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• Rumen protozoa were inhibited by sev-
eral plants in vitro.

• Leaves of Calotropis gigantea (LCg) de-
creased Entodinium by 41.3% and am-
monia nitrogen by 50.6%.

• The other protozoal genera, total bacte-
ria, methanogens, and microbial fer-
mentation were not inhibited.

• LCg contained 3-hydroxybenzoic acid,
quercetin, myricetin, anthraquinone as
major secondary metabolites.

• LCg may be used as natural feed addi-
tives to improve nitrogen utilization ef-
ficiency in ruminants.
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This study screened six different species of forest plants and then further evaluated the most promising plant,
giant milkweed (Calotropis gigantea), for the potential to improve nitrogen utilization efficiency (NUE) through
inhibiting rumen protozoa in vitro. Ground leaves of giant milkweed at 1.6 and 3.2 mg/mL decreased the counts
of Entodinium cells by 41.30% and 58.89%, respectively, and damaged their cell surface structure. Dasytricha,
Isotricha, Epidinium, Ophryoscolex, and Diplodinium were not affected, while total bacterial and archaeal popula-
tions did not decrease. Ammonia nitrogen (NH3-N) concentration decreased by 50.64% and 33.33% at 1.6 g/mL
and 3.2 mg/mL, respectively. Volatile fatty acid (VFA) production andmethane production remained unaffected,
but butyrate production increased. The giant milkweed leaves contained (per gram of dry matter) 3636 μg phe-
nolics including 205.9 μg of 3-hydroxybenzoic acid, 2079 μg flavonoids including 1197.5 μg of quercetin and
91.4 μg ofmyricetin, and 490 μg alkaloids including 219.8 μg of anthraquinone glycosides. The effective inhibition
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Real-time PCR
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of Entodiniumwas accompanied by a decrease in NH3-N concentration, andmethane production did not increase
except for the dose of 1.6 mg/mL. Giant milkweed may be used as a new feed additive or an alternative to
chemicals or antibiotics for sustainable animal husbandry enhancing NUE in ruminants.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Rumen protozoa, almost exclusively anaerobic ciliates, make certain
contributions to feed digestion in the rumen of cattle and other rumi-
nants (Williams and Coleman, 1992). However, they are known for
their notorious roles in increasing intra-ruminal recycling of microbial
protein. All the rumen protozoa prey on other microbial cells to main-
tain their survival and growth (Park and Yu, 2017). In a quantitative
study using 14C-labeled bacteria, Belanche et al. (2012) showed that
rumen protozoa could break down approximately 17% of the available
rumen bacteria every hour. Rumen protozoa degrade themicrobial pro-
tein of the engulfed microbial cells into oligopeptides and free amino
acids, which are deaminated into short-chain fatty acids (SCFA) and
free ammonia, the latter of which cannot be utilized by animals, includ-
ing ruminants (Newbold et al., 2015). Therefore, the intra-ruminal
recycling of microbial protein decreases the flow of microbial protein
to the small intestines as the amino acid source for the host animals
(Koenig et al., 2000). The dietary nitrogen utilization efficiency (NUE)
in ruminants (including cattle, sheep, and goats) is only about 25%
(Kohn et al., 2005; Huhtanen and Hristov, 2009), and the intra-
ruminal recycling of microbial protein mediated by rumen protozoa is
themajor culprit. The negative impact of rumen protozoa on NUE in ru-
minantswas clearly demonstrated by studies that eliminated the rumen
protozoa through defaunation (Kayouli et al., 1986; Ivan et al., 1991;
Eugene et al., 2004) and has been well recognized. Defaunation has
been used in research, and significant improvement in NUE has been
achieved, but it is not feasible to practice at the farm level.

Livestock, especially dairy cows, are often fed with excessive
amounts of dietary nitrogen to compensate for the low NUE. This nitro-
gen overfeeding practice further increases nitrogen excretion from ani-
mal farm operations, especially dairy farm operation. Moreover, dietary
nitrogen is also the most expensive feed ingredient. Therefore, the low
NUE in livestock not only increases the cost of ruminant animal produc-
tion but also creates serious environmental pollution. Because rumen
protozoa contribute considerably to the low NUE in livestock, many
studies have explored different dietary means to increase NUE by elim-
inating or inhibiting rumen protozoa. Park et al. (2019a) for instance
have recently shown that specific inhibitors of lysozymeand peptidases,
the digestive enzymes responsible for the degradation of the microbial
cell wall and proteins respectively, could substantially inhibit
Entodinium caudatum in its monoculture without adverse collateral ef-
fects on feed digestion. The same inhibitors significantly inhibited
most of the rumen protozoa genera, but a decrease of dry matter and
NDF digestibility was noted with imidazole that inhibits lysozyme
(Park et al., 2019b). Patra and Saxena (2009a) reported that saponins
and saponin-rich plants could inhibit protozoa though they also
lowered feed intake by the animals. Although someof the specific inhib-
itors are promising, they are not of plant origin, and their practical appli-
cation at the farm level awaits further evaluation.

Ruminants are the main source of animal protein (milk, beef, lamb)
for human consumption, and feed or feed additives intended for live-
stock production have to be safe for both the production animals and
human consumers. Some plants, including giant milkweed (Calotropis
gigantea), are useful herbal medicines and have a positive effect on an-
imal husbandry where the use of antibiotics has increased antibiotic re-
sistance and posed a potential threat to the health of both humans and
animals. Giant milkweed is widely distributed and can grow naturally,
even in poor and arid soil without fertilizers. The plant also has anti-
inflammatory activity (Adak and Gupta, 2006). Flavonols, terpenes,
and cardenolide glycosides are phytochemicals commonly found in
giant milkweed (Sen et al., 1992; Nguyen et al., 2020). The objectives
of the present studywere to screen selected forest plants for their ability
to effectively inhibit rumen protozoa and further evaluate the most
promising plant, giant milkweed for its efficacy in inhibiting different
genera of rumen protozoa, the effects on feed fermentation, ammonia
andmethane production, and total populations of bacteria and archaea.
We also analyzed the leaves of giant milkweed, for the major phyto-
chemicals. This study may promote research to explore plants as re-
sources to improve NUE in sustainable animal protein production,
especially by ruminants.

2. Materials and methods

2.1. Screening and evaluation of plants in vitro

2.1.1. Collection of rumen fluid and preparation of concentrated rumen
protozoa

Rumen protozoa were concentrated from fresh rumen fluid samples
that were collected from three cannulated lactating cows fed a typical
total mixed ration (TMR) 2.5 h after the morning feeding. To eliminate
exposure to air, the bottles were filled to the rim and tightly closed. To
minimize the loss of microbial viability, the rumen fluid samples were
maintained at 39 °C in thermally insulated bottles while being
transported to the laboratory. The three rumen fluid sampleswere com-
bined into one at an equal volume ratio and filtered through four layers
of cheesecloth into a 500mL glass bottle under a continuous flux of CO2.
The purpose of the filtration was to remove the large feed particles. The
composite rumen fluid sample was let stand still for 1 h in a 39 °Cwater
bath to allow the rumen protozoa to sediment. The concentrated proto-
zoa cells at the bottom of the glass bottle were used as the inoculum in
the in vitro experiment to screen the plants.

2.1.2. Screening of plants in vitro
The in vitro fermentation medium was prepared as described by

Goering and Van Soest (1970) except for the omission of sulfur, which
was found toxic to microbes (Fukushima et al., 2003; Mould et al.,
2005). The medium solution was bubbled overnight with O2-free CO2

and then was reduced with an L-cysteine HCl solution. Then, 8 mL of
themediumwere dispensed into individual glass culture tubes contain-
ing 100 mg of the same TMR (ground to pass through a 0.3 mmmesh)
fed to the lactating cows that donated the rumen fluid. Six different spe-
cies of plants collected in Honghe located in the southwestern part of
Yunnan Province, China were taxonomically identified and authenti-
cated at the Herbarium of the Botanical Institute of Kunming and Fujian
Institute of Botanic, Chinese Academy of Science, where the voucher
specimen references are available. The plants included Brassica rapa
chinensis (Bok choy, BNU0018604), Kalimeris indica (Indian aster,
KUN0983258), Calotropis gigantea (giant milkweed, KUN0307207),
Portulaca oleracea (common purslane, KUN1063740), Flemingia
macrophylla (waras tree, KUN0616353), and Adansonia digitata (bao-
bab, FJSI011773). These plants were chosen because they are used in
traditional Chinese medicine due to their anti-oxidative and anti-
inflammatory activities. The leaves of each plant (for Flemingia
macrophylla, both leaves and roots, for Brassica rapa chinensis, tuber
only) were sun-dried and ground to pass through a 0.3 mm mesh.
Ground leaves of each plant were added to the glass culture tubes at
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four doses (0, 0.7, 0.9, and 1.1 mg/mL culture medium) with each dose
having three replicates (n= 3). To each tube, 2 mL of the concentrated
rumen protozoa were added as the protozoa inoculum. The procedures
were performed under a continuous flux of O2-free CO2. The headspace
of each tube was flushed with O2-free CO2 for 5 min. The tubes were
each sealed with a rubber stopper, which was secured by an aluminum
crimp, and incubated at 39 °C temperature for 24h. Protozoal cells in the
concentrated inoculum and each in vitro culture were counted micro-
scopically (detailed in Section 2.2.2 Microscopic counting) and the
NH3-N concentration was analyzed colorimetrically (see Section 2.2.4
Chemical analysis of in vitro cultures).

2.2. In vitro evaluation of giant milkweed (Calotropis gigantea)

2.2.1. In vitro culturing
The screening experiment revealed that giant milkweed leaves both

effectively inhibited Entodinium, the most dominant genus of rumen
protozoa, and decreased NH3-N concentration. The other plants either
did not effectively inhibit Entodinium or inhibited Entodinium without
decreasing NH3-N concentration (Table S1). Thus, giant milkweed
leaves were further evaluated for their efficacy in inhibiting rumen pro-
tozoa, the effect on fermentation characteristics, and the population size
of total bacteria and archaea. The in vitro experiment was essentially the
same as described in the screening experiment, except for the use of
ground leaves of giant milkweed at 0, 0.8, 1.6, 3.2, 6.4 mg/mL and sedi-
mentation of rumen protozoa for only 10 min after the collection of the
rumen fluid. The amounts of TMR included at different doses of giant
milkweed leaveswere decreased by the same amount of giantmilkweed
leaves added to balance the total dry matter in each culture tube of the
treatments, each of which had four replicates (n = 4). At the end of
the 24 h of incubation, each in vitro culturewas subsampled for analyses.

2.2.2. Microscopic counting of rumen protozoal cells
The protozoal cells were morphologically identified to genus and

counted microscopically using the procedures described by Dehority
(2005) and Park and Yu (2017) with slight modifications. Briefly, after
mixing, 0.3 mL of each in vitro culture was transferred to a 2 mL
microtube, followed by immediate addition of 0.3 mL of 18.5% formalin
to fix the protozoal cells. Then, 30 μL of a brilliant greendye solutionwas
added to stain the protozoal cells to aidmicroscopic observation. Finally,
1.4 mL of 30% glycerol was added to each tube andmixed. The protozoal
cellswere differentiated and identified to genera based on theirmorpho-
logical characteristics, especially the localization of the ciliate zone, the
body size, the structure of the spine and skeletal plates, and the number
of cilia tufts. The cells of each genera were counted using a Sedgewick-
Rafter counting chamber (Thomas Scientific, Swedesboro, NJ).

2.2.3. Scanning electron microscopy of protozoal cell surface
Sample preparation of protozoal cells for scanning electron micros-

copy was done as described by Park et al. (2017) with slight modifica-
tion. Briefly, 1 mL of in vitro culture was collected after mixing, and
protozoal cells were pelleted by centrifugation at 500 ×g for 5 min
with the supernatant being removed. The protozoal cells were fixed
with 3% glutaraldehyde and subsequently rinsed twice with a potas-
sium phosphate buffer (0.1 M, pH 7.2). The protozoal cells were
dehydrated through sequential washes in 30, 50, 70, 90, and 100% eth-
anol twice at each ethanol concentration, followed with one wash each
in acetone and then hexamethyldisilazane. After drying with a flux of
CO2, the cells were spatter coated with platinum and viewed on a
Hitachi S-4700 electron microscope (Hitachi America, Ltd.).

2.2.4. Chemical analysis of in vitro cultures
The oxidation-reduction potential (ORP) wasmeasured using a por-

table ORPmeter (Oakton Instruments, VernonHills, USA) as reported by
Park and Yu (2018). Antioxidant activity was determined bymeasuring
the free radical scavenging ability using the 1.1-diphenyl-2-
picrylhydrazyl (DPPH) assay (Todaka et al., 1999). The pH was mea-
suredwith anAccumet AB15pHmeter. The concentrations of individual
VFAs were analyzed using gas chromatography as described by Zhou
et al. (2011). Methane production was estimated using the standard
stoichiometric equation (Moss et al., 2000; Chanthakhoun et al.,
2011). The NH3-N concentrationswere determined using a colorimetric
method (Chaney and Marbach, 1962).

2.2.5. DNA extraction and quantification of total bacteria and total archaea
Metagenomic DNA was extracted from the pellets of each sample

using the repeated beat-beating plus column purification method (Yu
and Morrison, 2004). The concentrations of the DNA extracts were de-
termined using a NanoDrop 1000 spectrophotometer (Invitrogen Cor-
poration, Carlsbad, Calif, USA). The abundance of total bacteria was
quantified using qPCR by quantifying the copies of 16S rRNA genes of
total bacteria with universal bacterial primers as described previously
(Stiverson et al., 2011), while the abundance of total archaea was quan-
tified using qPCRwith universal archaeal 16S rRNA primers (Tymensen
et al., 2012). The relative abundance of archaea was calculated as the
percentage of archaeal 16S rRNA gene copies of the total prokaryotic
16S rRNA gene copies.

2.3. Chemical analysis of crude extracts of giant milkweed leaves

2.3.1. Preparation of crude extract
The leaves of giant milkweed were the most inhibitory to rumen

protozoa, without negatively affecting fermentation, and they were
subjected to chemical analysis for the major secondary metabolites.
Sun-dried leaves of giant milkweed were ground to pass through
0.15 mm mesh and then further dried in a hot air oven at 60 °C for
48 h. Then, 15 g of the ground leaves of giant milkweedwere combined
with 450 mL of 80% ethanol as the solvent, which has been shown to
maximize extract yield in a previous study (Nadeem et al., 2019). The
mixture was subjected to ultrasonication using a Soniprep 150
Ultrasonicator (Hongxianglong Biotechnology Co., Ltd. Beijing, China)
at 55 °C for 45 min at 90% of its maximum power level. The sonicated
samples were then centrifuged (10,000 rpm for 10min), and the super-
natants were collected. The ethanol was evaporated at 55 °C in a rotary
evaporator set at 85 rpm. The crude extract (about 20 mL) from each
sample was freeze-dried at −70 °C for 72 h, and the final extract was
weighted.

2.3.2. Determination of total phenolic, flavonoid, and alkaloid content of the
crude extract

Each of the dried crude extract samples was dissolved in water to a
final concentration of 0.5 mg/mL. The crude extract samples were ana-
lyzed for total phenolic compounds (TPC) using the method reported
by Boligon et al. (2009) with slight modifications. Briefly, to 1 mL of
each crude extract solution, 0.5 mL of Folin-Ciocalteu reagent and
1.5 mL of 10% Na2CO3 were sequentially added and mixed. Then, 7 mL
of distilled water was added, mixed, and incubated at 75 °C for
10 min. A series of gallic acid (98% purity, by HPLC analysis) solutions
at 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6% (w/v) served as the external standard.
The concentrations of the phenolic compoundswere determined by op-
tical absorbance at 750 nm using a UV-1700 spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). The amount of TPC was esti-
mated as μg of gallic acid equivalent (GAE) per gram of giant milkweed
leaves (μg GAE/g).

The content of total flavonoid compounds (TFC) of each crude ex-
tract sample was determined using the spectrophotometric procedure
as described by Meda et al. (2005) with slight modifications. Briefly,
3 mL of 70% ethanol were added to 2 mL (0.5 mg/mL) of each crude ex-
tract sample. Then, 5 mL of a solution containing acetic acid and sodium
acetate in amolar ratio of 3:1 and a final acetate concentration of 2mol/
L was added and mixed for 30 s. Afterward, 3 mL of 0.1 mol/L AlCl3 was
added. Finally, 12mL of 70% ethanolwas added,mixed, and incubated at
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room temperature for 40 min. A series of rutin solutions at 0, 0.41, 0.82,
1.23, 1.64, 2.05, 2.46 and 2.87mg/dL of rutin (N98%purity, byHPLC anal-
ysis) served as the external standard. The concentrations of TFC were
determined by optical absorbance at 405 nm using a UV-1700 spectro-
photometer (Thermo Fisher Scientific, Waltham, USA). The amount of
TFCwas estimated as μg of rutin equivalent (RE) per gramof giantmilk-
weed leaves (μg RE/g).

Total alkaloid content (TAC) of each crude extract samplewas deter-
mined using the method reported by Manjunath et al. (2012) with
some modification. Briefly, 2 mL of 0.05 mol/L of bromothymol blue as
the indicator, 5 mL of 1% potassium hydrogen phthalate buffer, and
10 mL chloroform were sequentially added to 3 mL (0.5 mg/mL) of
each crude extract sample andmixed thoroughly for 3min. After 1 h in-
cubation at room temperature, the dense bottomphasewas collected to
a fresh tube, and then 0.5 g of sodium sulfate was added, mixed, and
allowed to sit at room temperature for 30 min. A series of aconitine
(N98% purity, by HPLC analysis) solutions at 0, 0.42, 0.48, 0.6, 0.96 and
1.2 mg/dL served as the external standard. The concentrations of alka-
loids were determined by optical absorbance at 410 nm using a UV-
1700 spectrophotometer (Thermo Fisher Scientific, Waltham, USA)
and expressed as μg of aconitine equivalent (AE) per gram of giantmilk-
weed leaves (μg AE/g).

2.3.3. Quantification of individual plant metabolites by reversed-phase
HPLC

Major secondary metabolites in the crude extract samples were an-
alyzed using reverse-phase HPLC (Agilent Technologies, 1290 Infinity II,
Palo Alto, CA, USA) as described by Sun et al. (2014) with slight modifi-
cations. Separations of the compounds were conducted at 30 °C
using the Agilent ZORBAX EclipsPlus C-18 reversed-phase column
(200mm×4.6mm length, 5 μmparticle size). A set of four-channel gra-
dient pumps, a diode array detector, a column heater, a degasser, and an
autosampler (Agilent Technologies, Palo Alto, CA, USA) were used for
the detection and quantification of the compounds. The mobile phase
consisted of two solutions: 0.1% (w/v) phosphoric acid (solution
A) and acetonitrile (solution B). The flow rate of the mobile phase was
set at 1.0 mL/min. For analysis, 1 mg of dry crude extract was dissolved
in 5 mL of 80% (v/v) methanol to prepare a sample solution
(200 μg/mL). The injection volume of the sample solution was 10 μL.
The gradient of the mobile phase was 20–65% of solution B from 0 to
15 min, 65–80% of solution B from 15 to 15.1 min, 80% of solution B
from 15.1 to 20 min, with the remaining being solution A. Spectral
data were recorded from 200 to 800 nm, and the chromatograms of
the compounds of interest were monitored at 326 nm. The chromato-
graphic peaks were confirmed by comparing its retention time with
those of the following reference standards: 3-hydroxybenzoic acid,
myricetin, astragaloside, quercetin, and anthraquinone. The GC/MS
Translator B.07.17 was used to convert the Chemstat HPLC data files
into MassHunter files for qualitative and quantitative analysis of the
compounds. The content of individual compounds was expressed as
μg/g giant milkweed leaves (DM).
2.4. Data analysis

The data were statistically analyzed in a complete randomized de-
sign using the PROC GLM procedure of SAS 9.4 (SAS Institute, Cary,
NC, USA) to compare themeans of protozoal cell counts amongdifferent
doses of each plant. Orthogonal polynomial contrast was done to deter-
mine linear, quadratic, or cubic effects of giant milkweed leaves on pro-
tozoal cells, NH3-N concentration, total VFA concentration, molar
proportions of individual VFAs, methane production, and abundance
of total bacteria and archaea. Significance was declared at P b 0.05.
Spearman rank's correlation was calculated to identify the correlation
between the protozoal cell counts and the fermentation characteristics
using the corrplot package in R (R 3.5.3).
3. Results and discussions

Protozoa, especially the most predominant and bacteriovorus genus
Entodinium, are implicated in low NUE in ruminants (Coleman and
Sandford, 1979; Belanche et al., 2011; de la Fuente et al., 2011). The
banning of antimicrobials, including ionophores, as feed additives in
an increasing number of countries calls for the development of new
non-antimicrobial alternatives. To this end, many researchers turn to
plants, especially plants that have not been explored. In the present
study, we screened six different species of plants growing in the moun-
tainous area of southwest China. Out of the six different species of plants
screened, Brassica rapa chinensis, giant milkweed (Calotropis gigantea),
and Adansonia digitata exhibited effective inhibition to rumen protozoa
in vitro, inhibiting Entodinium by more than 50% at the highest dose
(1.1 mg/mL) tested compared to the control (Table S1). Brassica rapa
exhibited the greatest inhibition against all the five genera of rumen
protozoa, including the two genera that can digest cellulose, but it did
not lower NH3-N concentration. Similarly, Adansonia digitata inhibited
Entodinium, but it did not lower NH3-N concentration either. Giantmilk-
weed leaves both inhibited Entodinium and decreased NH3-N concen-
tration (P b 0.05). It did not suppress the cellulolytic genera
Orphryoscolex or Eudiplodinium. Thus, giant milkweed leaves were
further evaluated in this study.

3.1. Giant milkweed leaves inhibit Entodinium and Eudiplodinium

All the four tested doses of giant milkweed leaves decreased the
counts of Entodinium cells in a dose-dependentmanner, with significant
(P b 0.01) decrease being observed at 1.6 mg/mL and above (Table 1).
There was both a linear (R2 = 0.92) and a quadratic (R2 = 0.93) effect
(P b 0.01) of the doses on the decrease of Entodinium. Entodinium cell
count was decreased by more than 80% at the highest dose
(6.4 mg/mL) tested. Many studies have shown inhibition of rumen pro-
tozoa byplants or plant extracts (Patra and Saxena, 2009b; Patra andYu,
2014). A recent study showed that specific inhibitors of lysozyme and
peptidases (serine, cysteine, and metallopeptidases), all of which are
the digestive enzymes of rumen protozoa, effectively inhibited all the
eight genera of rumen protozoa identified in dairy cows (Park et al.,
2019b). Although rumen protozoa as a group are blamed for their con-
tribution to lowering NUE in ruminants, Entodinium contributes the
greatest to lowering NUE (Coleman and Sandford, 1979; Belanche
et al., 2011; de la Fuente et al., 2011) while contributing little to fiber di-
gestion (Takenaka et al., 2004). Propitiously, the giant milkweed leaves
effectively inhibited Entodiniumwithout decreasing the other genera of
rumen protozoa identified, including the cellulolytic genera Epidinium
and Diplodinium (Table 1). Giant milkweed leaves may be a promising
new resource to improve NUE in ruminants, particularly dairy cows, in
which NUE is only about 30% and tremendous amounts of nitrogen
are wasted, challenging the sustainable production of milk.

The chemical analysis of the crude extracts revealed that giant
milkweed leaves contain phenolic compounds (3636 ± 1.89 μg GAE/
g), flavonoid (2079 ± 0.89 μg RAE/g), and alkaloids (490 ± 0.75 μg
AE/g). Using reverse-phase HPLC, we further identified quercetin
(1197.5 μg/g giant milkweed leaves), which was known to suppress
in vivo the total population of rumen protozoa without decreasing
total bacterial population or total VFA production (Oskoueian et al.,
2013), and myricetin (91.4 μg/g), which was reported to inhibit
rumen protozoa and methanogens (Oskoueian et al., 2013). Moreover,
3-hydroxybenzoic acid (205.9 μg/g giant milkweed leaves) and anthra-
quinone (21.98 μg/g)were also found in the leaves of giantmilkweed. In
a study evaluating flavonoid-rich extracts from Ginkgo biloba for their
ability to lower methane production in vitro, Kim et al. (2015) reported
a 60% decrease in total rumen protozoa. In another study, tiliroside, a
flavonoid extracted from Sphaeralcea angustifolia (Malvaceae), was
shown to be the most potent antiprotozoal compound inhibiting the
trophozoites of Entamoeba histolytica and Giardia lamblia (Calzada



Table 1
Effect of ground leaves of giant milkweed on protozoal cell counts and abundance of total bacteria and archaea after 24 h of in vitro incubation.

Cells/mL Doses (mg/mL) SEM P-value

0 0.8 1.6 3.2 6.4 Trt⁎ Linear Quadratic Cubic

Protozoa
Entodinium 79,111a 68,958a 46,440bc 32,525cd 15,407d 3558 b0.001 b0.001 0.001 0.755
Dasytricha 655 573 473 452 408 140 0.733 0.239 0.534 0.792
Isotricha 357 319 211 344 162 133 0.787 0.377 0.865 0.446
Ophryoscolex 77 51 0 0 0 31 0.313 0.490 0.938 0.360
Epidinium 254 208 162 102 216 133 0.820 0.796 0.252 0.870
Eudiplodinium 265a 0b 0b 0b 0b 86 0.026 0.058 0.032 0.060
Diplodinium 757 1023 533 638 649 231 0.635 0.520 0.617 0.821

Prokaryotes
Bacteria⁑ 9.02 9.41 9.71 10.37 9.99 0.51 0.443 0.178 0.199 0.776
Archaea⁑ 7.17 7.04 6.81 6.98 7.17 0.27 0.858 0.814 0.377 0.649
Archaea (%)⁂ 2.14 2.38 0.30 0.06 0.16 1.10 0.409 0.157 0.307 0.902

Means with different superscripts within a row differ (P b 0.05).
P-values b 0.05 are bolded.
⁎ Treatment.
⁑ Absolute abundance expressed as log10 copies of 16S rRNA genes per mL culture.
⁂ Relative abundance expressed as percentage of total 16S gene copies of both bacteria and archaea.
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et al., 2017), none of which are rumen protozoa. Using molecular
docking, these authors showed that tiliroside probably could inhibit
the pyruvate:ferredoxin oxidoreductase and fructose-1,6-bisphosphate
aldolase, two glycolytic enzymes of anaerobic protozoa. Miquelianin,
another flavonoid, also exhibited effective inhibition to Trypanosoma
brucei (Smith et al., 2016). It is tempting to suggest that the flavonoids
present in the leaves of giant milkweed may also be responsible, at
least partially, for the inhibition of Entodinium observed in the present
study. However, the specific inhibition to Entodinium, not the other gen-
era of the rumen protozoa, by giantmilkweed calls for further investiga-
tion to identify the specific inhibitor(s).

3.2. Giant milkweed leaves destruct the cell surface of Entodinium

Scanning electron microscopy images revealed the destruction of
the cell surface of Entodinium by ground leaves of giant milkweed in a
dose-dependent manner (Fig. 1). At the dose of 0.8 mg/mL, the cell sur-
face collapsed and was wrinkled and the ciliary tufts shrank (Fig. 1B);
moreover, the disruption increased at the dose of 1.6 mg/mL (Fig. 1C).
The cell surface was nearly completely damaged at 3.2 mg/mL
Fig. 1. Scanning electronmicrographs of protozoal cells in the in vitro cultures after 24 h of incub
of giant milkweed. E–F, Isotricha grown in the presence of 0 and 0.0032 g/mL of ground leaves o
leaves of giant milkweed. No cells of Dasytricha, Epidinium, Eudiplodinium, or Diplodiniumwere
(Fig. 1D). The giantmilkweed leaves did not cause apparentmorpholog-
ical changes to the cell surface of Isotricha (Fig. 1F) or Ophryoscolex
(Fig. 1H). The destruction of Entodinium cell surfaces was similar to
those observed on Entodinium caudatum cells that were incubated in
the presence of antibiotics (Park et al., 2017). The increased destruction
of the cell surface with increased doses of giant milkweed leaves is
therefore consistent with the dose-dependent inhibition of Entodinium.
We did not examine the internal structure using transmission electron
microscopy, and thus it remains to be determined if giant milkweed
leaves also damage the intracellular structures.

3.3. Giantmilkweed leaves do not inhibit total bacteria or archaea and have
little effect on fermentation characteristics

We estimated the abundance of total bacteria and archaea using
qPCR to determine if giant milkweed leaves could inhibit bacteria or ar-
chaea in the in vitro cultures. As determined as log10 copies of bacterial
or archaeal 16S rRNA genes, neither the absolute abundance of total
bacteria and archaea nor the relative abundance of archaea was de-
creased (P N 0.05) by giant milkweed leaves at the tested doses
ation. A–D, Entodinium grown in the presence of 0, 0.8, 1.6, and 3.2mg/mL of ground leaves
f giant milkweed. G–H, Ophryoscolex grown in the presence of 0 and 3.2 mg/mL of ground
found during scanning electron microscopy, and thus they were not shown.



Table 2
Effect of ground leaves of giant milkweed on fermentation characteristics after 24 h of in vitro incubation.

Fermentation characteristics Doses (mg/mL) SEM P-value

0 0.8 1.6 3.2 6.4 Trt⁎ Linear Quadratic Cubic

Total VFA, mM 84.0 96.9 100.2 107.3 106.1 5.80 0.079 0.079 0.072 0.637
VFA, mol/100 mol

Acetate 53.4 57.7 62.7 57.6 56.3 3.50 0.522 0.961 0.254 0.259
Propionate 15.7 20.9 19.2 26.6 24.1 3.70 0.384 0.158 0.263 0.735
Isobutyrate 0.6 0.8 0.9 1.2 1.1 0.20 0.266 0.088 0.162 0.863
Butyrate 8.3b 11.4b 19.3a 16.5a 16.6a 1.80 0.033 0.032 0.025 0.133
Isovalerate 1.2 1.5 1.9 2.2 2.1 0.31 0.256 0.085 0.155 0.977
Valerate 2.7 3.4 3.6 4.9 4.4 0.62 0.249 0.086 0.170 0.667

A:P ratio 3.3ab 2.9bc 3.7a 2.3c 2.3dc 0.18 0.001 0.002 0.689 0.016
NH3-N, mg/dL 31.2a 27.7ab 15.4d 20.8c 24.3bc 0.90 b0.001 0.001 b0.001 0.002
Methane⁑, mM 23.3b 25.4b 31.9a 25.5b 25.0b 0.95 0.100 0.612 0.303 0.204
AO, U/mL 72.0 67.2 61.2 47.3 49.8 8.30 0.209 0.045 0.223 0.624
ORP, mV −354.5 −358.8 −318.3 −314.8 −314.8 −16.50 0.172 0.061 0.200 0.919
pH 6.68 6.63 6.69 6.57 6.57 0.03 0.554 0.425 0.870 0.227

A:P ratio, acetate:propionate ratio.
AO, antioxidant activity.
ORP, oxidation-reduction potential.
Means with different superscripts within a row differ (P b 0.05).
P-values b 0.05 are bolded.
⁎ Treatment.
⁑ Estimated from stoichiometric calculation using the following equation: Methane = 0.45 × acetate (mol/100 mol) − 0.275 × propionate (mol/100 mol) + 0.40 × butyrate (mol/

100 mol) (Moss et al., 2000).
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(Table 1). The analyzed fermentation characteristics were not affected
(Table 2) except for a trend (P= 0.079) of increased total VFA concen-
tration, a significant (P b 0.05) increase in butyrate molar proportion, a
numerical increase in propionate molar proportion, and a significant
(P b 0.05) decrease in acetate:propionate ratio. Methane production
did not increase (P N 0.05), except for the dose 1.6 mg/mL, which in-
creased methane production (P b 0.05). The NH3-N concentration was
decreased significantly (P b 0.05) by giant milkweed leaves. Because
of the limited amount of feed added to each in vitro culture, the digest-
ibility of drymatter, ADF, or NDFwas not determined. The similar abun-
dance of total bacteria and archaea among the doses indicates that giant
milkweed leaves did not inhibit the growth of total bacteria or
methanogens. Nonetheless, the lack of inhibition of total bacteria and
fermentation and a significant decrease of NH3-N concentration suggest
that giant milkweed leaves can significantly decrease predation, and
thus intra-ruminal recycling of microbial protein mediated by rumen
protozoa, especially Entodinium.
Fig. 2. Spearman's rank correlation between protozoal counts and fermentation characteristics
circle indicate the degree of the correlation coefficient based on the color key on the right-hand
AO activity: Antioxidant activity, TVFA: total VFA, A:P ratio: Acetate:propionate ratio.
3.4. The abundance of Entodinium and Eudiplodinium correlates with some
fermentation characteristics

The abundance of Entodinium and Eudiplodinium appeared to be cor-
related with many of the fermentation characteristics (Fig. 2). Positive
correlations (P b 0.05) were observed for these two protozoal genera
with NH3-N concentration and anti-oxidant activity and for Entodinium
with oxidation-reduction capacity and acetate:propionate ratio. These
positive correlations might be explained by the decrease in both the
abundance of Entodinium and Eudiplodinium and the measurements of
these fermentation characteristics. On the contrary, the abundance of
Entodinium and Eudiplodinium appeared to be negatively correlated
with the concentration of total VFA and themolar proportion of individ-
ual VFAs (except for that of acetate for both protozoal genera and that of
propionate for Eudiplodinium). These negative correlations mirror the
opposite trends of changes: decrease in abundance of these two proto-
zoal genera and concomitant increase in the aforementioned VFA
in the in vitro cultures after 24 h of incubation. The size and intensity of the color of each
side. Only significant correlation (P b 0.05) is shown. ORP: oxidation-reduction potential;
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profiles. Except for a negative correlation between the abundance of
Ophryoscolex and the molar proportion of butyrate, the other genera
of protozoa exhibited no correlation with any of the measured fermen-
tation characteristics, which is consistent with the lack of their response
to giantmilkweed leaves in the in vitro cultures. Because correlation im-
plies no causation, future research is needed to investigate themicrobial
underpinnings of the changed or maintained fermentation characteris-
tics in response to giant milkweed leaves.

4. Conclusion

Giant milkweed leaves can be a useful resource of feed to improve
nitrogen utilization efficiency by inhibiting rumenprotozoa and thereby
decreasing intra-ruminal recycling of microbial proteins mediated by
rumen protozoa, especially species of Entodinium. More importantly,
giant milkweed leaves do not adversely affect feed fermentation by
rumenmicrobiota. Future studies are needed to further evaluate the po-
tential of giant milkweed leaves as a feedstuff for ruminants in vivo and
to identify the specific anti-protozoal component(s). This study also
suggests that forest plants are a rich source of “functional” feeds or
feed additives tomanipulate the rumenmicrobiome and their functions
in an environmentally friendly manner.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.140665.
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