiSeq platform and a V3 reagent kit (Illumina Inc., San 
Diego, CA).

16S rRNA gene sequencing data analysis

The DNA sequence data were first demultiplexed, according to 
the barcodes applied during the amplification process, before 
being converted into FASTQ files. Next, using BBMerge Paired 
Read Merger v37.64, the high-quality pair-end reads were 
merged. Once merged, the data files were analyzed using the 
QIIME pipeline v1.9.1 (Caporaso et  al., 2010). The data were 
then quality filtered and combined into one single FASTA file. 
Following, the nucleotide sequences were clustered according 
to the Greengenes database (gg_13_8_otus) into operational 
taxonomic units (OTU), which were defined at the threshold 
of 97% similarity. For further analysis, singleton OTU were 
removed, and the sequencing depth was set at 17,542 sequences 
per sample.

Alpha-diversity

Alpha-diversity of a microbial ecosystem is a measure of within-
sample variation (Fisher et  al., 1943; Whittaker, 1960). For the 
present study, we computed five alpha-diversity measures: 
Chao1 Richness Index (Chao1), Pielou’s Evenness Index 
(Evenness), Faith’s Phylogenetic Diversity Index (Pdive), the total 
number of OTU, and Shannon Index. Of these five measures, 
two represent species diversity (Shannon Index and Pdive), two 
represent richness (Chao1 and OTU), and one measures species 
evenness (Evenness). Briefly, species evenness represents how 
equally abundant the species are in the sample, while richness 
can be described as the number of different species within 
a sample (Tuomisto, 2012). Both richness and evenness are 
accounted for when estimating microbial diversity (Lloyd and 
Ghelardi, 1964; Pielou, 1966).

Prediction of metabolic pathways

Prediction of biochemical pathways expressed by the ruminal 
microbial communities were obtained using v1.1.4 of the 
Phylogenetic Investigation of Communities by Reconstruction 
of Unobserved States (PICRUSt) methodology, which utilizes the 
16S rRNA gene as a marker, coupled with a database of reference 
genomes, to provide the predicted functional composition of 
microbiotas (Langille et  al., 2013). The Greengenes database 
(gg_13_5_otus) and QIIME were used to generate a closed-
reference OTU table, which was normalized using 16S rRNA gene 
copy numbers. Rumen metagenomes were then predicted and 
categorized into functions based on Kyoto Encyclopedia of Genes 
and Genomes (KEGG) level 3 pathways (Kanehisa et al., 2014).

Statistical analysis

Data analysis was performed using Minitab v19.2 (Minitab LLC, 
State College, PA). Means and SD for carcass traits were analyzed 
using a two-sample t-test. Pearson correlations were performed 
between microbial traits including alpha-diversity indices 
and microbial taxa (at the phylum, family, and genus levels of 
classification) in relation to carcass traits (i.e., marbling score, 
longissimus lipid content, adjusted 12th rib fat thickness, and 
yield grade). A correlation coefficient greater than or equal to the 
absolute value of 0.40 (i.e., r ≥ ±0.40) was used as the threshold 
for reporting since correlation coefficients larger than ±0.40 
are considered of moderate or higher strength. Moreover, a 
correlation coefficient greater than or equal to ±0.40 consistently 
corresponded to a P-value ≤ 0.05 for our data. Linear regression 
plots between microbial and carcass traits were depicted using a 
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fitted line plot containing all the observations (n = 24). Quadratic 
effects were not significant for these comparisons.

The steers with the 10 highest and 10 lowest numeric 
marbling scores were grouped into the high-marbling and 
low-marbling classes, respectively. With respect to yield grade, 
a lower number indicates a greater percentage of boneless 
retail product and was considered a more desirable outcome. 
The steers with the 10 lowest and 10 highest yield grades 
were grouped into the best- and worst-yield grade classes, 
respectively. One-way ANOVA was performed for marbling 
classes (n = 10 steers per class) and yield grade classes (n = 10 
steers per class) in relation to alpha-diversity traits and 
microbial families. Only microbial families with a relative 
abundance greater than or equal to 0.45% were considered in 
these analyses. Analyses of the microbial metabolic pathways 
(n = 10 steers per class) were performed using a one-way ANOVA 
with the marbling classifications (low- or high-marbling) as 
fixed factors. Significance was set at P ≤ 0.05 with tendencies 
declared at 0.05 < P ≤ 0.10 for all statistical tests.

Results and Discussion

Carcass quality measures

Descriptive statistics
The mean values for carcass quality-related traits in the 24 
steers were 155 for overall maturity, 670 for marbling score, 
USDA High Choice for quality grade, and 9.4% for longissimus 
lipid content (Table 1). In comparison, the National Beef Quality 
Audit of 2016 reported mean values for fed steers to be 159 for 
overall maturity, 467 for marbling score, and USDA Low Choice 
for quality grade (Boykin et al., 2017).

Marbling scores are an estimate of intramuscular fat in the 
longissimus muscle of cattle and are relatively representative 
of the chemical (true) lipid content (Dryden, 1967). The 
correlation between marbling scores and the percentage of 
lipid found within the longissimus muscle in the present study 
was r = 0.63 (P = 0.001; Figure 1), whereas other studies have 
reported correlations ranging from 0.79 to 0.91 (Wellington 
and Stouffer, 1959; Armbruster et  al., 1983; Cameron et  al., 
1994).

Alpha-diversity of the rumen
Only significant correlation coefficients (r ≥ ±0.40; P ≤ 0.050) 
between marbling scores and longissimus lipid content with 
ruminal microbial traits such as diversity, richness, and different 
microbial taxa were reported (Table  2). Chao1, an estimator 
of species richness, was positively correlated (P ≤ 0.009) with 
both marbling score (r  =  0.62) and lipid content (r  =  0.52), 
suggesting that a greater number of ruminal bacterial species 
may be associated with higher marbling scores and greater 
longissimus lipid content. This result was further supported 
by the positive correlations (P ≤ 0.043) between marbling score 
(r  =  0.48) and longissimus lipid content (r  =  0.42) with the 
number of observed OTU, another measure of microbial species 
richness. Similarly, Pdive, which indicates species diversity, was 
positively correlated (P ≤ 0.030) with marbling score (r  =  0.49) 
and longissimus lipid content (r = 0.44). While few studies exist 
in cattle that relate ruminal microbial diversity and richness to 
intramuscular fat content, it has been shown in humans that 
obesity is related to reduced microbial diversity (Turnbaugh 
et  al., 2009; Le Chatelier et  al., 2013); however, other studies 
have failed to consistently support these findings (Bondia-Pons 
et al., 2014; Walters et al., 2014).

Bacterial taxa of the rumen
Many ruminal bacterial phyla have been identified, yet the 
ecological roles in the complex rumen ecosystem of many of 
these phyla remain unclear. The phylum Verrucomicrobia was 
positively correlated (P ≤ 0.037) to both marbling score (r = 0.43) 
and longissimus lipid content (r = 0.43), whereas Actinobacteria 
(r = 0.43) was also positively correlated (P = 0.036) to lipid content 
(Table 2). In general, Verrucomicrobia makes up less than 1% of 
the ruminal microbial population and is only found in the solid-
associated fraction of the rumen contents (Cunha et al., 2011; 
Jewell et al., 2015). Nevertheless, members of this phylum have 
been found to contribute considerably to diverse polysaccharide 
degradation, despite their low prevalence in the ruminal 
population (Martinez-Garcia et al., 2012). Genome analysis has 
further revealed that Verrucomicrobia, in comparison with other 
bacterial genomes, has a diverse selection of carbohydrate-
degrading glycoside hydrolases (Martinez-Garcia et  al., 2012), 
which could partially explain its association with the solid 

Table 1. Means and SD1 for carcass traits in Angus steers within the various populations analyzed in this study

Carcass trait

Populations

Marbling class Yield grade class

Experimental (n = 24) High (n = 10) Low (n = 10) Best (n = 10) Worst (n = 10)

Overall maturity2 155 (11.4) 156 (13.5) 156 (10.7) 153 (14.9) 157 (8.23)
Marbling score3 670 (94.8) 760a (56.0) 579b (40.4) 670  (96.4) 678  (106.4)
USDA quality grade4 Choice+ Prime– Choice° Choice+ Choice+

Longissimus lipid content, % 9.4  (2.60) 10.9a (2.11) 7.7b (2.22) 8.8  (2.29) 10.0 (3.17)
Hot carcass weight, kg 375.9  (27.48) 377.1 (27.55) 370.5 (26.40) 367.7 (32.61) 384.9 (24.48)
Adjusted 12th rib fat 

thickness, cm
1.3  (0.28) 1.4 (0.33) 1.3 (0.25) 1.1a (0.12) 1.6b (0.20)

Ribeye area, cm2 79.4  (6.92) 80.1 (8.38) 79.7 (6.40) 83.6a (7.68) 75.2b (4.56)
Kidney, pelvic, heart fat, % 2.2  (0.36) 2.1 (0.21) 2.2 (0.48) 2.2 (0.41) 2.3 (0.35)
Yield grade 3.5 (0.59) 3.5 (0.73) 3.4 (0.41) 2.9a (0.30) 4.0b (0.39)
Dressing percentage, % 61.7 (1.32) 61.8 (1.64) 61.7 (1.22) 61.8 (1.32) 61.8 (1.23)

1Means are followed by the SD in parentheses.
2Overall maturity is the average of bone and lean maturity where A00 = 100 and B00 = 200.
3Marbling score was converted to a numeric scale where 500 = Modest00, 600 = Moderate00, 700 = Slightly Abundant00, and 800 = Moderately 
Abundant00.
4Choice° = USDA Average Choice, Choice+ = USDA High Choice, and Prime– = USDA Low Prime
a,bDenotes carcass trait means that differ (P ≤ 0.050) between classes.
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fraction of the rumen contents, where it is able to degrade 
complex sugars in feedstuffs such as starch, hemicellulose, and 
cellulose. Actinobacteria makes up a slightly larger portion of 
the rumen microbial population at 2% to 3% (Pandya et al., 2010), 
and while the phylum is comprised of a diverse population of 
bacteria, all Actinobacteria that have been cultured from the 
ruminant digestive tract use pectin, cellulose, or xylan as their 
sole carbon source (Tan et al., 2014). 

The bacterial phyla Tenericutes (r = −0.41) and TM7 (r = −0.56) 
were negatively correlated (P ≤ 0.047) with marbling score, while 
the phyla Cyanobacteria (r  =  −0.53; Figure  2), Proteobacteria 
(r  =  −0.51), Tenericutes (r  =  −0.41), and TM7 (r  =  −0.41) were 
negatively correlated (P ≤ 0.049) with longissimus lipid content 
(Table  2), suggesting that lower abundances of these phyla 
may indirectly contribute to improved marbling scores and 
greater longissimus lipid content of carcasses. The phylum 
Tenericutes consists of a single class known as Mollicutes. 
Mollicutes is further comprised of four bacterial orders 
(Mycoplasmatales, Entomoplasmatales, Acholeplasmatales, 
and Anaeroplasmatales), of which several members have been 
found to be animal pathogens and parasites (Ludwig et al., 2010; 
Zhan et  al., 2017), which could partially explain why greater 
abundances of the phylum Tenericutes were associated with 
reduced carcass quality in terms of intramuscular fat deposition.

The bacterial family S24-7 (also referred to as Muribaculaceae) 
was positively correlated (r = 0.61; P = 0.002) with marbling score 
(Figure 2). Similarly, Fang et al. (2017) found that S24-7 members 
(two OTU in the cecum and three fecal OTU) were associated with 
increased intramuscular fat in pigs. Early research suggests that 
the S24-7 family is comprised of three trophic guilds consisting 
of α-glucan, host glycan, and plant glycan-based (hemicellulose 
and pectin) carbohydrate utilizers (Ormerod et  al., 2016). All 
known S24-7 members harbor genes for α-amylases indicating 
that while members may be able to operate in separate niches 
using specialized carbohydrate sources, starch utilization is 
conserved across the family (Ormerod et al., 2016; Lagkouvardos 
et  al., 2019). Further research suggests that the capacity to 
produce propionate is widespread throughout this bacterial 
family with increased abundances being linked to increased 
propionate production (Ormerod et al., 2016; Smith et al., 2019, 
2020, preprint). Since propionate is the preferred precursor 
for intramuscular fat via its connection to glucose (Smith 
and Crouse, 1984; Smith et al., 2018; Wandita et al., 2018), it is 
possible that the association between increased abundances 
of this bacterial family and increased marbling scores could be 

due in part to an increase in the production of the precursor 
propionate; however, further research is needed along with 
metabolic data such as VFA concentrations in order to better 
understand this relationship.

The family F16 is a part of the phylum TM7 and was negatively 
correlated with both marbling score (r  =  −0.56; P  =  0.004) and 
longissimus lipid content (r = −0.41; P = 0.045), as was the TM7 
phylum as a whole (Table 2). There were a wide variety of other 
bacterial families correlated with marbling score, including 
Erysipelotrichaceae (r = −0.42; P = 0.040; Figure 2), Rikenellaceae 
(r = 0.44; P = 0.031), and Verrucomicrobiaceae (r = 0.41; P = 0.047). 
Other bacterial families were also correlated with longissimus 
lipid content: Coriobacteriaceae (r = 0.41; P = 0.049; Figure 2) was 
positively correlated, whereas Succinivibrionaceae (r  =  −0.41; 
P = 0.045) was negatively correlated.

Several genera were positively correlated (P ≤ 0.047) with 
marbling scores, such as Akkermansia (r = 0.41), Blautia (r = 0.41), 
Klebsiella (r = 0.43), Peptostreptococcus (r = 0.43), and Selenomonas 
(r = 0.43) (Table 2). While Blautia is typically found at relatively 

Figure 1. Correlation between marbling scores and chemical lipid content in the 

longissimus muscle of Angus steers (n = 24). The regression equation, R2 value, 

correlation coefficient, and P-value are indicated for the given relationship. 

Table 2. Correlation between marbling and longissimus lipid 
content with different microbial traits1 assessed in the rumen of 
Angus steers (n = 24)

Trait Pearson correlation P-value

Marbling
 Chao1  0.615 0.001
 OTU  0.484 0.017
 Pdive  0.491 0.015
 Tenericutes −0.409 0.047
 TM7 −0.561 0.004
 Verrucomicrobia  0.428 0.037
 Erysipelotrichaceae −0.422 0.040
 F16 −0.562 0.004
 Rikenellaceae  0.441 0.031
 S24-7  0.610 0.002
 Verrucomicrobiaceae  0.409 0.047
 Akkermansia  0.409 0.047
 Blautia  0.409 0.047
 Klebsiella  0.426 0.038
 Moryella  0.456 0.025
 Peptostreptococcus  0.426 0.038
 Pseudomonas −0.474 0.019
 RFN20 −0.473 0.020
 Selenomonas  0.434 0.034

Lipid content
 Chao1  0.519 0.009
 OTU  0.417 0.043
 Pdive  0.444 0.030
 Actinobacteria  0.430 0.036
 Cyanobacteria −0.532 0.007
 Proteobacteria −0.508 0.011
 Tenericutes −0.406 0.049
 TM7 −0.413 0.045
 Verrucomicrobia  0.433 0.034
 Coriobacteriaceae  0.405 0.049
 F16 −0.413 0.045
 Succinivibrionaceae −0.413 0.045
 Dorea  0.438 0.032
 Moryella  0.489 0.015
 Pseudomonas −0.420 0.041
 RFN20 −0.440 0.031
 Succinivibrio −0.476 0.019

1Only microbial traits that had a significant correlation (r ≥ ±0.40; P ≤ 
0.050) with marbling and lipid content are shown.
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low abundances throughout the mammalian gut (Eren et  al., 
2015), some members of the genus are capable of utilizing H2 to 
produce acetate (Rey et al., 2010), which could result in a shuttling 
of energy from methane production toward acetate production 
that would ultimately result in less energy waste (Li et  al., 
2019). A similar shifting of H2 disposal from methane to acetate 
production via acetogenesis has been noted by members of the 
genus Peptostreptococcus (Nollet et  al., 1997). Overall, reducing 
the dietary energy lost and increasing VFA concentrations 
through increased abundances of these genera could potentially 
lead to more energy available to the host for fat deposition; 
however, more metabolic data are needed to support this theory. 
Meanwhile, well-known members of the Selenomonas genus such 
as Selenomonas ruminantium are known for producing ruminal 
propionate from lactate via the succinate–propionate pathway 
(Paynter and Elsden, 1970; Scheifinger and Wolin, 1973; Wallace, 
1978). Therefore, increased populations of Selenomonas could 
result in greater propionate production, and since propionate 
is a gluconeogenic precursor, the increased propionate could be 
linked to the increased intramuscular fat via glucose being the 
main lipogenic precursor of intramuscular adipose tissue (Smith 
and Crouse, 1984; Smith et al., 2018; Wandita et al., 2018). 

In addition, other genera were correlated (P ≤ 0.041) to both 
marbling score and longissimus lipid content, respectively, 
including Moryella (r  =  0.46, r  =  0.49), Pseudomonas (r  =  −0.48, 
r = −0.42), and RFN20 (r = −0.47, r = −0.44). Genera that were only 
correlated (P ≤ 0.032) to longissimus lipid content included Dorea 
(r = 0.44) and Succinivibrio (r = −0.48).

Carcass yield measures

Descriptive statistics
Carcass descriptive statistics (n = 24) relating to yield traits in the 
present study revealed mean values of 375.9 kg for hot carcass 

weight, 1.3 cm for adjusted 12th rib fat thickness, 79.4 cm2 for 
ribeye area, 3.5 for yield grade, 61.7% for dressing percentage, and 
2.2% for kidney, pelvic, heart fat (Table 1). Similarly, the National 
Beef Quality Audit of 2016 reported mean yield characteristics 
for fed steers to be 398.2 kg for hot carcass weight, 1.3 cm for 
adjusted fat thickness, 88.9  cm2 for longissimus muscle area, 
3.1 for yield grade, and 2.0% for kidney, pelvic, heart fat (Boykin 
et al., 2017).

Bacterial taxa of the rumen
No microbial diversity, richness, or evenness traits were 
correlated (P ≥ 0.050) to yield grade or rib fat thickness (data 
not shown). The bacterial phyla, families, and genera with 
significant correlations (P ≤ 0.050; r ≥ ±0.40) were largely the 
same for both yield grade and rib fat thickness (Table 3), which 
is logical given the incorporation of rib fat thickness into the 
yield grade calculations (USDA, 1965).

The phylum Actinobacteria was positively correlated  
(P ≤ 0.010) to yield grade (r = 0.52) and rib fat thickness (r = 0.62) 
(Figure  3). The families Bifidobacteriaceae (r  =  0.49, r  =  0.44), 
Coriobacteriaceae (r = 0.45, r = 0.59; Figure 3), and Peptococcaceae 
(r  =  0.47, r  =  0.56) were positively correlated to yield grade  
(P ≤ 0.027) and rib fat thickness (P ≤ 0.032), respectively (Table 3). In 
addition, the family Erysipelotrichaceae was positively correlated 
to rib fat thickness (r = 0.41; P = 0.045). Erysipelotrichaceae has 
been correlated with host lipid metabolism (Martínez et  al., 
2009; Zhang et  al., 2009; Spencer et  al., 2011); however, in the 
present study, we observed a negative correlation between the 
family Erysipelotrichaceae and marbling score, suggesting that 
members of the family may be more closely associated with 
subcutaneous rather than intramuscular fat accumulation. 
In other studies, Coriobacteriaceae populations  were 
associated with host lipid metabolism via conditions, such 

Figure 2. Fitted line plots depicting the relationships between marbling scores and longissimus lipid content with selected bacterial taxa within the rumen of Angus 

steers (n = 24). The regression equation, R2 value, correlation coefficient, and P-value are indicated for the given relationship.
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as hypercholesterolemia, hepatic metabolism, and obesity 
(Martínez et al., 2009, 2013; Zhang et al., 2009; Claus et al., 2011). 
In the present study, Coriobacteriaceae was positively correlated 
with longissimus lipid content as well as rib fat thickness and 

yield grade, suggesting that this family may contribute to adipose 
accumulation via a more general role in lipid metabolism.

The genus Bifidobacterium, which is a well-known 
gastrointestinal bacterium that produces primarily acetate 
and lactate (Falony et  al., 2006), was positively correlated 
(P ≤ 0.033) with yield grade (r  =  0.49) and rib fat thickness 
(r = 0.44) (Table 3). Bulleidia, in the family Erysipelotrichaceae, 
also produces acetate (Downes et al., 2000) and was positively 
correlated (P ≤ 0.018) with both yield grade (r = 0.48) and rib 
fat thickness (r = 0.55). Previous research has shown that both 
Bifidobacterium and Bulleidia were positively correlated with 
milk fat yield in first lactation cows (Jami et al., 2014) likely due 
in part to their contribution of acetate, and the use of acetate 
as the primary substrate for milk fat synthesis (Urrutia and 
Harvatine, 2017). Further research is needed to investigate 
the relationships between these bacterial genera and their 
potential end product contributions to lipid metabolism. The 
genus Peptococcus was also positively correlated (P ≤ 0.013) with 
yield grade (r = 0.50) and rib fat thickness (r = 0.58). Lastly, yield 
grade was uniquely correlated to Dorea (r  =  0.41; P  =  0.047), 
whereas the Butyrivibrio (r  =  0.41; P  =  0.049) correlation was 
unique to rib fat thickness.

Marbling classes

Descriptive statistics
Average marbling scores (P  <  0.001) for the high- and low-
marbling classes (n  =  10 steers per class) were 760 and 579, 
respectively, translating to Low Prime (Slightly Abundant60) and 
Average Choice (Modest79) USDA quality grades (Table 1). Aside 
from longissimus lipid content, no other carcass traits differed 
(P ≥ 0.180) between the high- and low-marbling classes.

Table 3. Correlation between yield grade and adjusted 12th rib fat 
thickness with different microbial taxa1 (phyla, families, and genera) 
assessed in the rumen of Angus steers (n = 24)

Trait Pearson correlation P-value

Yield grade
 Actinobacteria 0.517  0.010
 Bifidobacteriaceae 0.491  0.015
 Coriobacteriaceae 0.450  0.027
 Peptococcaceae 0.472  0.020
 Bifidobacterium 0.488  0.015
 Bulleidia 0.479  0.018
 Dorea 0.410  0.047
 Peptococcus 0.500  0.013

Rib fat thickness
 Actinobacteria 0.613  0.001
 Bifidobacteriaceae 0.439  0.032
 Coriobacteriaceae 0.589  0.002
 Erysipelotrichaceae 0.413  0.045
 Peptococcaceae 0.560  0.004
 Bifidobacterium 0.436  0.033
 Bulleidia 0.554  0.005
 Butyrivibrio 0.405  0.049
 Peptococcus 0.582  0.003

1Only microbial taxa that had a significant correlation (r ≥ ±0.40; P ≤ 
0.050) with yield grade and rib fat thickness are shown.

Figure 3. Fitted line plots depicting the relationships between adjusted 12th rib fat thickness and yield grade with selected bacterial taxa within the rumen of Angus 

steers (n = 24). The regression equation, R2 value, correlation coefficient, and P-value are indicated for the given relationship.
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Alpha-diversity of the rumen
Chao1 richness was greater (P = 0.009) in the rumen of the high- 
compared to the low-marbling steers, further suggesting that the 
high-marbling steers had a greater number of microbial species 
present in their rumen (Figure 4). These results were supported 
by the trend in the number of unique ruminal OTU (P = 0.063) 
observed, with high-marbling steers tending to have more OTU 
compared to low-marbling steers (Table 4). Pdive is a measure of 
species diversity that accounts for both microbial richness and 
evenness, and it was greater (P = 0.044) in the rumen of the high-
marbling compared to the low-marbling steers.

Bacterial families of the rumen
Analysis of bacterial families with relative abundances of 
≥0.45% in the rumen of the marbling class steers revealed that 
the only family to differ was the family S24-7 (P < 0.001) such 
that the high-marbling steers had greater abundances (6.35%) 
than did the low-marbling steers (3.53%) (Table 5). These results 
are similar to previously reported correlations between the 
abundance of bacterium in the S24-7 family and increased 
intramuscular fat content in pigs (Fang et al., 2017).

Prediction of metabolic pathways in the rumen
Analysis using the PICRUSt methodology to predict microbial 
metabolic pathways revealed no significant differences (P 
≥ 0.050) in metabolic function between the high- and low-
marbling classes (Figure  5); however, in spite of the small 
sample size (n = 10 steers per class), some metabolic pathways 

relating to lipid metabolism did differ numerically between 
marbling classes. In general, ruminal microbes from the high-
marbling steers had greater expression of the lipid metabolism 
pathways as compared to those microbes found within the 
rumens of the low-marbling steers. For example, the steroid 
biosynthesis pathway was numerically greater (P  =  0.190) in 
the high-marbling steers (146%) ruminal microbial populations 
compared to low-marbling steers (100%), suggesting that 
bacteria within the rumen of the high-marbling steers were 
producing a greater amount of steroid than those in the rumen 
of the low-marbling steers.

Overall, the ability of the PICRUSt methodology to predict 
microbial metabolic pathways is largely dependent on the 
genomes available in the reference database (Langille et  al., 
2013; Zeng et  al., 2015). Furthermore, the PICRUSt database is 
optimized to predict the functional pathways of microbes in the 
human gut, and, therefore, caution must be used when applying 
it to microbial populations from ecosystems that are not as well-
characterized (Langille et al., 2013). Predicted metabolic pathway 
analysis is a useful strategy that can offer relatively inexpensive, 
yet valuable insights into unclear ruminal metabolic activities. 
However, metabolomics analysis that measures the activity of 
intermediate microbial metabolism is needed to fully elucidate 
interactions between the members of the microbial ecosystem 
and their ruminant host.

Yield grade classes

Descriptive statistics
Two carcass measures differed (P ≤ 0.011) between the yield grade 
classes (n = 10 steers per class): adjusted 12th rib fat thickness 
(1.1 vs. 1.6 cm) and ribeye area (83.6 vs. 75.2 cm2), which resulted 
in divergent yield grades (2.9 vs. 4.0) for the best- and worst-
yield grade classes, respectively (Table 1). No other carcass traits 
differed (P ≥ 0.200) between classes.

Table 4. Analysis of variance for alpha-diversity traits in the rumen 
of Angus steers from different marbling classifications (n = 10 steers 
per class)

Diversity trait

Marbling class

Standard error P-valueLow High

Chao1 3,075 3,819 180.2  0.009*
Evenness 0.788 0.794 0.0081 0.603
Pdive 120.3 132.3 3.90  0.044*
OTU 1,736 1,967 82.4 0.063
Shannon Index 8.47 8.68 0.129 0.254

*Denotes a diversity trait with a significant difference (P ≤ 0.050) in 
representation between the two classes of steers.

Table 5. Analysis of variance for microbial families1 found in the 
rumen of Angus steers from different marbling classifications (n = 10 
steers per class)

Family

Marbling class
Standard 

error P-valueLow High

Christensenellaceae  0.47  0.51 0.123  0.826
Clostridiaceae  1.38  1.35 0.206  0.902
Coriobacteriaceae  1.85  2.01 0.236  0.630
Erysipelotrichaceae  0.84  0.63 0.087  0.109
F16  0.69  0.32 0.155  0.115
Lachnospiraceae 15.06 15.29 1.254  0.898
Methanobacteriaceae  1.28  1.20 0.245  0.815
Mogibacteriaceae  1.61  2.02 0.221  0.206
Order_Bacteroidales2  6.83  7.88 0.621  0.248
Order_Clostridiales2 12.75 13.15 0.735  0.701
Paraprevotellaceae  2.21  1.89 0.316  0.481
Pirellulaceae  0.53  0.72 0.132  0.319
Prevotellaceae 20.28 18.63 1.664  0.490
Ruminococcaceae 18.75 17.25 1.319  0.432
S24-7  3.53  6.35 0.416  <0.001*
Spirochaetaceae  2.02  1.34 0.315  0.146
Succinivibrionaceae  0.93  0.45 0.418  0.426
Veillonellaceae  3.61  3.96 0.673  0.720

1Only microbial families with an abundance of ≥ 0.45% are shown.
2Denotes an unidentified family within the listed taxonomical 
Order.
*Denotes a family with a significant difference (P ≤ 0.050) in relative 
abundances between the two classes of steers.

Figure 4. Chao1 index (an estimator of microbial richness) measured in the 

rumen of Angus steers with distinct marbling scores (n = 10 steers per class). 

A one-way ANOVA revealed differences (P  = 0.009) between the two marbling 

groups. Whisker bars indicate the minimum and maximum values, while the “x” 

represents the mean value.
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Alpha-diversity of the rumen
There were no significant differences in ruminal microbial 
species diversity, richness, or evenness across yield grade classes 
(Table 6); however, there was a tendency (P = 0.067) for Evenness 
to be closer to 1 in the best-yield grade class steers compared to 
the worst-yield grade class, suggesting that ruminal microbial 
species abundances were more equally distributed in the best-
yield grade class steers.

Bacterial families of the rumen
Bacterial families with ruminal abundances ≥ 0.45% were 
analyzed between the yield grade classes (Table 7). The family 
Coriobacteriaceae (P  =  0.005) had lower ruminal abundances 
in the best-yield grade (1.52%) compared to the worst-yield 
grade (2.40%) class steers. Similarly, there was a tendency 
for the best-yield grade class steers (0.62%) to have lower 
abundances of the family Erysipelotrichaceae (P  =  0.058) 
compared to the worst-yield grade class steers (0.87%). The 
family Christensenellaceae (P = 0.045), while having relatively 
low overall abundance in the rumen, was greater in the best-
yield grade class steers (0.56%) compared to the worst-yield 
grade class steers (0.27%).

Conclusions
Overall, our findings indicate that improvements in marbling 
score as well as increased longissimus lipid content of 

carcasses were highly correlated with increased microbial 
richness, suggesting that a greater number of bacterial species 
in the rumen may be associated with increased fat content 
in the longissimus muscle. Several bacterial phyla, families, 
and genera were correlated to important carcass traits, such 
as marbling score, longissimus lipid content, adjusted 12th 
rib fat thickness, and calculated yield grade. Of particular 
interest was the bacterial family S24-7 and its correlation 
with increased marbling scores, which was initially noted in 
pigs, and is further supported by our findings. Surprisingly, 

Figure 5. Results using the PICRUSt methodology to predict the expression of microbial metabolic pathways (level 3 KEGG pathways shown) within the rumen of Angus 

steers from different marbling classifications (n = 10 steers per class). The expression of the pathways was set at 100% for the low-marbling steers.

Table 6. Analysis of variance for alpha-diversity traits in the rumen 
of Angus steers from different yield grade classifications (n  =  10 
steers per class)

Diversity trait

Yield grade class

Standard error P-valueWorst Best

Chao1 3,369 3,432 205.1 0.829
Evenness 0.779 0.799 0.0072 0.067
Pdive 123.1 126.4 4.00 0.568
OTU 1,767 1,870 80.9 0.383
Shannon Index 8.40 8.67 0.118 0.112

Table 7. Analysis of variance for microbial families1 found in the 
rumen of Angus steers from different yield grade classifications 
(n = 10 steers per class)

Family

Yield grade class
Standard 

error P-valueWorst Best

Christensenellaceae  0.27  0.56 0.094  0.045*
Clostridiaceae  1.19  1.37 0.194 0.519
Coriobacteriaceae  2.40  1.52 0.194  0.005*
Erysipelotrichaceae  0.87  0.62 0.087 0.058
F16  0.47  0.46 0.169 0.966
Lachnospiraceae 15.76 13.39 1.319 0.220
Methanobacteriaceae  1.26  1.22 0.242 0.895
Mogibacteriaceae  1.65  1.64 0.210 0.979
Order_Bacteroidales2  7.41  7.37 0.673 0.968
Order_Clostridiales2 12.44 12.44 0.693 0.998
Paraprevotellaceae  2.12  2.42 0.301 0.498
Pirellulaceae  0.47  0.61 0.105 0.366
Prevotellaceae 20.72 21.34 1.602 0.788
Ruminococcaceae 16.40 17.85 1.373 0.466
S24-7  5.06  5.60 0.656 0.569
Spirochaetaceae  2.17  1.69 0.372 0.379
Succinivibrionaceae  0.84  0.61 0.421 0.703
Veillonellaceae  3.62  3.55 0.681 0.948

1Only microbial families with an abundance of ≥ 0.45% are shown.
2Denotes an unidentified family within the listed taxonomical 
Order.
*Denotes a family with a significant difference (P ≤ 0.050) in relative 
abundances between the two classes of steers.
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few bacterial taxa overlapped in their correlations to the two 
studied fat depots, subcutaneous (rib fat and yield grade) and 
intramuscular (marbling and longissimus lipid content) fat. 
Thus, our results suggest that while a number of bacterial 
taxa appear to play some role in adipose tissue accumulation 
in each depot, their influence may be largely accomplished 
via separate host metabolic pathways for each fat depot. The 
separation between bacteria linked to each fat depot could be 
due in part to the different regulatory pathways that control 
de novo fatty acid synthesis for each depot, as reported by 
Smith and Crouse (1984); however, metabolic data regarding 
the microbes’ contribution to lipid metabolism are needed 
to better understand the potential relationships between the 
rumen microbiome and carcass performance. Collectively, 
these findings serve as a basis for continued exploration into 
the relationships between the ruminal microbial populations 
and beef carcass merit, which can potentially be a method to 
improve carcass quality and producer profitability.
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