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Abstract

The microbial population in the gastrointestinal tract of ruminant animals aids in the utilization of forages with high levels of secondary plant
compounds. Two divergent bloodlines of meat goats have been selected by screening fecal samples with nearinfrared reflectance spectros-
copy to assess the goat's consumption of high or low levels of Juniperus sp. leaves containing several monoterpenes, including camphor. The
mechanism by which these goats can consume greater concentrations of Juniperus spp. leaves than their counterparts is unclear, and therefore,
this study was designed to determine if differences existed between the ruminal microbial populations of the low and high juniperconsuming
bloodlines (LJC vs. HJC) by analyzing their ruminal microbiota and fermentation end products. In the present study, concentrations (0.00, 0.5,
0.99, 1.97 or 5.91 mM) of camphor were added to mixed ruminal microorganism fermentation. Five LJC and five HJC goats were fed a juniper-
free diet (n = 10), and five LJC and five HJC goats (n = 10) were fed a diet that contained 30% fresh Juniperus ashei leaves for 21 d prior to
ruminal fluid collection. In vitro fermentations used LJC and HJC, ruminal fluid inoculum added (33% v/v) to anoxic media in sealed Balch tubes.
Camphor increased (P < 0.05) total short-chain fatty acid (SCFA) concentrations for all but one experimental group. Between the main dietary
and bloodline goat effects, the diet was significant for all SCFA results except butyrate. In contrast, bloodline was only significant for acetate
and butyrate molar proportions. Rumen fluid from juniperfree-fed goats exhibited greater concentrations of Ruminococcaceae, whereas juniper-
fed goats contained more Coriobacteriaceae. Results demonstrated that mixed ruminal microorganisms fermentations from HJC goats did not
produce greater concentrations of SCFAs or have the ability to degrade camphor at a higher rate than did that from LJC goats. Results suggest
that camphor tolerance from J. ashei, was related to hepatic catabolic mechanisms instead of ruminal microbial degradation; however, further
in vivo work is warranted.
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INTRODUCTION To limit juniper dissemination, researchers with Texas
A&M Agrilife in San Angelo, TX began selecting diver-
gent meat goat bloodlines (Spanish x Boer) that consumed
high or low percentages of juniper in their diets starting in
2003. Fecal near-infrared spectroscopy (fNIRS) was used to
estimate juniper consumption and breeding lines were estab-
lished: high juniper consuming (HJC) goats and low juniper
consuming (LJC) goats (Walker et al., 2007; Waldron et al.,
2009). Despite the high phytochemicals present in all plant
parts of Juniperus sp. limiting herbivory (Estell et al., 2014),
concentrations of secondary plant compounds, including there were no dlffere.nces mn bOdY weight beltween.L]C and
alkaloids and terpenes, which impact the herbivore con- HJC ma voluntary 1.ntake tr1al. and only minor dlff?rences
sumption (Riddle et al., 1996; Frost et al., 2008). Mechanical in ruminal short-chain fatty acid (SCFA) concentrations. It

grubbing or chemical treatment techniques for juniper removal is reaciilly under Sthd C{hat diet _select%on fby dllr)umlinant;_ 'S 3
are expensive methods thus researchers have investigated other carned response based on postingestive feedback mediate

control options for minimizing juniper encroachment, such as bﬁ’ morp hlo logical, phlysiological, and digestive processes of
prescribed burns (Taylor, 2006, 2008), selection of livestock to the imma (Fo ey et ?)"’11999)‘1 . J i
preferentially consume juniper (Marké et al., 2008; Waldron et The rumen microbial population can detoxify many or-

al., 2009), and juniper processed as a forage source to include ganic compounds that are antinutritional factors (Kronberg
in feed rations (Whitney et al., 2014; Ishaq et al., 2017). and Walker, 1993; Dominguez-Bello, 1996; Duncan et al.,

Juniper expansion in the western and southwestern United
States has led to ecological disruption and threatens other veg-
etation ecosystems (Ansley and Rasmussen, 2005; Campbell
and Taylor, 2007). Since the early developments of the live-
stock industry in west-central Texas, invasion, and increase of
Pinchot’s juniper (Juniperus pinchottii Sudw.) and Ashe juniper
(Juniperus ashei J. Buchholz.) encroachment into previously
dominated herbaceous vegetation has been a problem (Taylor
et al., 1997; Dunson et al., 2007). Juniper plants contain high
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1997; Malecky et al., 2012), and the ability of the microbial
ecosystem to detoxify compounds varies between populations
of ruminants (Palmer et al., 2010). Therefore, our present
objective was to utilize a subset of both HJC and LJC
bloodline goats fed either a juniper-free (0) diet or a juniper-
supplemented (30) diet containing 30% fresh leaves of Ashe
Juniper in a 2 x 2 factorial design, and analyze differences in
the microbial populations between the experimental groups.
Following the 21-d preconditioning phase, rumen fluid was
collected from a random subset of goats from each of the
four bloodline-by-diet groups to determine if the addition of
concentrations (0, 0.25, 0.49, 0.99, 1.97, or 5.91 mM) of a
monoterpene (camphor) commonly found in Juniperus spp.
altered the in vitro mixed rumen microbial fermentation.
Furthermore, whole fresh ruminal fluid samples were col-
lected to examine native microflora differences between ex-
perimental groups.

MATERIALS AND METHODS

This study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health. In addition, all experimental procedures
and protocols were verified and approved by Texas A&M
University’s Office of Animal Care and Use (Texas A&M AUP
2018-012A). Methods are also described in detail in the com-
panion manuscript.

Experimental Design

This experiment aimed to assess the differences in SCFA pro-
duction by the mixed rumen microbes from two selected
bloodlines of goats (7 = 20 total, n = 10 [H]JC] & n = 10
[LJC]) in the presence of camphor in an anaerobic in vitro
fermentation. Prior to ruminal fluid collection, each blood-
line was fed a diet for 21 d containing 0% juniper (0) or a
diet containing 30% fresh leaves from J. ashei Buch. (30) in a
2 x 2 factorial design (Table 1, diet composition). Rumen fluid
was collected using esophageal tubing from each of the four
bloodline-by-diet (D x B) treatment groups, which contained
n = 4 goats. Ruminal fluid samples from each D x B group
were pooled using equal amounts into a | L thermos, resulting
in D x B rumen fluid groups (n = 4): LJCO0, LJC30, HJCO,
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and HJC30. The experimental design fitted a nested model
in which rumen fluid from each group represented batches (n
=4, d.f. = 3). Each batch was influenced by the fixed effects
of camphor concentration (0, 0.25, 0.49, 0.99, 1.97, or
5.91 mM) and time of incubation (0 or 24 h) in duplicate for
each camphor x time combination, resulting in experimental
units defined as the individual anaerobic in vitro Balch tube.
For further experimental design clarifications, Figure 1 shows
the rumen collection for each B x D group and processing for
the in vitro portion down to the test tube level.

Study Logistics

The study site where goats were housed and fed was at
the Texas A&M AgriLife Research Station in Sonora, TX
located in Texas’s western Edward Plateau region (30°15'N,
100°33"W). The two diet groups (0 and 30) were penned sep-
arately, but bloodline groups (LJC and HJC) were comingled
together. Upon collection of 250 mL of raw rumen fluid via
esophageal tubing from each of four goats within each blood-
line x diet group, rumen fluid samples from each B x D group
were pooled into four separate 1 L thermos containers and
transported to the Ruminant Nutrition Lab at the Texas
A&M AgrilLife Research Station in San Angelo, TX (31°33’N,
100°30"W) for further experimental processing. Following
the fermentation, samples were frozen for at least 24 h at
-20° C (Prates et al., 2010). For the microbiome analysis, two
15 mL vials from each B x D group were flash-frozen (~ -196
°C) for 45 s in liquid nitrogen, transported on ice to the labo-
ratory, and stored at -20 °C.

After completing the in vitro trial, all samples were
packaged and shipped overnight on wet ice to the Animal
and Dairy Science Department at the University of Georgia
in Athens, Georgia (33°56’N, 83°22"W) for data collection
and processing.

Animals and Breeding Program

Animals in this study were intact Boer x Spanish males and
half in each breeding group were born in 2015 and 2016. In
2003 goats’ fNIRS calibrations (Campbell et al., 2007) were
used to divide goats into high and low juniper consumers.
From then forward, goats were bred to create divergent lines
for high and low juniper consumption based on their expected

Table 1. Chemical analyses of diet components of the preconditioning juniper free (JO) and junipersupplemented (J30) rations

Diet Type—DM Basis”

Juniper (5/1/18)  Juniper (5/6/18) Juniper (5/8/18) Juniper + Hay Juniper + Hay Juniper + Hay Hay®
(5/1/18) (5/6/18) (5/8/18)
Nutrient composition

CP, % 10.5 9.8 10.8 11.7 9.9 9.4 13.7
ADE % 32.7 37.7 32.4 33.4 38.2 37.9 36
aNDF, % 51 56.9 44.4 56.5 56.7 50.9 59.0
NFC, % 28.5 23.4 34.8 21.8 23.4 29.7 17.9
TDN, % 59.0 57.0 61.0 58.0 58.0 59.0 57.5
NEM, Mcal/lb 0.55 0.51 0.59 0.53 0.52 0.55 0.52
NEG, Mcal/lb 0.29 0.26 0.33 0.27 0.27 0.30 0.26
RFV 116 97 133 104 97 109 97

‘Ration Balancer analysis by Dairy One, 730 Warren Road, Ithaca, NY 14850. NEG, net energy gain; NEM, net energy maintenance; NFC, nonfiber

carbohydrates; RFV, relative feed value.

TAverage values for two separate hay collections during the preconditioning feeding phase.
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Figure 1. Experimental design for assessing the end-product alterations during in vitro mixed ruminal microorganism fermentation when goat rumen
fluid was dosed with different concentrations of camphor and incubated for 24 h. The only entire experimental breakdown is shown for the HJC goats
fed a junipersupplemented diet, all other B x D followed the same approach for each of the four B x D combinations. 0, goats fed a juniper free diet;
30, goats fed a juniper-supplemented diet; HJC, high juniper consuming goats; LJC, low juniper consuming goats; RF, rumen fluid.

breeding value (EBV) calculated from fNIRS determinations
of percentage juniper in their diet and pedigree information.
EBV and fNIRS determined the percent juniper in their diet
just prior to the initiation of this study, and it was 13 and
50, respectively, for the HJC goats, and -14 and 16 for the
LJC goats used in this study. All goats had similar initial and
final body weights 52.24 (P = 0.87) and 54.80 kg (P = 0.83),
respectively.

Diet and Time of Feeding

Both HJC and LJC goats received one of two diets for 21 d
prior to rumen fluid collection. Tifton 85 and late bloom al-
falfa hay 1:1 wt:wt ratio were ground in a tub grinder. Small
stems (<1 cm) and leaves of J. ashei were harvested prior to
the beginning of the study and stored at 5 °C to minimize the
volatilization of terpenoids. Juniper and previously ground hay
mixture were combined 3:7 wt:wt dry weight basis, and were
hammermilled with a wood and leaf chipper and stored at 5 °C
until feed. Goats were fed twice daily at 0800 and 1600 CST.

Rumen Fluid Collection and Dosing

Ruminal fluid was added (33% v/v) from each bloodline x
diet flask to anoxic media as described in Cotta and Russell
(1982) and Callaway and Martin (1996). Media composi-
tion was 292 mg of K. HPO,, 240 mg of KH,PO,, 480 mg
of (NH,),SO,, 480 mg of NaCl, 100 mg of MgSO,-7H,0,
64 mg of CaCl,-2H,0, 4000 mg of Na,CO,, and 600 mg/L of
cysteine-HCI. Each inoculated ruminal fluid per media flask
was equilibrated and mixed with O,-free CO, for 10 min
prior to anaerobic transfer (10 mL) to O,-free CO, flushed
Balch tubes which were subsequently sealed with butyl
rubber stoppers and aluminum crimps. A stock solution that
contained 0.3 g of camphor (MilliporeSigma, St. Louis, MO,
(x)-Camphor, 295.0%) was dissolved in 20 mL of 95% eth-
anol, and 200 pL of camphor stock solution was added to
each appropriate fermentation tube to achieve a final con-
centration of 1.97 mM camphor. Additional dosage levels
were diluted or concentrated to represent different inocu-
lation levels of camphor based on the 300 mg/L, 1.97 mM



concentration. The camphor concentration used in the study
was calculated using the following assumptions: 45.36 kg BW
goat (with a 10-L ruminal volume) that consumed 3% BW
of a diet composed of 30% J. ashei J. Buchholz, Ashe Juniper
leaves are approximately 2% VO (DM basis), and 44% (on
average) of the VO was reported as camphor (Riddle et al.,
1996; Owens et al., 1998; Adams et al., 2013). All tubes re-
ceived either camphor or an equivalent positive control dose
(200 pL) of 95% ethanol. The individual in vitro fermenta-
tion tubes were incubated at 39 °C for 0 or 24 h and were
frozen (-20 °C) immediately.

Sample Analysis

Samples were thawed for at least 45 min to equilibrate to
room temperature and vortexed before pH was measured
(Orion pH meter). Rumen samples were analyzed for SCFA
analysis using similar methods described in Goetsch and
Galyean (1983) and Lourenco et al. (2020). Briefly, 2 mL
from each sample was centrifuged at 10,000 x g for 10 min,
and then the supernatant was frozen (-20 °C), and 5 mL of
raw sample was transferred to screw-thread vials, which were
frozen before overnight shipment to Texas A&M University
(College Station, TX) for camphor concentration analysis.
For SCFA analysis, 1 mL of the supernatant was mixed with
0.2 mL of 25% (wt/vol) metaphosphoric acid, vortexed, and
frozen overnight. Subsequently, samples were thawed for and
centrifuged (10,000 x g, 10 min), before 1 mL of supernatant
was transferred to screw-thread vials that contained 2 mL
of 95% ethyl acetate, vortexed, and allowed to settle for at
least 5 min. The upper layer was transferred (1 mL) into gas
chromatography vials for SCFA analysis using a Shimadzu
GC-2010 Plus gas chromatograph (Shimadzu Corporation
Kyoto, Japan) equipped with a flame ionization detector and
capillary column (Zebron ZB-FFAP; 30 m x 0.32 mm x 0.25
pm; Phenomenex Inc., Torrance, CA). The sample injection
volume was 1.0 pL, and helium was used as the carrier gas.
The starting temperature of the column was set at 110 °C and
gradually increased to 200 °C, the injector temperature was
set at 250 °C, and the detector temperature was set at 350 °C.
The output variables recorded were acetate, propionate, iso-
butyrate, butyrate, iso-valerate, valerate, and caproic acids.
Total SCFAs were calculated using the sum of acetate, propi-
onate, butyrate, and valerate concentrations.

Microbiome Analysis: DNA Extraction and
Sequencing

Deoxyribonucleic acid (DNA) was extracted from the B x D
samples following the procedures described by Welch et al.
(2020) with slight modifications. This procedure uses 250
pL of the sample placed in 2-mL Lysing Matrix E tubes (MP
Biomedicals LLC, Irvine, CA), which are homogenized using a
QIAGEN vortex adapter (QIAGEN, Venlo, the Netherlands)
to disrupt the cells. Enzymatic inhibition was achieved by
using InhibitEX Buffer (QIAGEN, Venlo, the Netherlands),
and DNA elution and purification were carried out using a
spin column and a series of specialized buffers according to
the manufacturer’s specifications (QIAamp Fast DNA Stool
Mini Kit; QIAGEN, Venlo, the Netherlands). Determination
of DNA concentration and purity in the resulting eluate was
performed spectrophotometrically using the Synergy LX
Multi-Mode Microplate Reader in conjunction with the Take3
Micro-Volume Plate (BioTek Instruments Inc; Winooski, VT).
Samples with a minimum volume of 100 pL and 10 ng/pL of
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DNA were stored at 4 °C until the following day. Samples that
failed to meet these requirements were rejected and subjected
to a new DNA extraction cycle.

Following DNA extraction, samples were taken to the
Georgia Genomics and Bioinformatics Core (https://dna.
uga.edu) for library preparation and 16S ribosomal ri-
bonucleic acid gene sequencing. The library prepara-
tion step included polymerase chain reaction (PCR)
replications 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
pairs (Klindworth et al., 2013), followed by a PCR clean-up
using AMPure XP beads (Beckman Coulter Life Sciences,
Indianapolis, IN). A second PCR step was then carried out
to attach Illumina’s indices and sequencing adapters (Nextera
XT Index Kit; lllumina Inc., San Diego, CA), followed by an-
other PCR clean-up step using AMPure XP beads. Following
this final library clean-up, the library was quantified using
qPCR, and the nucleotides were sequenced using an Illumina
MiSeq instrument and a MiSeq v3 reagent kit (Illumina Inc.,
San Diego, CA). A well-characterized bacteriophage PhiX ge-
nome (PhiX Control v3 Library; lllumina Inc., San Diego, CA)
was used as a control for the sequencing runs.

The sequencing data were demultiplexed and converted
to FASTQ files. Pair-end reads were set and merged using
BBMerge Paired Read Merger v37.64 with default sensitivity
and an expected insert size of 500 bp. The files were analyzed
using QIIME pipeline v1.9.1 (Caporaso et al., 2010), quality-
filtered according to the default values provided in QIIME’s
script “multiplpe_split_libraries_fastq.py,” merged into a
single file, and converted into the FASTA format. Sequences
were clustered based on operational taxonomic units (OTUs)
at 97% similarity using the Uclust OTU picking method
and the Greengenes database (gg_13_8_otus). Samples that
did not align to PyNAST were excluded from the analysis.
Sequencing depth was set at 3,148 sequences per sample.

Analysis of Postfermentation Camphor
Concentrations

Experimental methodology used to quantify levels of cam-
phor before and after the present in vitro trial is defined in
Lee et al. (2012). Stock solution preparations were carried
out with 100 pg/mL of camphor (Sigma-Aldrich, St. Louis,
MO) was dissolved in ethyl acetate and further diluted in
solvent to 1 pg/mL, and used for the calibration standards,
precision and accuracy analysis, and spiking samples.
Solid-phase extraction (SPE) cartridges, 500 mg C18, were
obtained from Biotage (Biotage, Charlotte, NC). A C18 SPE
cartridges equipped with a 10-mL solvent reservoir was
preconditioned with 5 mL of methanol and filled with 10 mL
of deionized water wash. Conditioned SPE was loaded with
4 mL of camphor sample, placed under vacuum pressure
(20 Pa), and followed with a 10 mL water wash. The SPE
was dried (10 min) under vacuum and eluted with ethyl ac-
etate. The elute from each SPE column was injected into the
gas chromatography-mass spectrometry using a Combi PAL
autosampler (Agilent Technologies, Santa Clara, CA). The
ratio of the peak area of camphor to internal standards (0.01,
0.05, 0.1, 0.5, 1.0, and 5.0 pg/mL) vs. camphor concentra-
tion was plotted to obtain a standard curve using equal-
weighted linear regression analysis. The camphor in each
sample was determined using the standard curve’s slope, and
the sensitivity of the method was assessed by determining the
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limit of detection and the limit of quantification with a sig-
nal-to-noise of 3 and 10, respectively.

Statistical Analyses

Statistical analyses were performed using the GLM proce-
dure in SAS 9.4 (SAS Inst., Inc., Cary, NC), fitting a straight
nested experimental design for all SCFA data. An analysis
of variance (ANOVA) was used to compare all end-product
data between nested design factors. The experimental
unit of the in vitro portion of this study was Balch tubes
representing each grouping of goats within their respective
bloodline and diet combination, B x D (f); LJC0, LJC30,
HJCO0, and HJC30 (f = 4, d.f.=3). Total observations were
48 (d.f. = 47), where six dosage levels (0, 0.25, 0.49, 0.99,
1.97, or 5.91 mM of camphor) for 24 h at 39.0 °C. An ad-
ditional GLM procedure was used for comparison of con-
trol samples (0 mM camphor) at 0 and 24 h of incubation.
For the goat performance and microbiome data on the raw
rumen fluid, a GLM procedure in SAS 9.4 was used for a
2 x 2 factorial design with two factors (Bloodline and Diet)
and two levels for each factor.

A one-way ANOVA was used to compare measured cam-
phor concentrations between the different B x D groups at time
zero to analyze postfermentation camphor concentrations.
Two-way ANOVA was used to compare measured cam-
phor concentrations between the different B x D groups and
at different times over the experimental time course. The
Holm-Sidak method was used for all pairwise multiple com-
parison procedures. Sigma Plot version 10.0.1 was used for
performing this particular analysis (Systat Software, Inc., San
Jose, CA).

All results were considered significant at P < 0.05.

RESULTS

Animal Performance

All goats had similar initial and final weights (P > 0.42), 52.2
and 54.3 kg, respectively. Although not statistically signifi-
cant (P = 0.38), there was a sizable numerical difference in
average daily gain (kg/d) between goats fed a juniper-free
diet (0.13 kg/d). Goats fed a diet containing juniper leaves
(0.20 kg/d) for the 15-d intermediate time between weight
collections between Periods 1 and 2 (Table 2). The same an-
imal performance data for the experimental goat herd are
presented in the companion paper (Seidel et al., unpublished
data).

Total SCFAs, pH, and SCFA Proportions of Controls

Concerning in vitro tubes without camphor dosages, Table
3 highlights comparisons of each B x D combination con-
trol results for pH, total SCFAs, acetate to propionate ratio
(A:P), and molar proportions. Although the pH was different
for the B x D interaction, the pH range of 6.45 to 6.65 is
a normal associated pH range for goats on a forage diet
(Castro-Costa et al., 2015). Total SCFA data for the control
samples exhibited a decrease in diet (P = 0.04) shown by the
juniper-enhanced groups having a lower total SCFA concen-
tration in the control samples as compared juniper-free feed
groups. The juniper-enhanced diet groups had higher A:P
ratios (P < 0.001), 4.95, compared to the juniper-free diet,
4.34. Although there were significances associated with var-
ious factors of molar proportions of controls in Table 3, the
numerical representation of these differences was not dif-
ferent enough to establish biological interest in the results.
Therefore, the purpose of examining differences in control
tubes was to establish limited alterations between incubation
time points. Generally speaking, the only B x D combination
that was altered significantly was the increase in SCFA in the
LJC30 group.

Effects of Camphor on pH, Total SCFAs, and Acetate
to Propionate Ratio

Final pH, the concentration of total SCFA, and A:P are
shown in Table 4. Camphor concentrations impacted both
total SCFA (P = 0.03) and A:P (P = 0.005). The SCFA data,
all B x D groups exhibited an increase (P < 0.05) from the
control except for the LJC30 diet, which showed a de-
crease (P < 0.05) from the control. Likewise, there was a
total SCFA and A:P dietary effect, with increased (P < 0.05)
SCFA concentration for the goats fed a juniper-free diet and
a subsequent decrease (P < 0.05) in A:P for the same exper-
imental group. However, there was a B x D interaction (P <
0.05) for pH and SCFA concentrations, and there is no clear
biochemical driver as to why this happened. As previously
described in the results section for control comparisons, the
pH data ranged from 6.45 to 6.57 and are well within the
biological range of goat rumen fluid. Interestingly, there
were no differences (P = 0.090) for SCFA regarding blood-
line effect.

A monoterpene effect (P < 0.05) was detected for all molar
proportions for acetate, propionate, and butyrate (Table 5).
Acetate molar proportions increased (P < 0.05), and propio-
nate decreased (P < 0.05) in the juniper-supplemented groups.

Table 2. Animal performance data for two bloodlines of goats fed two different diets, each B x D data point is an average of n = 4 goats

Bloodline LJC HJC SEM P-value
Diet
0 30 0 30 Bloodline Diet BxD

Item

Period 1 50.46 52.16 51.82 55.22 2.91 0.60 0.55 0.84
BW', kg

Period 2 51.94 55.11 54.09 58.06 3.34 0.60 0.46 0.93
BW', kg

ADG', kg/d 0.10 0.20 0.15 0.19 0.05 0.76 0.38 0.69

Period 1 (4/23/2018) represents goat weights at the day 7 of the 21-d preconditioning diet, and Period 2 (5/8/2018) indicates goat weights the day of rumen

fluid collection.
‘BW, body weight.
TADG, average daily gain.
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Table 3. pH, total short-chain fatty acid (SCFA) (mM), acetate to propionate ratio, and specific molar proportion of SCFA data from bloodline and diet
combinations of goat rumen fluid control groups (0.00 mM camphor) and incubated for O or 24 h

Item Treatment SEM P-value
LJCO LJC30 HJCO0 HJC30 B xD Hour B D

pH 0.01 <0.001 <0.001 0.67 0.67
0h 6.62 6.62 6.58 6.65
24 h 6.56 6.45 6.47 6.54

Total SCFA, mM 2.31 0.002 0.06 0.74 0.04
0h 21.20 19.12 26.38 18.70
24 h 20.97 29.96 32.14 16.31

A:P 0.07 0.54 0.40 0.02 <0.001
0h 4.33 4.84 4.47 5.09
24 h 4.25 4.89 4.32 4.98

Acetate, mmol/100 mmol 0.24 0.02 0.01 0.001 <0.001
0h 74.46 76.39 76.18 76.81
24 h 74.99 77.81 76.01 77.99

Propionate, mmol/100 mmol 0.19 0.26 0.11 0.08 <0.001
0h 17.20 15.77 17.05 15.15
24 h 17.65 15.92 17.59 15.68

Butyrate, mmol/100 mmol 0.08 <0.001 <0.001 <0.001 0.002
0h 7.19 7.09 5.82 7.40
24 h 6.39 5.71 5.58 5.88

B x D, bloodline diet interaction.

Hour—time effect, all incubation time points nested within B x D group.
B, bloodline effect, LJC vs. HJC.

D, diet effect, JO vs. J30.

A similar inverse dynamic between proportions of acetate and
propionate was exhibited in the juniper-free fed goat groups.
The molar proportion for butyrate increased in percentage as
camphor concentrations increased. Although there was signif-
icance detected for the bloodline effect (P = 0.009) of molar
proportions of acetate, the numerical values remained rela-
tively small.

Postfermentation Camphor Concentration

Camphor concentrations in samples incubated for 24 h at
39 °C are shown in Figure 2. There were no differences (P >
0.05) for the control group at camphor dosage levels of 0.25,
0.49, 0.99, and 1.97 mM. The only treatment differences are
shown in the 5.91 mM dosage level of camphor. Contrary to
hypothesized degradation potential, in the 5.91 mM inocula-
tion group, the LJCO diet had less (P < 0.05) camphor than
all other B x D groups. The average postfermentation output
concentration of camphor for the LJCO was 572.1 pg/mL
vs. LJC30 (644.5 pg/mL), HJCO (662.6 pg/mL), and HJC30
(652.1 pg/mL).

Microbiome

As previously mentioned, sequencing depth was set at 3,148
sequences per sample to analyze the ruminal microbiota.
Microbial richness (number of [OTUs] and Chaol) and mi-
crobial diversity are shown for each B x D group (Table 6).
The juniper free- and juniper-added diets were distinctly dif-
ferent in their microbial populations. Overall, HJC goats
had greater ruminal microbial richness and diversity. Faith’s
phylogenetic diversity index, a measure of both richness and

diversity, was greater from goats selected for HJC. Juniper
addition to the diets increased phylogenetic diversity. The
number of observed OTUs differed between bloodline and
diets groups with HJC goats and goats fed a juniper diet
exhibiting the highest number of unique OTUs. Conversely,
there were no differences in microbial richness expressed as
Chaol index. Interestingly, the LJC bloodline fed a juniper-
free diet exhibited the lowest level of alpha diversity in all
output indexes.

Profiles of the microbial relative abundances for each
B x D group at the phylum and family taxonomic levels
(Figures 3 and 4). In addition, all table representations of
taxonomic abundances are shown in Supplementary Tables
1-3. This is the first profiling of microbiome data for these
respective goat bloodlines. The most abundant phyla within
liquid fractions of goat ruminal fluid were Bacteroidetes
and Firmicutes, and ranged from 47.47% to 65.52% and
25.98% to 43.31%, respectfully, which alone account for
87.48% to 91.50% of overall microbial relative abundance
(Figure 3). The overall averages of each phylum were cal-
culated across all B x D groups, and all percentages under
0.7% were added together and categorized as Phylum_
Other. Only juniper-fed goats exhibited increases in TM7
and Actinobacteria abundance at the phylum level, and
no differences were identified between Euryarchaeota,
Bacteroidetes, or Firmicutes.

At the family level, all unidentifiable classes and orders,
phyla categorized previously as Phylum_Other, and family
averaged abundances across B x D groups less than 0.7%
were combined into the Family_Other percentage. In addi-
tion, all unidentifiable families with identified orders were
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Table 4. Effect of camphor addition (0, 0.25, 0.49, 0.99, 1.97, or 5.91 mM) on pH, total short-chain fatty acid concentrations (mM), and the acetate to
propionate ratio from separate in vitro mixed ruminal microorganism fermentations incubated for 24 h at 39 °C
Item Treatment SEM P-value
LJCO LJC30 HJCOo HJC30 BxD MO B D

pH 0.02 <.001 0.182 0.467 0.718

0.00 mM 6.56 6.45 6.47 6.54

0.25 mM 6.56 6.45 6.45 6.55

0.49 mM 6.56 6.49 6.51 6.60

0.99 mM 6.55 6.51 6.46 6.57

1.97 mM 6.54 6.51 6.46 6.57

5.91 mM 6.54 6.45 6.54 6.55
Total SCFA, mM 2.90 0.009 0.028 0.090 <.001

0.00 mM 20.97 29.96 32.14 16.31

0.25 mM 30.19 21.48 34.81 23.94

0.49 mM 32.04 25.90 38.63 30.10

0.99 mM 33.32 18.72 40.01 25.47

1.97 mM 32.68 26.68 29.90 20.89

5.91 mM 31.36 27.60 37.67 26.09
A:P 0.07 0.791 0.008 0.470 <.001

0.00 mM 4.25 4.88 4.32 4.98

0.25 mM 4.29 5.02 4.28 5.02

0.49 mM 4.30 5.00 4.27 4.78

0.99 mM 4.26 4.79 4.28 5.00

1.97 mM 4.12 4.75 4.19 4.74

5.91 mM 4.13 4.58 4.20 4.60

B x D, bloodline diet interaction across time and MO combinations.
MO, monoterpene effect, control vs. camphor nested within B x D group.
B, bloodline effect, LJC vs. HJC.

D, diet effect, JO vs. J30.

classed by their respective order association and label _
Unassigned. Of the identifiable families, Prevotellaceae was
the family with the greatest overall abundance, ranging from
15.14% for LJCO to 36.17% for HJCO (Figure 4), where
abundance was higher for HJC goats. Interestingly, the
second most identifiable family was Ruminococcaceae and
showed a substantial increase in abundance in rumen fluid
when goats received a juniper-free diet vs. a juniper-added
diet. Besides Prevotellaceae, there was a B x D interaction for
the families RF16, Paraprevotellaceae, and Veillonellaceae.
Like Ruminococcaceae, there was only a dietary effect for
the families Coriobacteriaceae, Streptococcaceae, and F16.
Further identification of microbial abundance at the genus
level (Supplementary Figure 1) only yielded two identi-
fiable genera contributing a major respective percentage
to the family level abundance data; Prevotella from the
family Prevotellaceae and Streptococcus from the family
Streptococcaceae. Both genera had the same treatment signif-
icance as the family counterparts.

DISCUSSION

Camphor concentrations from 0.25 to 5.91 mM increased
SCFA concentrations compared to controls in three of the four
B x D experimental groups. Camphor concentrations used in
this experiment (0.25 to0 5.91 mM; 37.5 to 900 mg/L) were sim-
ilar to previous values in small ruminant animals models fed
Juniperus sp. without adverse health or growth performance

effects: 0.719 g to 3.6 g oil/d (Animut et al., 2004; Whitney et
al., 2014). Camphor is a potential causative agent for feeding
deterrence in snowshoe hares (Sinclair et al., 1988) and sheep
(Estell et al., 1998). Our present study demonstrated that
overall microbial end-product concentrations were not ad-
versely affected by camphor. Campbell et al. (2010) suggested
that selecting goats with higher juniper consumption prefer-
ence may have been an inherent pharmacological tolerance
for phytochemicals. Moreover, our findings suggest that the
mechanism of tolerance is not related to microbial degrada-
tion activity or limited by decreases in SCFA concentrations
that affect the energetic status of the host animal. SCFAs ac-
count for 60% to 70% of the energetic requirements for the
maintenance of ruminants (Stewart et al., 1958; Bergman,
1990), and CO, account for 82% of carbon metabolism in
ruminants (Hungate et al., 1961).

Camphor (and VO) impacts on the ruminal fermenta-
tion are critical to our understanding of the effect of high-
phytochemical content forages in small ruminant diets.
The rumen microbial consortium is a dynamic ecological
system that can ferment complex and simple carbohydrates
and amino acids, and the presence of this ruminal eco-
system provides an ecological niche for ruminant animals
as browsers and grazers (Allison and Cook, 1981; Allison
et al., 1992; Nelson et al., 1998; Andrew et al., 2000). The
process of ruminal microbial fermentation is driven primarily
by substrate availability and substrate fermentation poten-
tial (Murphy et al., 1982; Russell, 2002; Nam et al., 2009).
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Table 5. Effect of camphor addition (0, 0.25, 0.49, 0.99, 1.97 or 5.91 mM) on acetate, propionate, and butyrate molar proportion of total short fatty acid
concentrations (mM) from separate in vitro mixed ruminal microorganism fermentations incubated for 24 h

Item Treatment SEM P-value
LJCo LJC30 HJCO0 HJC30 BxD MO B D
Acetate, mmol/100 mmol 0.31 <.001 0.001 0.009 <.001
0.00 mM 74.99 77.81 76.01 77.99
0.25 mM 75.08 78.19 75.83 78.02
0.49 mM 75.10 78.18 75.82 77.05
0.99 mM 75.04 77.23 75.85 77.93
1.97 mM 74.30 77.21 75.40 76.72
5.91 mM 73.99 76.44 75.22 75.96
Propionate, mmol/100 mmol 0.19 0.254 0.010 0.979 <.001
0.00 mM 17.65 15.92 17.59 15.68
0.25 mM 17.49 15.60 17.73 15.54
0.49 mM 17.45 15.64 17.77 16.12
0.99 mM 17.61 16.11 17.74 15.58
1.97 mM 18.03 16.25 17.98 16.20
5.91 mM 17.92 16.68 17.90 16.54
Butyrate, mmol/100 mmol 0.12 <.001 <.001 <.001 0.421
0.00 mM 6.39 5.71 5.58 5.88
0.25 mM 6.45 5.65 5.58 5.98
0.49 mM 6.48 5.62 5.57 6.33
0.99 mM 6.40 6.05 5.57 6.03
1.97 mM 6.67 5.96 5.75 6.55
5.91 mM 7.03 6.27 5.99 6.95

B x D, bloodline diet interaction across time and MO combinations.
MO, monoterpene effect, control vs. camphor nested within B x D group.
B, bloodline effect, LJC vs. HJC.

D, diet effect, JO vs. J30.
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Figure 2. Camphor concentrations (ug/mL) remaining in mixed ruminal
microorganism fermentations for each respective B x D and incubated
for 24 h. A LJCO, B LJC30, ¢ HJCO, P HIC30. ¢ Within a concentration
group, means containing a different letter differ (P < 0.05); n = 2 for each
B x D within concentration group.

Goats in this study were not fasted before ruminal fluid col-
lection, and ruminal fluid was collected within 2 h of feeding
to ensure adequate (and realistic) substrate availability in the
mixed ruminal microorganism fermentations without exog-
enous addition of substrate (e.g., glucose, starch, or cellu-
lose). Antinutritional compounds in plants can be degraded
by ruminal microbes, as best exemplified by detoxification of

the free amino acid mimosine in Leucaena leucocephala by
the addition of Synergistes jonesii as a probiotic (Allison et
al., 1990), Streptococcus caprinus sp. nov. growth in media
containing at least 2.5% w/v tannic acid extracted from
Acacia aneura (Brooker et al., 1994), and degradation of ox-
alic acid by goats (Duncan et al., 1997). Although the mode
of action of camphor degradation is not fully understood,
HJC goats had greater terpene clearance rates than low con-
sumption goats intraruminally dosed with a terpene (49.5%
camphor) cocktail (Campbell et al., 2010). Host hepatic
phase I and II enzymes account for dietary terpene clearance
when concentrations reach a threshold level (Torregrossa and
Dearing, 2009). We assessed whether the ability of HJC goats
to consume more juniper was related to an inherent differ-
ence in their ruminal microbial population composition or to
a change in enzymatic activity of the goat.

Camphor’s impact on microbial populations was not the
same across all B x D groups because diet is a major de-
terminant of ruminal bacteria population (Russell, 2002;
Henderson et al., 2015). Consumption affinity and an-
imal behavior are potential factors impacting microbiome
shifts. However, it is important to note that the HJCO goats
exhibited the highest average total SCFA concentrations at
all camphor concentrations, and this inocula had the highest
percentage of Prevotella (Supplementary Table 3). Prevotella
sp. has broad substrate utilization capabilities (Russell, 2002;
Shabat et al., 2016), which is a valuable microbial advantage
when substrate availability is limited.
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Table 6. Alpha diversity indexes of bacterial richness (OTUs and Chao1),
diversity (FaithsPD and Shannon), and evenness

Low Juniper High Juniper SEM

Consuming Consuming

Juniper Juniper Juniper Juniper

free added free added
Item
"OTUs 911.10 954.05 949.95  1034.60 17.33
Chaol 2067.97  2446.57  2409.33  2737.65  95.73
tFaithsPD 67.16 69.42 68.95 76.17 1.31
Shannon 7.98 8.51 8.36 8.63 0.09

*OTUs, number of operational taxonomic units.
tFaithsPD, faith’s phylogenetic diversity.
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Figure 3. Bloodline-by-diet profiles of meat goat showing taxonomic
differences in abundance at the phylum level of experimental groups.

Greater bacterial richness and diversity in the HJC
goats likely results in having more catabolic genes present,
representing a greater diversity of metabolic pathways and
more relevant output metabolites (Shabat et al., 2016). This
may provide greater biochemical diversity to degrade and uti-
lize a wider array of nutrients that would otherwise be toxic
or underutilized.

Volatile oils less frequently impact gram negative bacterial
species. Thus, ruminants fed a diet containing more volatile oils
are thought to have a higher abundance of gram-negative bac-
teria (Patra and Yu, 2015). Findings indicate the population of
the gram-negative Prevotellaceae was greater in the HJC goats,
corroborates findings of increased Prevotella populations in
the presence of volatile oils (Patra and Yu, 2015).

Patra and Yu (2015) found that Ruminococcacae were
lower when volatile oils were fed, which contradicts our
findings of Ruminococcaceae being the highest in juniper
free diets. Many members of Ruminococcaceae are connected
with ruminal fiber catabolism (Koike and Kobayashi, 2009).
Decreased Ruminococcaceae in the presence of volatile oils
are present is thought to be a result of the decrease in fiber
degradation that occurs with the inclusion of volatile oils
(Patra and Yu, 2012) since this bacterial family is made up of
several cellulolytic and hemicellulolytic species (Helaszek and
White, 1991; Biddle et al., 2013).

Similar overall results for SCFA concentrations have been
indicated in a similar in vitro fermentation system using a
goat ruminal fluid inoculum (Whitney et al., 2011). The two
experimental goat bloodlines used in this study have been pre-
viously investigated, which found numerically higher ruminal

Family Level
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1 F16
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B Ruminococcaceae
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m Lachnospiraceae
60% m Order Clostridiales_Unassigned

W Streptococcaceae
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30% m BS11
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20%

0%

WithJunip WithJunip

m Coriobacteriaceae
B Methanobacteriaceae

= Family_Other

JunipFree JunipFree

LowJunip HighJunip

Figure 4. Bloodline by diet profiles of meat goat showing taxonomic
differences in abundance at the family-level of experimental groups.

SCFA concentrations in HJC goats fed a juniper-containing
diet vs. LJC goats exhibiting an increased adaption to ju-
niper diets (Stewart et al., 2019). We hypothesized that HJC
goats fed a preconditioning diet containing juniper (HJC30)
would have the most robust and adapted rumen microbial
populations when fed plant secondary compounds (e.g., cam-
phor) found in J. ashei and J. pinchottii. However, the present
data do not support that hypothesis, as bloodline was did not
impact SCFA production, and the HJC30 diet had the lowest
average SCFA produced in in vitro fermentations. Results
suggested that diet type was a greater influence on SCFA pro-
duction than “camphor tolerance” when examining ruminal
in vitro fermentations.

CONCLUSION

A distinct difference was observed between primary treat-
ment group influences for goat rumen fluid dosed with cam-
phor in vitro. Diet was more consistently impactful on SCFA
concentrations from juniper-free diets producing greater
levels of SCFAs. The reduction in SCFA concentration for the
juniper-fed goats, however, does not alone suggest changes
in animal performance. There were no differences in body
weight or average daily gain for all experimental periods, and
juniper-fed goats were fed small stems (<1 cm) and leaves of J.
ashei for 21 d at 30% dry matter daily intake, equating to ap-
proximately 1.97 mM (300 mg/L) camphor daily. Therefore,
the in vitro results demonstrate that the inclusion of camphor
did not suggest HJC goats had greater levels of SCFAs, other
phytochemicals than camphor, or induced hepatic metabolism
within the animal may be more impactful in the development
of phytochemical tolerance. However, to fully understand
camphor’s direct role in impacting rumen fermentation end
products, experimental dosage levels must be assessed in live
animals to elucidate the impact on consumption patterns and
animal performance.
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