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Abstract Mitigation of the methane (CH,4) emission from
ruminants is needed to decrease the environmental impact
of ruminant animal production. Different plant materials
and chemicals have been tested, but few are both effective
and practical. Medicinal herbs contain biological com-
pounds and antimicrobials that may be effective in lower-
ing the CH, production. However, few studies have sys-
tematically evaluated medicinal herbs for their effect on
CH, production or on the rumen microbiota. In this study,
extracts from 100 medicinal herbs were assessed for their
ability to decrease CH,4 production by rumen microbiota
in vitro. The extracts of 12 herbs effectively lowered the
CHy4 production, with the extract of Perilla frutescens
seeds being the most effective. The major components
of P. frutescens seed extract were identified, and the ef-
fects of the extract on the fermentation characteristics and
populations of rumen methanogens, fungi, protozoa, and
select bacteria were also assessed. The decreased CHy,
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production induced by the P. frutescens seed extract was
accompanied by an increased abundance of
Ruminobacter, Selenomonas, Succinivibrio, Shuttle
worthis, Pseudobutyrivbrio, Anaerovibrio, and
Roseomonas and a decreased abundance of Methano
brevibacter millerae. The abundance of Pedobacter,
Anaeroplasma, Paludibacter, Ruminococcus, and unclas-
sified Lachnospiraceae was positively correlated with the
CH, production, with no effects on volatile fatty acids.
This study suggests that medicinal herbs may be used to
mitigate the CH4 emission from ruminants.

Keywords Additive methane inhibition - Bacteria - Archaea -
In vitro rumen fermentation - Perilla frutescens

Introduction

Methane (CH,4) emission from ruminant animals accounts
for 10-12 % of the global anthropogenic greenhouse gas
emissions in carbon dioxide equivalents (IPCC 2007) and
wastes 2—15 % of the feed energy depending on the type
of diet (Johnson and Johnson 1995). As the demand for
meat and milk continues to grow worldwide (especially in
developing countries), CH, emission from ruminants will
likely continue to increase in the years to come unless
effective and practical mitigation strategies are imple-
mented. Over the past decade, intensive research has been
conducted to identify and develop effective and practical
means to decrease the CH, emission from ruminants
(Hristov et al. 2013). Phytochemicals, primarily plant sec-
ondary metabolites, are particularly attractive because
they are naturally produced by plants and can be readily
formulated into feed rations. Indeed, several types of phy-
tochemicals have been extensively evaluated both in vitro
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and in vivo, including saponins (Patra and Yu 2013), tan-
nins (Bhatta et al. 2015), essential oils (Patra and Yu
2014a), and lipids (Benchaar et al. 2015). In most studies,
however, effective CH, suppression was accompanied by
a significant decrease in feed digestion and fermentation
(Grainger and Beauchemin 2011). Therefore, none of the
evaluated CH4-mitigation materials has yet become wide-
ly used on diary or beef cattle farms. New research efforts
are needed to evaluate various sources to identity those
that can effectively decrease CH,4 emission from cattle
with no or little adverse effects on feed intake, digestion,
or fermentation.

Plants have provided the oldest medicines that have
been used to treat diseases in both humans and animals.
Some medicinal herbs are still being used in many coun-
tries, although much less frequently than before chemical
and antibiotic medicines became widely available (Liu
et al. 2015; Ahmad et al. 2013). The therapeutic efficacy
of medicinal herbs is attributed to some of their compo-
nents that have biological and/or antimicrobial activities.
Medicinal herbs may represent a source of natural sub-
stances and compounds that can be used to modulate ru-
men microbial populations to enhance feed digestion and
decrease CH, emission. A number of herbs and combina-
tions of herbs, such as Allium sativum var. pekinense,
A. cepa, Artemisia princeps var. orientalis, Zingiber
officinale, Citrus unshiu, and Lonicera japonica (Kim
et al. 2012a, b); Sambucus nigra, Alchemilla
xanthochlora, and Castanea sativa (Jayanegara et al.
2011); Rheum officinale, Frangula alnus, and A. sativum
(Garcia-Gonzalez et al. 2008); Sapindus mukorossi,
Terminalia chebula, Populus tremuloides, Syzygium
aromaticum, and Psidium guayaba (Kamra et al. 2005);
and Sesbania sesban and Acacia angustissima (Zeleke
et al. 2005), have been shown to inhibit in vitro
methanogenesis. However, most of them are not medici-
nal herbs, and few studies have comprehensively exam-
ined how herbs can affect the composition and structure
of rumen microbiota and the population dynamics of ru-
men methanogens, fungi, protozoa, and select bacteria.
The objective of the present study was to evaluate some
of the most commonly used medicinal herbs (100 herbs in
total) for their ability to modify rumen fermentation and
to decrease CH4 production by rumen microbiota. The
major components of the most promising medical herbal
extracts were identified, and the concentration-dependent
responses of these herbal extracts were further examined
with respect to rumen fermentation, microbiota popula-
tions, and microbiota composition. The findings of this
study may help identify potential new plant-derived ap-
proaches to mitigate CH4 emission from ruminants and to
stimulate future research in achieving sustainable CH,4
mitigation in the livestock industry.
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Materials and methods
Plant herbs and extract preparation

One hundred common medicinal herbs were purchased from
local pharmacy stores and used in this study (Table S1). All of
the herbs were in the form of dried raw materials from various
parts of herbal plants. They were finely ground to powders
(270 to 48 um) with a portable medicine grinder (HK-02A,
Xulang Machinery, China) and then preserved at 4 °C.

Ethanol was used as the solvent to extract the compounds
from the herb powders. Each of the powdered herbs (0.25 g)
was extracted twice with 70 % ethanol at room temperature
using a rotary shaker at 35 rpm (WH-962, Hualida, China) for
1 h. The mixture was then centrifuged at 1660xg for 5 min at
room temperature. The supernatants from the two extractions
were combined into one pre-weighed glass ampoule, and the
solvent was allowed to evaporate overnight under continuous
nitrogen gas flux to prevent oxidization. The resultant extract
was frozen at —80 °C. The extracts were then freeze-dried
(CHRIST, Osterode, Germany), weighed, and stored at
—20 °C until use (Kemp and McSweeney 2010).

Preliminary evaluation of herbal extracts

Each of the 100 herbal extracts was evaluated for its effect on
rumen fermentation using in vitro cultures with fresh rumen
fluid serving as the inoculum (Wang et al. 2015). The Animal
Care Committee of Zhejiang University (Hangzhou, China)
approved the procedures used to collect rumen fluid from the
donor animals. Briefly, rumen fluid was collected from three
fistulated lactating cows, which were fed a total mixed ration
(roughage/concentrate = 55:45) twice daily, before the morn-
ing feeding, and the rumen fluid samples were strained
through four layers of cheesecloth under continuous flushing
with CO,. The three-rumen fluid samples were combined in
equal ratios and mixed as the inoculum. A mixture of an an-
aerobic medium (Theodorou et al. 1994) and the inoculum (in
a 9:1 ratio) was prepared inside of an anaerobic chamber with
an atmosphere of 95 % CO, and 5 % H,. This medium-
inoculum mixture was dispensed into 27-mL culture tubes
(10 mL/tube), with each containing 100 mg of fermentation
substrate consisting of Chinese wild rye grass and corn meal
in a 70:30 ratio. To each tube, 4 mg of herbal extract, which
was dissolved in dimethyl sulfoxide (DMSO) and adjusted to
a concentration of 40 mg/mL, was added, resulting in a final
extract concentration of 0.4 mg/mL culture. Each herbal ex-
tract was tested in triplicate. Control cultures and blank cul-
tures were also included, and each was tested in triplicate. The
control cultures did not receive any herbal extract but did
receive the same volume of DMSO (100 pL), while the blank
cultures did not receive any herbal extracts or DMSO. All of
the tubes were sealed with a butyl rubber stopper that was then
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secured with an aluminum crimp and incubated at 39 °C with
horizontal shaking at 60 rpm.

After 24 h of incubation, the gas pressure in each culture
tube was recorded using a pressure sensor (Ruyi, Shanghai,
China), and the CH4 concentration in the headspace of each
culture tube was measured using a gas chromatograph (GC-
2010, Shimadzu, Kyoto, Japan) equipped with a flame ioni-
zation detector. The total gas production by each culture was
calculated from the corresponding volume of its headspace
and gas pressure, while CH,4 production was calculated from
the CH,4 concentration and total gas production. Because this
was a preliminary evaluation of a large number of herbal ex-
tracts to identify potentially effective ones for further evalua-
tion, no further sampling or analysis was done.

Further evaluation of select effective herbal extracts

Based on the results of the preliminary experiment, 31 herbal
extracts (Table 1) that led to the largest decreases in CHy
production were selected for further evaluation using in vitro
rumen cultures. The in vitro cultures were prepared and incu-
bated in essentially the same way as described in the prelim-
inary experiment, except for an increased culture volume
(50 mL of each extract in 120-mL serum bottles each contain-
ing 500 mg of the same fermentation substrate) and the inoc-
ulum collected from the rumens of three 2-year-old sheep. The
sheep rumen fluid was used as the inoculum to determine if
the selected herbal extracts work in sheep as well. Each treat-
ment and the control, which received no herbal extract, had
four replicates, and the experiment was repeated once. At the
end of the 24-h incubation, total gas production was deter-
mined as described above, and the CH, concentration and
volatile fatty acid (VFA) concentrations were determined
using gas chromatography (Wang et al. 2015).

Chemical analysis of the fatty acids in Perilla fiutescens
seed extract

The extract of Perilla frutescens (PF) seeds exhibited the
strongest inhibition of CH,4 production (Table 1). To identify
the major components, this extract was subjected to a chemi-
cal analysis for its major fatty acids. Into one glass extraction
tube, 0.4 mg of the freeze-dried PF seed extract and 10 mL ofa
mixture of chloroform/methanol (2:1, v/v) were combined. To
prevent oxidation, the headspace of the extraction tube was
flushed and then filled with nitrogen gas (99.99 % purity). The
tube was sealed with a butyl rubber stopper and shaken at
120 rpm for 1 h at room temperature. The extraction mixture
was filtered through one layer of fat-free filter paper
(Whatman No. 1), and the retained solid was washed with
5 mL of a chloroform/methanol mixture twice. The filtrate
was mixed with 3 mL NaCl (0.73 %, w/v) to precipitate the
hydrophilic compounds. After dehydration with anhydrous

sodium sulfate and solvent removal by nitrogen sparging,
the free fatty acids were converted to their methyl esters
(FAMES) using boron trifluoride-methanol as an esterification
reagent (Lopez-Lopez et al. 2001). The FAMEs were analyzed
by gas chromatography with a flame-ionization detector.
Helium was used as the carrier gas, with a split ratio of
100:1 and a linear gas flow rate at 20 cm/s. After injection,
the column temperature was initially maintained at 140 °C for
5 min and then was allowed to ramp up to 240 °C at 4 °C/min.
Fatty acids were identified by comparing their retention time
to an external standard consisting of 37 known FAMEs (Saint
Louis, MO, USA). The quantity of each fatty acid was calcu-
lated based on the relative peak area of linolenic acid methyl
ester and its quantity in the external standard.

In vitro evaluation of different concentrations
of the extract of P. fiutescens seeds

The extract from PF seeds was evaluated at five concentrations
(0,0.1,0.2,0.3, and 0.4 mg/mL culture) to determine whether it
had concentration-dependent effects on in vitro fermentation,
CH,4 production, and microbiota. The in vitro fermentation was
conducted as described above for evaluating the 31 herbal ex-
tracts (four replicates per concentrations and one repetition)
except for the inoculum being collected from the rumen of three
1-year-old sheep. At the end of the 24-h incubation, the head-
space pressure was determined, and the headspace was sampled
from each bottle for CH4 analysis. The fermentation bottles
were then placed in ice water to stop fermentation. Three sub-
samples (1 mL each) were collected from each fermentation
bottle after mixing. One of the subsamples was immediately
stored at —80 °C for determination of the activity of cellulase,
carboxymethyl cellulase (CMCase), and xylanase, while the
other two subsamples were centrifuged at 13, 000xg for
15 min at 4 °C. The pellets were weighed and immediately
stored at —80 °C for analysis of select microbial groups. The
supernatants were stored at —80 °C for analysis of the VFAs and
ammonia N. The remaining culture in each bottle was filtered
through nylon bags (23-um mesh), and the retained solid was
dried in an oven at 65 °C for 48 h to determine the amount of
dry matter (DM) (Wang et al. 2015).

Total DNA extraction and real-time quantitative PCR

Total DNA was extracted from the pellet from one of the
subsamples of each in vitro culture using the bead-beating
method described by Gagen et al. (2010). One standard for
each quantative PCR (qPCR) assay was prepared for each
group of microbes using PCR (the primers used are listed in
Table S2), and cloning of the PCR amplicons was performed
using a pGEM®T Easy kit (Promega, Shanghai, China).
Purified plasmid preparations containing each amplicon were
quantified and serially diluted as the qPCR standard. The
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Table 1 Production of total gas,

methane, and volatile fatty acids ID  Herbal extracts Gas Methane M/G VFAs A/P
(VFASs) per dry matter incubated Source of herbal
substrate (DMS), and ratio of extracts® mL/g P mmol/g P P mmol/g P P
methane/gas (M/G) and acetate/ DMS DMS DMS
propionate (A/P) in the in vitro
cultures receiving different herbal 0 Control 110.54 0.79 0.16 25.20 2.58
extracts 1 Garcinia 72.70 o 0.53 *#*0.16 NS 1874 NS 196 ok
magostana
2 Magnolia 108.15 NS 0.56 HE 0.09 wE 31.67 NS 2.56 NS
officinalis
3 Boswellia carterii 82.58 047 #0013 e 2415 NS 192 ok
4 Caesalpinia 87.85 o 0.55 ** 014 #2135 NS 229 NS
sappan
5 Curcuma longa 100.50 ¥ 0.66 ** 015 ** 2335 NS 275 NS
6 Acanthopanax 99.92 o 0.64 **0.14 o 26.51 NS 245 NS
gracilistylus
7 Cnidium monnieri 94.43 o 0.53 #0013 #2439 NS 2.14 ok
8 Polygala tenuifolia ~ 106.85 NS 0.74 NS 0.16 NS 2825 NS 2.63 NS
9 Perilla frutescens 78.41 ** 028 ** 0 0.08 w0 27.59 NS 199 ok
(seeds)
10  Magnolia biondii 100.24 #0.72 #*0.16 NS  24.62 #* 242 NS
11 Notopterygium 116.35 NS 0.77 NS 0.15 wok 28.76 NS 246 NS
incisum
12 Lindera aggregate ~ 107.45 NS 075 NS 0.16 NS 2572 NS 261 NS
13 Cinnamomum 100.34 HE 0.72 wE 0.16 NS 21.38 NS 221 wE
cassia
14 Zingiber officinale 107.55 NS 0.77 NS o0.16 NS 2446 NS 243 NS
(preparata)
15 Albizia julibrissin 118.12 * 0.75 NS 0.14 o 26.94 NS 236 NS
16 Zingiber officinale  106.43 NS 0.76 NS 0.16 NS 2450 NS 232 NS
17 Cynomorium 121.49 o 0.84 NS 0.16 NS  27.07 NS 230 NS
songaricum
18  Amomum villosum  116.10 NS  0.80 NS 0.15 NS 2741 NS 231 NS
19 Cirsium 110.85 NS 0.79 NS 0.16 NS  23.61 NS 249 NS
Jjaponicum
20 Alpinia oxyphylla 11504 NS 0.78 NS 015 NS 2722 NS 249 NS
21 Rhapontisum 108.09 NS 0.76 NS 0.16 NS  25.05 NS 241 NS
unflorum
22 Vitex trifolia 88.87 ** o 0.64 ¥ 0.16 NS 2457 NS 213 ok
23 Paeonia lactiflora 120.73 ok 0.83 NS 0.15 NS 25.12 NS 2.07 wE
24 Ilicium verum 111.81 NS 0.77 NS 0.16 NS 2717 NS 232 NS
25 Erodium 109.82 NS 0.76 NS 0.16 NS 2413 NS 249 NS
stephanianum
26 Citrus aurantium 115.73 NS 0.80 NS 0.16 NS  25.69 NS 246 NS
27  Equisetum hiemale  121.14 ok 0.84 NS 0.16 NS  25.70 NS 234 NS
28  Litchi chinensis 117.17 * 0.83 NS 0.16 NS  26.78 NS 247 NS
29  Ziziphus jujube 105.77 NS 0.52 0.1 w0 27.52 NS 2,07 ok
30  Perilla frutescens 108.83 NS 0.75 NS 0.15 NS 2525 NS 222 NS
(leaves)
31 Amygdalus persica  129.98 ok 0.89 ok 0.15 NS  26.86 NS 212 ok
SEM 0.244 0.003 0.000 0.269 0.013

NS not significant
*P < 0.05; **P < 0.01

#The bolded species were the sources of the extracts that significantly decreased methane production

® Compared to the control

abundance of each species or group of the select microbes was
determined using qPCR and respective specific primers
against each respective standard (Wang et al. 2015). The abun-
dance of each species or group of microbes was expressed as
the log;( copies of the 16S rRNA gene (or 18S rRNA gene in
the case of protozoa, and ITS1 in the case of fungi) per gram of
wet culture pellet.
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Enzyme activity assays

The activities of cellulase, CMCase, and xylanase in each
culture were determined essentially as described in a pre-
vious study (Wang et al. 2015). Briefly, each in vitro fer-
mentation sample (1 mL) was sonicated using a JY92-1IN
Ultrasonic Cell Mixer (Ningbo Scientz, Ningbo, China)
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and was centrifuged at 12,000xg at 4 °C for 10 min. The
activities of cellulase, CMCase, and xylanase present in
the supernatants were determined using the DNS method
(Bailey et al. 1992) with Sigmacell@ cellulose Type 101
(Sigma, Saint Louis, MO, USA), carboxymethyl cellulose
sodium (Sigma, Saint Louis, MO, USA), and beechwood
xylan (Sigma, Saint Louis, MO, USA) as the substrates,
each at 0.01 g/mL. One unit of enzyme activity was de-
fined as the activity that produced 1 pumol of reducing
sugars per min.

Analysis of the bacterial and archaeal communities

One amplicon library each was prepared for bacteria and
for archaea from each of the DNA samples (only the sam-
ples from three concentrations 0, 0.2, and 0.4 mg/mL) as
described by Caporaso et al. (2011). Briefly, the V4 hyper-
variable region of the bacterial 16S rRNA gene was ampli-
fied using a domain-specific primer set, 515F/806R, while
the V1-V3 regions of the archaeal 16S rRNA gene was
amplified using the archaea-specific domain primer set,
MS86F/M448R. Each forward primer had a 6-bp error-
correcting barcode unique to each DNA sample at its 5’
end. The amplicon libraries for all of the samples were
pooled in equal molar ratios and sequenced on an
[llumina MiSeq system using the pair-ended 2 x 250 bp
protocol at Novogene Bioinformatics Technology Co., Ltd.
(Beijing, China). The paired reads were joined based on
overlap regions to form single sequences using FLASH
(Mago¢ and Salzberg 2011). Sequences were
demultiplexed and assigned to each sample according to
the individual unique barcode and were analyzed using
QIIME (Caporaso et al. 2010). Briefly, sequences with a
quality score <20 and length <185 bp (for bacteria) and
<248 bp (for archaea) were removed. Possible chimeric
sequences were identified using the UCHIME algorithm
and the Gold database (http://dirve5.com/uchime/uchime
download.html). Then, the UPARSE pipeline was used to
pick de novo operational taxonomic units (OTUs) at 97 %
sequence similarity. The same number of sequences was
used for all of the samples (36,410 sequences/sample for
bacteria and 34,130 sequences/sample for archaea) to
avoid effects due to different sample sizes. From each
OTU, one representative sequence was selected and clas-
sified using the Classifier of Ribosomal Database Project
(RDP) with a default confidence threshold of 80 %. The
community richness was estimated using Chao 1, and the
Shannon-Wiener diversity index was calculated using
Qiime. The weighted Unifrac distance method was used
to conduct a principal coordinates analysis (PCoA). The
raw sequence data were deposited in the European
Nucleotide Archive under accession no. PRJEB12630 for
bacteria and PRJEB12632 for archaea.

Statistical analysis

The data in the preliminary experiment (three replicates, one
repetition) and from the further evaluation of the 31 selected
herbal extracts (four replicates, one repetition) were analyzed
by one-way analysis of variance using SAS 9.1 (SAS Institute,
Cary, NC) with each culture bottle used as the experimental unit
and the herbal extracts as the main effects. The data from the
evaluation of the concentration-dependent effects of PF seed
extract were analyzed by orthogonal polynomial contrast to ex-
amine the concentration-dependent effects (linear or quadratic).
Tukey’s multiple range test was conducted for multiple compar-
isons of means among treatments. Significance was declared at
P < 0.05. Correlations between the fermentation parameters and
relative abundance (expressed as the percentage of total bacterial
sequences) of bacterial or archaeal genera or groups were calcu-
lated as Pearson product-moment coefficients.

Results
Preliminary evaluation to identify effective herbal extracts

The solvent used in this study, dimethyl sulfoxide (DMSO), can
accept electrons, so its potential effect on in vitro fermentation
was determined by comparing the control cultures that
contained DMSO with the blank cultures that contained no
DMSO. The added DMSO had no effects on GP but decreased
the CH,4 from 0.98 to 0.78 mmol/g of dry matter in the incu-
bated substrate. Compared to the control culture, a further de-
crease by >10 % in either the CH,4 concentration or CHy4 pro-
duction was considered to be a significant effect (P < 0.05).
Based on this criterion, 63 of the 100 herbal extracts signifi-
cantly decreased the CH, concentration in the culture head-
space, while 31 of the herbal extracts decreased CH,4 production
(Fig. 1). The 10 most CHy-inhibiting herbal extracts were from
the pericarp of Garcinia mangostana; stem, root, and twig peels
of Magnolia officinalis; resin of Boswellia carterii; heartwood
of Caesalpinia sappan;, thizomes of Curcuma longa; velamen
of Acanthopanax gracilistylus; seeds of Cnidium monnieri,
roots of Polygala tenuifolia; seeds of P. frutescens; and flower
buds of Magnolia biondii. These 10 extracts each decreased
CH,4 production by at least 28 % (Fig. 1 and Table S1).

Effects of select effective herbal extracts on CH,
production and other fermentation characteristics

The preliminary experiment identified 31 CHy-inhibiting herbal
extracts (Table 1). When these herbal extracts were further
evaluated, they displayed varying effects on the total gas pro-
duction, CH,4 production, total VFA concentration, and acetate/
propionate (A/P) ratio (Table 1). Ten of these herbal extracts
decreased total gas production, whereas another six increased
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Fig.1 Therelative changes (increase or decrease compared to the control
value, in %) in methane production (mmol/g DM incubated) and gas
production (mL/g DM incubated) in response to the addition of the
herbal extracts. Only the 31 herbal extracts that significantly decreased
methane production are shown. Each diamond represents the source of
one herbal extract. (1) Garcinia magostana (pericarp), (2) Magnolia
officinalis (stem, root, and twig peels), (3) Boswellia carterii (resin), (4)
Caesalpinia sappan (heartwood), (5) Curcuma longa (thizomes), (6)
Acanthopanax gracilistylus (velamen), (7) Cnidium monnieri (seeds),
(8) Polygala tenuifolia (roots), (9) Perilla frutescens (seeds), (10)
Magnolia biondii (flower buds), (11) Notopterygiumincisum (thizomes),
(12) Lindera aggregate (earthnuts), (13) Cinnamomum cassia (bark),
(14) Zingiber officinal (thizomes), (15) Albizia julibrissin (barks), (16)
Zingiber officinale (thizomes), (17) Cynomorium songaricum (succulent
stems), (18) Amomum villosum (fruit), (19) Cirsium japonicum (aerial
parts), (20) Alpinia oxyphylla (fruit), (21) Rhapontisum unflorum
(roots), (22) Vitex trifolia (seeds), (23) Paeonia lactiflora (roots), (24)
Lllicium verum (fruit), (25) Erodium stephanianum (aerial parts), (26)
Citrus aurantium (fruitlets), (27) Equisetum hiemale (aerial parts), (28)
Litchi chinensis (seeds), (29) Ziziphus jujube (seeds), (30) Perilla
frutescens (leaves), and (31) Amygdalus persica (seeds)

total gas production. Twelve of these herbal extracts significant-
ly decreased CH,4 production per gram of incubated substrate,
but one (the extract from Amygdalus persica) increased CHy
production. With the exception of the extract from P, tenuifolia,
the other most CHy-inhibiting herbal extracts were confirmed to
significantly suppress CH4 production (P < 0.05). Two
(M. officinalis and Ziziphus jujube) of the 12 CHy-inhibiting
herbal extracts did not decrease (P > 0.05) gas production.
Only one herbal extract (from M. biondii) decreased
(P < 0.05) total VFA production, while nine of them decreased
(P < 0.05) the A/P ratio, including seven of the 12 CHy-
inhibiting extracts.

Concentration-dependent effects of P. fiutescens seed
extract on rumen fermentation and CH4 production

The PF seed extract was the most potent at decreasing CHy
production in vitro (Table 1). All of the measured fermentation
characteristics, including gas production (both total and effec-
tive), CH4 production, total VFAs, the A/P ratio, and dry
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matter degradation (DMD), were decreased linearly
(P < 0.05) with increasing concentrations of the PF seed ex-
tract starting from 0.2 mg/L (Table 2). No effect on ammonia
N or pH was noted at any of the concentrations. Methane
production was decreased by the extract at concentrations of
0.1 mg/mL and higher, with the greatest decrease (by 32.6 %)
being achieved at 0.4 mg/mL.

The PF seed extract did not decrease the population of total
bacteria at any of the concentrations tested. The population of
R albus and fungi was slightly decreased (P < 0.05) by the PF
extract at 0.4 mg/mL. The activities of cellulase, CMCase, and
xylanse were not decreased by the treatment (P > 0.05). These
effects on microbial populations and enzyme activity corrob-
orate the minimal DMD decrease at the two highest extract
concentrations. The population of total methanogens was not
affected (P > 0.05), irrespective of the concentration, while
that of protozoa decreased (P < 0.05).

To identify the major compounds of the PF seed extract, its
chemical composition was determined. Long chain fatty acids
(LCFAs) were the major compounds in this herbal extract,
accounting for >70 % of the total extract. Unsaturated C;g
fatty acids amounted to 675.19 mg/g of the PF seed extract,
including 452 mg of «-linolenic acid (18:3 cis,cis,cis-
9,12,15), 116.61 mg of linoleic acid (18:2 cis,cis-9,12), and
106.58 mg of oleic acid (18:1 cis-9). Palmitic acid (C;4) and
stearic acid (C,g) were detected as the major saturated LCFAs
and were present at 15.47 and 14.59 mg/g, respectively, in the
PF seed extract. Polyunsaturated fatty acids accounted for
nearly 57 % of the PF seed extract.

Changes in the bacterial communities induced
by the extract of P. frutescens seeds

After filtering and quality control, 481,610 quality-checked
bacterial 16S rRNA gene sequences were obtained from a
total of 520,632 joined sequences. For each sample, 36,410
sequences were used for a bacterial community analysis
(Fig. S1A). The Chao 1 estimate was not affected, although
a numerical decrease was observed at 0.4 mg/mL (P > 0.05,
Fig. 2a). The Shannon-Wiener diversity index was decreased
(P < 0.05) in a concentration-dependent manner (Fig. 2b).
Collectively, the bacterial sequences represented 40 bacterial
phyla, with Proteobacteria, Bacteroidetes, and Firmicutes to-
gether accounting for >89.6 % of the total bacterial sequences.
The relative abundance of Proteobacteria linearly increased
(P < 0.05), whereas that of Bacteroidetes, Fibrobacteres,
Cyanobeteria, and Tenericutes linearly decreased (P < 0.05)
in a concentration-dependent manner.

At the genus level, 235 taxa were identified, with the most
predominant genera being Ruminobacter (24.6 % of all clas-
sified sequences), Prevotella (20.1 %), and Succinivibrio
(5.2 %). A number of genus-level taxa were significantly af-
fected by the PF seed extract (Fig. 3b). The relative abundance
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Table 2 Effects of the extract of

Perilla fiutescens (PF) seeds on PF in vitro culture, mg/mL SEM P value®

pH, gas production (GP),

ammonia-N concentration, 0 0.1 0.2 0.3 0.4 PF L Q

volatile fatty acid (VFA)

concentration, dry matter Fermentation parameters

degradation (DMD), glyc()s]de PH 6.5 6.5 6.5 6.6 6.6 0.03 NS * NS

hydrolase enzyme activity, and GP, mL/g 1212*  119.9®  1138° 106.0° 96.2¢ 1.51 i s e

select microbial populations in the ~ Effective GP. mL/g 115 111.0™ 1055  98.5° 89.74 1.55 o o o

in vitro rumen fermentation Methane (mmol/g) 043* 040 037° 0.33¢ 029° 0007  ** = NS

cultures Ammonia N, mg/dL 8.82 8.29 8.32 8.34 9.44 0.369 NS NS *
Total VFA, mmol/L 38. 8% 39.0% 38.5% 35.8° 34.7° 0.534 wE wk *
A/P® 2.23° 2.07° 2.00* 1.97% 1.88¢ 0.042 # NS
DMD, % 56.0  56.9° 53.9% 53.0° 48.9° 0.84 o o *
Enzyme activity, U/mL rumen fermentation culture
Cellulase 1.25 1.26 0.92 1.12 1.13 0.219 NS NS NS
CMCase 0.93 0.95 0.97 0.94 0.93 0.007 NS NS *
Xylanase 1.58 1.56 1.59 1.47 1.48 0.080 NS NS NS
Rumen microbial population, log (maker gene copies/g pellet of centrifuged fermentation culture)
Total bacteria 12.78 12.80 12.80 12.58 12.85 0.110 NS NS NS
F. succinogenes 10.50 10.79 10.87 10.73 10.51 0.219 NS NS NS
R. flavefaciens 10.24 10.40 10.27 10.43 10.33 0.136 NS NS NS
R. albus 10.15% 10.07° 10.12% 9.60% 8.46° 0.148 wE wE ok
Fungi 9.32% 9.25% 9.05% 9.01* 8.99° 0.077 * Hok NS
Protozoa 10.80"  10.64™ 1050 1047  1023° 0109  * * NS
Methanogen 10.52 10.53 10.52 10.48 10.61 0.125 NS NS NS

L linear, Q quadratic, NS not significant

*P <0.05; P < 0.01

values with different superscripted letters within a row differ significantly (P < 0.05)

b Acetate/propionate ratio

of Anaerovibrio, Pseudobutyrivibrio, Roseomonas,
Ruminobacter, Selenomonas, Shuttleworthia, Succinivibrio,

Fig. 2 Box-and-whisker plots of
the diversity indices of the
bacterial (a) and (b) and the
archaeal (¢) and (d) communities
affected by the extract of Perilla
frutescens (PF) seeds at different
concentrations. a and ¢ Chao 1
estimates; b and d Shannon-
Wiener diversity indices. Error
bars indicate maximum and
minimum values, while
horizontal lines indicate median
values, and boxes indicate values
between the 25th and 75th
percentiles. Boxes with different
letters indicate significant
differences (P < 0.05)
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Fig. 3 Effects of increasing concentrations of the extract of Perilla
frutescens seeds on the microbiota, at the phylum level (a) and at the
genus level (b) of bacteria, and at the genus level of archaea (c¢). For
bacterial genera, only those that were linearly (P < 0.05) changed are
shown, and the heatmap shows the standardized relative abundance of
each genus ([relative abundance — average relative abundance of all
samples]/standard deviation)

linearly increased (Table S3) with increasing concentrations of
the PF seed extract. However, the proportions of
Anaeroplasma, unclassified [Prevotellaceae], Clostridium,
Fibrobacter, Luteimonas, Paludibacter, Pedobacter, unclassi-
fied RFN20, Ruminococcus, Sphaerochaeta, unclassified
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Fig. 4 Effects of increasing concentrations of the extract of Perilla
frutescens seeds on bacterial and archaeal communities. Principal
coordinate analysis (PCoA) plots of bacterial (a) and archaeal (b)
communities; Venn diagrams showing the numbers of OTUs of bacteria

YRC22, unclassified Anaeroplasmataceae, unclassified
BS11, unclassified Caldilineaceae, unclassified
Christensenellaceae, unclassified Lachnospiraceae, unclassi-
fied JAFBGBact, unclassified [ Paraprevotellaceae], unclassi-
fied VC21 Bac22, unclassified Sphingobacteriaceae, and un-
classified [Acidimicrobineae] linearly decreased.

The number of observed OTUs decreased with increasing
concentrations of the PF seed extract: these values were
2668 at 0 mg/mL, 2465 at 0.2 mg/mL, and 2252 at 0.4 mg/
mL. At the OTU level, the PCoA based on the weighted
UniFrac distances (Fig. 4a) also showed that the PF seed ex-
tract affected the bacterial community at 0.4 mg/mL but not at
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0.2 mg/mL. The Venn diagram (Fig. 4b) revealed that the
control culture had the greatest number of unique OTUs
(311 OTUs), followed by the cultures supplemented with
0.2 mg/mL (187 OTUs) and 0.4 mg/mL (165 OTUs) of the
extract. The three concentrations shared 1680 OTUs (approx-
imately 52.8 % of total OTUs), and these common OTUs
accounted for 95.3 to 98.0 % of the total bacterial sequences
across all of the samples. Of the shared OTUs, the collective
relative abundance of the proteobacterial OTU increased pri-
marily at the expense of that of Bacteroides, with that of
Firmicutes remaining unchanged as the concentration of the
PF seed extract increased (Fig. 4e).

Effect of the P. frutescens seed extract on archaeal
communities

A total of 600,217 joined sequences were obtained for the
archaeal 16S rRNA genes, and 509,087 quality-checked se-
quences remained after filtering and quality control. For each
sample, 34,130 sequences were used for community analysis
(Fig. S1B). The Shannon-Wiener diversity index decreased
linearly with the increasing concentrations of the herbal ex-
tract (Fig. 2d), but no significant difference in Chao 1 estimate
was noted (Fig. 2¢). Among all of the samples, the archaeal
sequences represented nine genera (Fig. 3c), with the genus
Methanobrevibacter accounting for >82.9 % of the total ar-
chaeal sequences, followed by unclassified WCHD3-02
(>8.21 %), unclassified Methanobacteriaceae (>2.37 %),
Methanosphaera (>0.84 %), and Methanoplanus (>0.62 %).
The sequencing data revealed an increase in the relative abun-
dance of Methanobrevibacter and Methanosphaera, while
that of unclassified Methanobacteriaceae decreased in a
concentration-dependent manner (Fig. 3c and Table S3). In
the genus Methanobrevibacter, M. ruminantium (>17.4 % of
Methanobrevibacter sequences) did not change in relative
abundance following treatment with the PF seed extract, but
the relative abundance of M. millerae (<0.68 % of
Methanobrevibacter sequences) decreased, while that of un-
classified Methanobrevibacter (>84.1 % of Methano
brevibacter sequences) increased in a concentration-
dependent manner.

Corresponding to 0, 0.2, and 0.4 mg/mL of the PF seed
extract, 102, 97, and 110 archaeal OTUs were found. The
greatest number (26) of unique OTUs was found following
treatment with 0.4 mg/mL PF seed extract, and 63 OTUs
(approximately 42.0 % of total OTUs) were shared among
the samples treated with the three different concentrations
(Fig. 4d). These common OTUs accounted for 99.9 % of the
total archaeal sequences. No difference in the relative abun-
dance of any of the genera represented by the common OTUs
was apparent among the three concentrations (Fig. 4f). At the
community level, the three concentrations were separated
along the PC2 axis, which explained <17 % of the total
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variation, but not along the PC1 axis, which explained
>71 % of the total variation (Fig. 4b).

Correlation between the rumen microbial taxa and rumen
fermentation characteristics

A correlation was found between the number of genera/group
of rumen microbes and several fermentation characteristics
(Table 3). Based on the correlation patterns, five groups of
microbes were found. Group I was positively (P < 0.05,
r > 0.607) correlated with the production of both CH,4 and
total VFA. Included in this group were Fibrobacter,
Sphaerochaeta, eight groups of unclassified bacteria, and
one group of unclassified Methanobacteriaceae. Group 11,
containing 14 genera/groups of bacteria, including
Clostridium, Pedobacter, Anaeroplasma, Paludibacter,
Ruminococcus, Zymomonas, Luteimonas, and seven unclassi-
fied bacterial groups, was positively correlated (P < 0.05,
r > 0.602) with CH,4 production but not with total VFA pro-
duction (either positively or negatively). In contrast to group I,
group I1I was negatively (P < 0.05, »>—0.598) correlated with
the production of both CH4 and VFA, and this group included
Roseomonas, Selenomonas, Shuttleworthia, Pseudo
butyrivibrio, Anaerovibrio, Ruminobacter, Succinivibrio,
Methanosphaera, and three groups of unclassified bacteria.
Group 1V included Methanobrevibacter and unclassified
Sinobacteraceae, and it only exhibited a negative (P < 0.05,
r>—0.650) correlation with CH, production. Group V includ-
ed two groups of unclassified bacteria, and it was not corre-
lated with the production of either CH, or total VFA. In gen-
eral, more genera/groups of the microbes had a correlation
with both CH,4 production and the A/P ratio than with both
CH,4 production and DMD (Table 3).

Discussion

This study evaluated the extracts of a large number (100) of
medicinal herbs for their potential to decrease CH, production
and modulate rumen fermentation. The decreased CH,4 con-
centration in the headspace of the cultures supported our hy-
pothesis that medicinal herbs are potentially rich sources of
compounds that can be explored to mitigate CH4 emission
from ruminants. It should be noted that even though DMSO
also decreased the CH,4 production, the decrease in CH4 pro-
duction by the herbal extracts was determined by comparison
with a control that contained DMSO. When evaluated further,
only one of these selected herbal extracts decreased (P < 0.05)
total VFA production slightly, while most of these herbal ex-
tracts had little effect on fermentation at the tested concentra-
tion (0.4 mg/mL). However, some of these herbal extracts
altered the fermentation profiles, suggesting that they had ef-
fects on some microbial populations. Interestingly, the extract
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Table 3  Pearson correlation coefficients showing correlations between the ruminal fermentation measurements and individual genera of bacteria and

archaea
Group  Genera Effective GP  Methane Total VFA  C2:C3 GP AmmoniaN  DMD
I Fibrobacter 0.938** 0.958%%* 0.868%* 0.837%%* 0.944**  —0.599 0.664*
Unclassified YRC22 0.863** 0.853%* 0.849%* 0.645 0.866*%*  —0.441 0.559
Unclassified [Prevotellaceae] 0.881%* 0.871%* 0.914%* 0.724* 0.883**%  —0.669* 0.567
Unclassified Caldilineaceae 0.792%* 0.764%* 0.669* 0.911%* 0.792#*  —0.385 0.680*
Sphaerochaeta 0.652%* 0.668* 0.724%* 0.385 0.656%* —0.563 0.374
Unclassified [Paraprevotellaceae) 0.644* 0.668* 0.886%* 0.514 0.649* —0.284 0.482
Unclassified Desulfobacteraceae 0.662* 0.725%* 0.672% 0.880%** 0.670* —0.180 0.593*
Unclassified VC2! Bac22 0.617* 0.654%* 0.678* 0.729%* 0.6227% -0.231 0.520
Unclassified OM60 0.582%* 0.607* 0.671%* 0.741%* 0.587%* —0.008 0.578%*
Unclassified Sphingobacteriaceae 0.524 0.608* 0.709%* 0.885%* 0.533 0.009 0.428
Unclassified Methanobacteriaceae 0.896%* 0.9607* 0.747* 0.912%%* 0.905**  —0.598 0.630%*
Methanobrevibacter millerae 0.896%* 0.876%* 0.857%%* 0.697* 0.898%*  —(0.642* 0.633*
I Unclassified Anaeroplasmataceae 0.882%%* 0.9147%* 0.496 0.748%* 0.888**  —0.551 0.563
Clostridium 0.903%%* 0.8987%* 0.552 0.721%%* 0.906**  —0.477 0.617*
Pedobacter 0.812%%* 0.756%* 0.643 0.773* 0.810**  —0.218 0.769%%*
Unclassified Lachnospiraceae 0.806** 0.8497%%* 0.208 0.751%* 0.812*%*  —0.440 0.594*
Anaeroplasma 0.648* 0.819%* 0.447 0.750* 0.665%* -0.382 0.480
Paludibacter 0.765%* 0.809%%* 0.570 0.913%%* 0.772%*%  —0.488 0.866%*
Unclassified Christensenellaceae 0.720%* 0.796%* 0.294 0.846%* 0.729**  —0.399 0.641%*
Unclassified BS1/ 0.678* 0.8227%* 0.530 0.664 0.693* —0.304 0.472
Ruminococcus 0.647* 0.755%%* 0.156 0.769* 0.659* -0.202 0.558
Unclassified REFN20 0.640%* 0.668%* 0.045 0.630 0.645% —0.742%* 0.631*
Unclassified JAFBGBact 0.622* 0.610%* 0.571 0.820%* 0.623% —0.609 0.798%*:*
Zymomonas 0.619* 0.624°* 0.523 0.901%** 0.6227% -0.337 0.590%*
Lutimonas 0.586* 0.625% 0.599 0.769* 0.5927% —-0.059 0.727%%*
Unclassified [Acidimicrobineae] 0.581%* 0.602%* 0.614 0.702%* 0.585% -0.554 0.619%
11 Unclassified Burkholderiaceae —-0.530 —0.598%* —0.729* —0.302 —0.538 0.346 —-0.260
Unclassified R4-41B —0.565 —0.682* —0.808%** -0.371 -0.577* 0.206 —0.185
Roseomonas —0.649* -0.617* —0.873%%* -0.554 —0.649* 0.380 —0.253
Selenomonas —0.741%%* —0.765%%  —(.821%* —0.588 —0.746%* 0.424 —0.490
Shuttleworthia —0.778%%* —0.718*%*  —0.896%* —0.768%* —0.776** 0.475 —0.654*
Pseudobutyrivibrio —0.789%%* —0.779%%  —0.862%* —0.645 —0.791%* 0.382 —0.518
Anaerovibrio —0.8227%* —0.858%*  —(.873%* —0.688* —0.828% 0.433 -0.518
Ruminobacter —0.866%* —0.892%*%  —(.849%* —0.768* —0.8717%* 0.434 —0.675%
Succinivibrio —0.877%* —0.891**  —0.870%* —0.819%%  —(.8827%* 0.402 —0.618*
Unclassified Succinivibrionaceae —0.887%* —0.929%*%  —(0.820%* —0.837%%  —(0.894%* 0.452 —0.673*
Methanosphaera —0.840%* —0.897**%  —(0.837%* —0.768%* —0.8487** 0.563 —0.596*
v Unclassified Sinobacteraceae —0.713%%* —0.650* —0.655 —-0.360 —0.710* 0.354 —-0.253
Unclassified Methanobrevibacter —0.622* —0.737**  —0.388 —0.830%*  —0.634* 0.167 —0.689%*
v Unclassified Desulfobulbaceae 0.580%* 0.530 0.460 0.592 0.578%* —0.005 0.385
Unclassified Ekhidnaceae 0.490 0.466 0.373 0.379 0.489 0.119 0.262
Methanobrevibacter ruminantium —0.441 —-0.526 -0.029 -0.319 —-0.450 0.038 -0.294

*P <0.05; **P < 0.01

from one of the herbs, A. persica, increased the production of
both CH, and total gas, but not the ratio of CH, to total gas,
suggesting that it had the ability to enhance fermentation. The
extracts of two herbs, M. officinalis and Z. jujube, decreased

CH,4 production but not the total gas or VFA, suggesting that
they can inhibit CH, production without decreasing feed di-
gestion or fermentation. However, they only decreased CH,4
production by a small magnitude. Only four of the herbs
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evaluated in the present study have been tested in previous
studies. A powder (70 mg in 50 mL culture) of Zingiber
officinale, Illlicium verum, Citrus aurantium, and Trigonella
foenum-graecum did not affect CH4 production in vitro
(Garcia-Gonzalez et al. 2008). The results of the present study
corroborate the findings of the above study. However,
Z. officinale extract (6 mg/mL) decreased CH4 production
in vitro by 16 % (Kim et al. 2012a, b). A wide range of con-
centrations need to be used in future screenings of herbs in
order to better assess their potential to decrease CH4 emission.

The PF seed extract resulted in the largest decrease in pro-
duction of both CH, and total gas, so it was further evaluated
for its concentration-dependent effects on common fermenta-
tion characteristics, bacterial and archaeal communities, and
the populations of selected rumen microbes. It should be noted
that although the CH,4 production was decreased to a greater
extent at 0.4 mg/mL and at concentrations higher than 0.2 mg/
mL, both the DMD and total VFA production were also de-
creased. Therefore, PF seed extract may be used at <0.2 mg/
mL to achieve significant CH4 mitigation without decreasing
feed digestion or fermentation. The decreased CH4 production
was accompanied by a decreased A/P ratio, suggesting that it
may be possible to direct hydrogen to alter the production of
reduced VFA, including propionate.

The population of total bacteria and other groups of rumen
microbes known to play an important role in feed digestion
and/or CHy4 production was quantified by qPCR to help un-
derstand the mode of action of the PF seed extract. The pop-
ulation of total bacteria was not decreased by the PF seed
extract at any of the concentrations tested, suggesting that
there was a lack of inhibition of microbial growth or microbial
protein synthesis. The uncoupling of the methanogen popula-
tion size and CH, production is consistent with the findings of
previous studies involving short-term in vitro incubation
(Patra and Yu 2014b). As suggested by Ohene-Adjei et al.
(2008), the methanogen abundance would probably decrease
after prolonged inhibition of CH, synthesis.

The bacterial and archaeal communities in the in vitro cul-
tures were examined to help further explain the effects of the
PF seed extract and to identify specific groups of bacteria and
methanogens that are potentially associated with the altered
CH,4 production and fermentation characteristics. Because the
Chao 1 richness estimate was not affected, but the Shannon-
Wiener diversity index, which reflects both richness and even-
ness, was decreased linearly, the PF seed extract apparently
altered the relative abundance of some bacterial populations,
rather than completely eliminating or introducing certain bac-
terial populations. Indeed, the relative abundance of
Proteobacteria increased at the expense of that of
Bacteroidetes, while that of Firmicutes was not affected. At
the genus level, six genera and several unclassified groups
gained predominance, including Anaerovibrio,
Pseudobutyrivibrio, Roseomonas, Ruminobacter,
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Selenomonas, and Succinivibrio, all of which are Gram-
negative taxa (Bergey’s Manual Trust 2015). On the other
hand, some genera lost predominance, including
Anaeroplasma (G—), Clostridium (G+), Luteimonas (G—),
Paludibacter (G—), Pedobacter (G—), Ruminococcus (G+),
and Sphaerochaeta (G—). These results suggest the PF seed
extract does not affect bacteria solely based on their Gram-
staining characteristics.

The possible relationships between individual genera or
genera-level groups and CH, production, VFAs, and A/P were
examined using correlation analysis. Five groups of bacteria/
and or methanogens displayed different types of correlations
with the production of methane and VFAs (Table 3). The
relative abundance of some bacterial genera, including
Roseomonas, Shuttleworthis, Selenomonas, Pseudo
butyrivbrio, Anaerovibrio, Ruminobacter, Succinivibrio, and
three unclassified groups, was negatively correlated with CH4
production. All of the above genera can produce >C, VFA,
such as butyrate, lactate, propionate, and succinate (Stewart
et al. 1997; Bergey’s Manual Trust 2015). Indeed, low CH4
emissions were found to be accompanied by a high abundance
of Succinivibrionaceae (containing Ruminobacter and
Succinivibrio) (Wallace et al. 2015). On the other hand, a
number of genera were positively correlated with CH,4 pro-
duction, including Anaeroplasma, Pedobacter, Paludibacter,
Ruminococcus, Zymomonas, Fibrobacter, Lachnospiraceae,
and Sphaerochaeta. The data generated in the present study
cannot directly prove that the above genera are the main con-
tributors to CH,4 production in the in vitro cultures, but func-
tions reported in the literature may help understand their in-
volvement in CH, production. For example, Pedobacter was
found to be one of the hydrogen-producing cellulolytic bacte-
ria (Jiang et al. 2015) with CMCase and cellulase activity
(Khamtib and Reungsang 2012). Anaeroplasma can ferment
sugars to acetate and formate (Robinson et al. 1975).
Paludibacter can utilize various sugars and produce acetate
and propionate as major fermentation end-products, with suc-
cinate as a minor product (Ueki et al. 2006). Ruminococcus
(Latham and Wolin 1977) and Lachnospiraceae are known
acetate and H, producers (Stewart et al. 1997). A strong asso-
ciation between CH4 emissions and the abundance of H,-pro-
ducing bacteria has been reported in sheep (Kittelmann et al.
2014) and in cows (Wallace et al. 2015). Consistent with the
decreased A/P ratio observed in the present study and in a
previous report (Russell and Strobel 1989), the PF seed extract
might have decreased CH,4 production by directing hydrogen
to >C2 VFA production. However, the current data do not
explain the positive correlation with the relative abundance
of Fibrobacter, which produces succinate. However, the ab-
solute abundance (16S rRNA gene copies/g of sample) of
F succinogenes, one of the dominant Fibrobacter species in
the rumen, was not affected in the in vitro cultures. Thus, the
above correlation between the relative abundance of
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Fibrobacter and CH4 methane production might have been
due to changes in the abundance (both relative and absolute)
of other bacterial genera. Mathematically, the relative abun-
dance of one bacterial group may change due to changes in the
relative abundance of other bacteria, even though the absolute
abundance of that bacterial group remains unchanged.
Therefore, any effect on bacterial populations should be
interpreted with caution if the relative abundance is used as
the measurement.

The PF seed extract only affected the archaeal communities
to a limited degree by altering the relative abundance of indi-
vidual taxa and OTUs. It did not affect the species richness, as
indicated by the decreased Shannon-Wiener diversity index
but unchanged Chao 1 richness estimates. The qPCR data
showed that the total population of archaea was not affected
by the PF seed extract. The sequencing data revealed an in-
crease in the relative abundance of Methanobrevibacter and
Methanosphaera, while the relative abundance of unclassified
Methanobacteriaceae was decreased. Methanobrevibacter
species are the dominant methanogens in the rumen
(Skillman et al. 2006; Wright et al. 2004), and
M. gottschalkii, M. smithii, M. millerae, and M. thaueri were
correlated with high CH, production, while M. ruminantium
and M. olleyae were correlated with low CH, production
(Danielsson 2016; Danielsson et al. 2012). Although these
Methanobrevibacter species were not quantified by qPCR in
the present study, the PF seed extract decreased the proportion
of M. millerae, suggesting that the PF seed extract has various
effects on individual Methanobrevibacter species.

P, frutescens is a plant with a pleasant aroma. It is wide-
ly distributed and used as a medicinal herb in Asia, an
ornamental plant in Western countries, and a naturalized
or invasive plant in the USA (Boning 2010). In the pres-
ent study, unsaturated fatty acids, especially linolenic acid
(C18:3), were found to be the major compounds in the PF
seed extract. Polyunsaturated fatty acids (PUFAs) are well
documented as being methane-suppressing (Patra 2013)
by directly inhibiting methanogens and protozoa (Dohme
et al. 1999) and by serving as hydrogen acceptors (Loor
et al. 2002). The PUFAs in the PF seed extract are prob-
ably the major components that affect fermentation and
CH,4 production. However, mixed results were reported
for the effects of LCFAs and PUFAs on methanogens
(Dohme et al. 1999) and bacteria (Machmiiller and
Kreuzer 1999). In addition to LCFAs, PF seeds also con-
tain other compounds, including policosanol, phytosterol,
and tocopherol (Kim et al. 2012a, b). Perilla seeds are
rich in protein (17 % of DM) and fat (51 %) (Mellinas
et al. 2016). Therefore, P. frutescen seeds, rather than seed
extracts, may be incorporated into ruminant rations for
practical application to help mitigate CH, emission from
ruminants while enhancing their nutrition. Future feeding
trials are warranted to test this premise.

In conclusion, medicinal herbs are potential sources of
compounds that can be used to mitigate CH4 emission from
ruminant animals. The ethanol extract of P. frutescens seeds
decreased CH, production without adversely affecting feed
fermentation when included at a relatively low concentration.
Given the high content of proteins and lipids, P. frutescens
seeds may be directly incorporated into rations to both en-
hance nutrition and mitigate CH, emission. A number of bac-
teria and methanogens were found to be correlated with CH4
production, and a better understanding of these bacteria and
methanogens may facilitate the development of new strategies
to mitigate CH4 emission without adversely affecting rumen
fermentation.
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