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a b s t r a c t

This study was conducted to elucidate relationships among various phenolic fractions in,
and methane (CH4) emissions from, tropical plants when incubated in ruminal fluid in vitro.
As a second objective, principal component analysis (PCA) was tested for its utility in screen-
ing plants for their ability to reduce CH4 formation at simultaneously acceptable nutritional
quality. Leaves from 27 tropical plants were analyzed for their nutritional composition
and various phenolic fractions. They were incubated in vitro using the Hohenheim gas test
method. Variables measured after 24 h of incubation were total gas and CH4 production,
and pH, ammonia, bacterial and protozoal counts, as well as short-chain fatty acids in the
incubation fluid. In vitro organic matter (OM) digestibility was computed by a standard
equation. The data obtained was subjected to analysis of variance, correlation, regres-
sion and PCA. Among phenolic fractions, total phenols had the closest relationship with
CH4/digestible OM (r = −0.84, P<0.001). The total tannin fraction contributed strongly to
this effect (r = −0.74, P<0.001) whereas the non-tannin phenol fraction was less important
(r = −0.45, P<0.05). Methane reduction by the influence of non-tannin phenols was not asso-
ciated with a negative effect on protein degradation, while this was the case with tannins.
Condensed (r = −0.60, P<0.01) and hydrolysable tannins (r = −0.60, P<0.01) contributed to
the decrease in CH4/digestible OM. The loading plot of PCA showed that dietary crude pro-
tein (CP) content and incubation fluid ammonia, total short-chain fatty acids, propionate,
valerate, iso-butyrate, iso-valerate as well as in vitro OM digestibility were clustered. They
had inverse directions to contents of fiber fractions and incubation fluid acetate proportion
and acetate-to-propionate ratio. The methane-to-total-gas ratio had the opposite effect of
the contents of any phenolic fraction. Plants possessing a favorable forage quality, based
on the corresponding PCA score plot, were Carica papaya, Manihot esculenta, Morinda cit-
rifolia, Sesbania grandiflora and Melia azedarach, whereas CH4 mitigating plants included
Swietenia mahagoni, Acacia villosa, Eugenia aquea, Myristica fragrans and Clidemia hirta. All
phenolic fractions studied reduced CH4 emissions from in vitro incubations with ruminal
fluid and PCA seems useful to screen plants for high nutritional quality and low ruminal
CH4 formation. However, high forage quality seemed to be partially associated with high

Abbreviations: ADFom, acid detergent fiber; aNDFom, neutral detergent fiber; CP, crude protein; CT, condensed tannins; DM, dry matter; EE, ether
extract; HGT, Hohenheim gas test; HT, hydrolysable tannins; IVOMD, in vitro OM digestibility; lignin(sa), lignin determined by solubilization of cellulose
with sulfuric acid; MSD, minimum significant difference; NTP, non-tannin phenols; OM, organic matter; PC, principal component; PCA, principal component
analysis; PSM, plant secondary metabolites; SCFA, short-chain fatty acids; TP, total phenols; TT, total tannins.

∗ Corresponding author. Tel.: +41 44 632 5972; fax: +41 44 632 1128.
E-mail address: michael.kreuzer@inw.agrl.ethz.ch (M. Kreuzer).

0377-8401/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.anifeedsci.2010.11.009

dx.doi.org/10.1016/j.anifeedsci.2010.11.009
http://www.sciencedirect.com/science/journal/03778401
http://www.elsevier.com/locate/anifeedsci
mailto:michael.kreuzer@inw.agrl.ethz.ch
dx.doi.org/10.1016/j.anifeedsci.2010.11.009


232 A. Jayanegara et al. / Animal Feed Science and Technology 163 (2011) 231–243

CH4 emission. The search for plants rich in non-tannin phenols might be promising as
these compounds appear to decrease CH4 while they obviously have less negative effect on
protein degradation as compared to the tannin fractions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Methane is among the most important greenhouse gases and its global atmospheric concentration has substantially
increased in the last 150 years where, after a few years at a plateau, it seems to be increasing again (Mascarelli, 2009).
Livestock, especially ruminants, contribute to CH4 emissions through enteric fermentation and processes taking place in the
manure (IPCC, 2006). It was estimated that, globally, ruminant livestock produce 80 million tonnes of CH4 annually which
accounts for 0.28 of total anthropogenic methane emissions (Beauchemin et al., 2008) which itself makes up 0.63 of total
global methane emissions (EPA, 2010). Moreover, CH4 from enteric fermentation also represents a loss of energy to the
ruminant of up to 0.12 of gross energy intake (McCrabb and Hunter, 1999). This is especially the case when feeding highly
fibrous diets prevalent in the tropics.

Inclusion of feeds containing plant secondary metabolites (PSM) such as saponins or phenols (especially tannins) in diets
seems promising as a nutritional strategy for the tropics to reduce CH4 emissions from ruminants (Puchala et al., 2005; Goel
et al., 2008) because many tropical plants are rich in PSM. Such an abundance of PSM in the plant has been explained as a
response to environmental stress and is assumed to promote resistance against stress and robustness when mechanically or
environmentally damaged (Vogt, 2010). Up to now, the effect of phenols on ruminal CH4 production was mainly investigated
by focusing on tannins and, within this group, on condensed tannins (CT; Carulla et al., 2005; Puchala et al., 2005; Tiemann
et al., 2008; Grainger et al., 2009). Research on effects of hydrolysable tannins (HT) has attracted less interest and the effects
seem to be inconsistent. Addition of a small amount of HT from chestnut wood extract did not decrease CH4 emissions from
lambs in the study of Śliwiński et al. (2002). However, Bhatta et al. (2009) reported that adding HT extracts from myrabolam
and chestnut reduced CH4 emissions in vitro to some degree, and that the effects were higher when HT were combined
with CT. Even less attention has been given to potential effects of non-tannin phenols (NTP) on ruminal fermentation and
methanogenesis (Evans and Martin, 2000; Jayanegara et al., 2009a).

Extensive screenings of plants and plant extracts that have CH4 reducing properties have been conducted (Bodas et al.,
2008; Garcia-Gonzalez et al., 2008; Soliva et al., 2008). Screening methods are mainly performed based on univariate or
bivariate approaches although many variables in the plants and their extracts need to be considered including proximate
composition, cell wall constituents, PSM profile, fermentation products, digestibility and CH4 emission itself. This suggests
that it may be useful to apply a multivariate statistical approach to those variables. Principal component analysis (PCA) is such
a method which allows identification of the most important directions to explain the variation in a multivariate data matrix
in a graphical plot. The PCA reduces the dimensionality of data, transforms the original variables into new axes or principal
components (PC) and retains as much as possible of the total variation in the data in only a few PC (Härdle and Simar, 2007).
Since many variables in the plant and in the rumen may be related to ruminal CH4 production and forage quality, assessing
their relationships by PCA by screening plants for low ruminal CH4 production potential and high nutritional quality seems
promising.

A first objective was to elucidate relationships among various phenolic fractions, a differentiation rarely made in CH4
research. Total phenols (TP), total tannins (TT), CT, HT, and NTP were distinguished. Production of CH4 was studied in vitro
by incubating various tropical plants containing these phenol fractions in different concentrations in ruminal fluid. Secondly,
we aimed to test the utility of PCA for screening of forage plants that have a low CH4 mitigating potential and simultaneously
an acceptable forage quality.

2. Materials and methods

2.1. Experimental plants

Samples from 27 plant species were collected in November 2008 from two sites of the area of Bogor, West Java, Indonesia
(Table 1). The first site was located at Bogor Agricultural University, Darmaga, at 180 m elevation and the second was
situated at the Indonesian Research Institute for Animal Production, Ciawi, at 350 m elevation. Samples included above
ground biomass of one grass species and four herb species as well as leaves of nine shrub species and 13 trees species.
Only species were considered which are either common in ruminant feeding in rural areas or are traditional veterinary
medicinal plants in Indonesia. Approximately 3 kg wet weight of each plant was collected, and each sample consisted of
several individual plants from the same species. After collection, plant samples were immediately stored indoors for 2 days,
followed by oven drying at 50 ◦C and grinding to pass a 1 mm sieve prior to chemical analysis and in vitro incubation.
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Table 1
Chemical composition of the experimental plants (g/kg dry matter; nreplicate = 2).

No. Plant species Plant family Sample type Organic matter Crude protein Ether extract aNDFoma ADFomb Lignin (sa) Non-fiber CHc

1 Acacia mangium Fabaceae Shrub leaves 939 162 33 436 349 198 203
2 Acacia villosa Fabaceae Shrub leaves 949 311 27 246 148 80 129
3 Albizia falcataria Fabaceae Tree leaves 926 223 39 310 223 111 241
4 Artocarpus heterophyllus Moraceae Tree leaves 857 142 27 339 275 64 253
5 Calliandra calothyrsus Fabaceae Shrub leaves 924 286 34 326 184 69 151
6 Canna indica Cannaceae Herb 857 158 13 581 375 106 91
7 Carica papaya Caricaceae Tree leaves 905 386 47 155 135 46 292
8 Clidemia hirta Melastomataceae Shrub leaves 927 129 22 232 181 69 328
9 Cycas rumphii Cycadaceae Tree leaves 886 209 13 509 386 131 129

10 Erythrina orientalis Fabaceae Tree leaves 913 343 15 447 272 100 88
11 Eugenia aquea Myrtaceae Tree leaves 941 100 35 479 382 181 158
12 Hibiscus tiliaceus Malvaceae Shrub leaves 934 168 16 541 438 156 154
13 Ipomoea batatas Convolvulaceae Herb 904 236 22 334 273 85 283
14 Lantana camara Verbenaceae Herb 916 186 28 382 296 130 273
15 Leucaena diversifolia Fabaceae Shrub leaves 930 336 33 249 147 90 198
16 Leucaena leucocephala Fabaceae Shrub leaves 904 306 41 263 185 94 198
17 Manihot esculenta Euphorbiaceae Shrub leaves 915 377 65 211 186 96 230
18 Melia azedarach Meliaceae Tree leaves 895 253 19 253 223 105 340
19 Mimosa invisa Fabaceae Herb 918 152 11 555 476 198 155
20 Morinda citrifolia Rubiaceae Tree leaves 880 228 56 223 219 86 348
21 Myristica fragrans Myristicaceae Tree leaves 950 101 20 380 361 196 268
22 Paspalum dilatatum Poaceae Grass 925 79 13 710 424 52 98
23 Persea americana Lauraceae Tree leaves 940 149 38 480 355 188 200
24 Pithecellobium jiringa Fabaceae Tree leaves 963 215 37 472 389 207 46
25 Psidium guajava Myrtaceae Tree leaves 921 146 35 385 294 120 223
26 Sesbania grandiflora Fabaceae Shrub leaves 895 312 28 251 200 70 285
27 Swietenia mahagoni Meliaceae Tree leaves 899 112 45 281 222 78 254

a Neutral detergent fiber.
b Acid detergent fiber.
c Non-fiber carbohydrates = (organic matter − crude protein − ether extract − aNDFom − total phenols).
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2.2. Analysis of chemical composition

Plants were analyzed by standard procedures of AOAC (1997) and Van Soest et al. (1991). Contents of dry matter (DM) and
total ash were determined with a TGA-500 furnace (Leco Corporation, St. Joseph, MI, USA; AOAC no. 942.05) heated at steps of
105 ◦C and 550 ◦C, respectively. A C/N analyzer (Leco-Analysator Typ FP-2000, Leco Instrumente GmbH, Kirchheim, Germany)
was used to determine N (AOAC no. 977.02). Ether extract (EE) was analyzed with a Soxhlet extractor (Extraktionssystem
B-811, Büchi, Flawil, Switzerland; AOAC no. 963.15). Neutral detergent fiber (aNDFom, with �-amylase and without sodium
sulfite), acid detergent fiber (ADFom) and lignin(sa) were determined according to Van Soest et al. (1991) using the Fibertec
apparatus (Fibertec System M, Tecator, 1020 Hot Extraction, Flawil, Switzerland). Fiber values are expressed without residual
ash. Non-fiber carbohydrates were calculated by subtracting CP, EE, aNDFom and TP from organic matter (OM).

Determinations of TP, TT and CT were completed based on Makkar (2003a). For the extraction step, approximately
100 mg of ground plant sample (ground through a 1.0 mm screen) was weighed and inserted in a 15 ml plastic tube. Five
ml of aqueous acetone (700:300 v/v) was added to the sample, vortexed and subjected to ultrasonic treatment for 20 min at
room temperature (i.e., 25 ◦C) in an ultrasonic water bath (TEC-25, Telsonic AG, Bronschhofen, Switzerland). Subsequently,
the tube was centrifuged for 10 min at 3000 × g at 4 ◦C (Omnifuge 2.0 RS, ThermoFisher Scientific, Waltham, MA, USA)
and the supernatant was collected. This procedure was repeated twice and the two supernatants were combined. The TP
and TT were then determined by a modified Folin-Ciocalteu method using polyvinyl-polypyrrolidone (PVPP) to separate
tannin phenols from NTP. Between 0.02 and 0.1 ml of the extract (depending on the concentration of TP and TT in the plant
sample) was put in a test tube and filled up to the volume of 0.5 ml with distilled water. Folin-Ciocalteu reagent (0.25 ml;
1 N; Sigma–Aldrich Chemie GmbH, Steinheim, Germany) and 1.25 ml sodium carbonate solution (40 g Na2CO3·10H2O in
200 ml distilled water) were added. The tube was vortexed and absorbance for TP was recorded at 725 nm after 40 min
using a UV–vis spectrophotometer (Shimadzu UV-160, Shimadzu Corporation, Kyoto, Japan). For measuring TT, 100 mg
PVPP (Sigma–Aldrich Chemie GmbH, Steinheim, Germany) in a test tube was added by 1.0 ml distilled water and 1.0 ml of
the extract. The mixture was vortexed and kept at 4 ◦C for 15 min, centrifuged (3000 × g, 4 ◦C, 10 min), and the supernatant,
containing only the NTP, was decanted. Measurement of the phenolic content of the supernatant was as described above. Both
TP and TT were calibrated against gallic acid solution as a standard (Sigma–Aldrich Chemie GmbH, Steinheim, Germany) and
values were expressed as gallic acid equivalents. Condensed tannins were determined by the butanol–HCl–iron method. A
total of 0.25 ml of the extract was mixed with aqueous acetone (700:300 v/v), was pipetted in a glass tube. The ratio of extract
to acetone depended on CT concentration in the sample. Fifty microliter of ferric reagent (2.0 g ferric ammonium sulfate in
100 ml of 2 N HCl) was added to the tube followed by 1.5 ml butanol–HCl (950:50 v/v). The tube was closed, vortexed and
heated in a boiling water bath at 100 ◦C for 60 min. After cooling, the absorbance was read at 550 nm using the same UV–vis
spectrophotometer as for TP and TT and the value from a blank (i.e., absorbance of the unheated mixture) was subtracted.
The CT values obtained in the plant samples were expressed as leucocyanidin equivalents. The HT were estimated as the
difference between TT and CT (Singh et al., 2005). Chemical analyses were in duplicate or triplicate (detergent fractions only).

2.3. In vitro incubation

In vitro incubation used the Hohenheim gas test (HGT) apparatus according to Menke and Steingass (1988), with modified
syringes as described by Soliva and Hess (2007). The plant samples were incubated at 39 ◦C for 24 h in four replicates (runs)
each and comprised two syringes for each replicate. In each syringe, 200 mg DM of plant sample was incubated with 10 ml of
ruminal fluid and 20 ml of HGT buffer solution (Menke et al., 1979). Ruminal fluid was obtained before the morning feeding
from a rumen fistulated lactating Brown Swiss cow, which was housed according to Swiss guidelines for animal welfare.
The cow was fed white clover/ryegrass hay (ad libitum) and 0.5 kg/day of a concentrate for dairy cattle (UFA 149, UFA
AG, Herzogenbuchsee, Switzerland) containing, per kg of DM, 7.35 MJ net energy for lactation and 390 g crude protein (CP).
Ruminal fluid was strained through four layers of gauze (1 mm pore size, Type 17 MedPro, Novamed AG, Flawil, Switzerland)
before use. Additionally, syringes without feed (blanks), with standard concentrate and with standard hay (obtained from
the Institute for Animal Nutrition, University of Hohenheim, Stuttgart, Germany) were incubated in triplicate in each run
as recommended by Menke and Steingass (1988), serving as control for the incubation and for calculation of in vitro OM
digestibility (IVOMD; see below).

2.4. Post fermentation analyses and calculations

After 24 h of incubation, fermentation gas volume was read from the calibrated scale on the glass syringes. The incubation
was terminated by decanting the liquid phase from all syringes while the fermentation gas remained inside. Subsequently,
0.15 ml of fermentation gas was withdrawn from the incubation unit with a Hamilton syringe (Hamilton, AG, Bonaduz,
Switzerland) through a gas-tight septum covering the second outlet of the incubation syringe. These samples were analyzed
on a gas chromatograph (model 5890 Series II, Hewlett Packard, Avondale, PA, USA) for CH4 concentration as described by
Soliva and Hess (2007).

Samples of the incubation fluid were analyzed for pH and ammonia with a potentiometer (model 632, Metrohm, Herisau,
Switzerland) equipped with the respective electrodes. Total protozoal and bacterial counts in the samples were deter-
mined by direct microscopic counting using 0.1 mm and 0.02 mm depth Bürker counting chambers (Blau Brand, Wertheim,
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Germany), respectively. Prior to bacterial counting, samples were fixed with Hayem solution (HgCl2, 2.5 mg/ml; Na2SO4,
25 mg/ml; NaCl, 5.0 mg/ml). For protozoal counting, samples were treated with 1:10 diluted formalin (400/1000 w/v in
water). Short chain fatty acids (SCFA) in the incubation fluid were analyzed on a HPLC (LaChrom, L-7000 series, Hitachi Ltd.,
Tokyo, Japan) with an UV VIS detector at 210 nm by the method of Ehrlich et al. (1981).

Following the equations (Menke and Steingass, 1988), IVOMD (mg/g) was calculated as:

148.8 + 8.893 gas production (ml) + 0.448 CP (g/kg DM) + 0.651 total ash (g/kg DM)

where the gas production value obtained after 24 h incubation period was corrected for the values with the different controls
thus accounting for differences in composition and activity of the ruminal fluid among runs. At first, gas production from
the blank was subtracted from all plant samples and other controls incubated to obtain the net gas production. In order to
correct for the values obtained with the hay and concentrate standards, gas production from the hay standard (44.43 ml
gas/200 mg DM; 24 h incubation) was divided by the measured net value for the hay standard to provide the correction
factor FH. Similarly, the gas production from concentrate standard (65.18 ml/200 mg DM; 24 h incubation) was divided by
its measured net gas production to provide the correction factor FC. The mean of these two correction factors was used for
correction of the measurements made in the samples following Menke and Steingass (1988).

2.5. Statistical analysis

Data was subjected to analysis of variance using procedure GLM of SAS (2008). The model used was based on a randomized
complete block design using the following model:

Yij = � + �i + ˇj + εij

where Yij is the observed value for the jth replicate of the ith treatment, � is the grand mean, �i is the treatment effect (n = 27
plants) for the ith treatment (fixed effect), ˇj is the block effect (replicate) for the jth block (fixed effect), and εij is the random
error associated with the Yij experimental unit.

Following general linear model (GLM), the minimum significant difference (MSD) was generated from Tukey’s test as the
basis of the multiple comparisons among means. Pearson correlation coefficients between variables, and their significance,
were computed by the procedure CORR, and linear regression equations were generated by the procedure REG of SAS.
Principal component analysis was performed using the procedure FACTOR of SAS (method = prin) with Kaiser’s criterion
i.e., Eigenvalue ≥ 1.0 (mineigen = 1; Kaiser, 1960) to extract the principal components. No rotation method was applied to
the principal components. This procedure generated loading and score vectors, where loading vectors are the correlations
between the variables and the extracted principal components (or ‘new’ variables) and score vectors are the scores of each
individual case (or experimental plant in the present study) on each principal component. Only the first two principal
components were plotted, both for loading and score plots, since they represented the majority of total variation. The
loading plot is used for describing the relationship among variables investigated and the score plot is used for classifying
the experimental plants according to the loading vectors generated. All variables were standardized by a mean of zero and
a variance of one prior to PCA. All figures were generated using SigmaPlot (2008).

3. Results

3.1. Plant chemical composition

There were some plants with ash contents of >100 g/kg DM (Table 1). The CP contents varied among plants from 79
(in Paspalum dilatatum) to 386 g/kg DM (in Carica papaya). There were other plants containing CP > 300 g/kg DM (i.e., Acacia
villosa, Erythrina orientalis, Leucaena diversifolia, Leucaena leucocephala, Manihot esculenta and Sesbania grandiflora). Most
plants had only moderate EE contents, except M. esculenta and Morinda citrifolia which contained >50 g EE/kg DM. Cell wall
contents varied widely among plants, ranging from 155 to 710, 135 to 476 and 46 to 207 g/kg DM for aNDFom, ADFom and
lignin(sa), respectively. Plants rich in CP (i.e., >300 g/kg DM) had relatively low cell wall contents. This was especially true
for C. papaya. There was also an inverse relationship between contents of fiber and non-fiber carbohydrates, presumably
mainly starch and sugars. The latter ranged from values as low as 46 (Pithecellobium jiringa) to values as high as 348 g/kg DM
(M. citrifolia).

Contents of TP were highest in A. villosa (236 g/kg DM) and lowest in Canna indica (14 g/kg DM; Table 2). The NTP and
TT ranged from 4 (Clidemia hirta) to 102 g/kg DM (Eugenia aquea) and from 2 (S. grandiflora) to 220 g/kg DM (A. villosa),
respectively. There were three plants (C. papaya, Ipomoea batatas and S. grandiflora) where no CT was detected. Plants rich
in HT (>100 g/kg DM) included A. villosa, C. hirta, Myristica fragrans and P. jiringa.

3.2. Effects of plant species on in vitro fermentation characteristics

The plant species effect was prominent (P<0.001) for all fermentation variables (Tables 3 and 4). The highest incubation
fluid NH3 concentration was with M. esculenta (24.8 mmol/l, equivalent to 3.72 mmol/g DM of the material incubated) and
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Table 2
Content of phenolic fractions of the experimental plants (g/kg dry matter; nreplicate = 2).

No. Plant species Total phenols Non-tannin phenols Total tannins Condensed tannins Hydrolysable tannins

1 Acacia mangium 105 14 91 42 49
2 Acacia villosa 236 16 220 14 206
3 Albizia falcataria 113 49 64 46 18
4 Artocarpus heterophyllus 96 16 80 47 33
5 Calliandra calothyrsus 127 46 81 22 59
6 Canna indica 14 6 8 2 6
7 Carica papaya 25 17 8 0 8
8 Clidemia hirta 216 4 212 10 202
9 Cycas rumphii 26 7 19 11 8

10 Erythrina orientalis 20 16 4 1 3
11 Eugenia aquea 169 102 67 40 27
12 Hibiscus tiliaceus 55 13 42 23 19
13 Ipomoea batatas 29 13 16 0 16
14 Lantana camara 47 28 19 2 17
15 Leucaena diversifolia 114 56 58 34 24
16 Leucaena leucocephala 96 29 67 18 49
17 Manihot esculenta 32 16 16 4 12
18 Melia azedarach 30 17 13 4 9
19 Mimosa invisa 45 15 30 17 13
20 Morinda citrifolia 25 15 10 3 7
21 Myristica fragrans 181 6 175 72 103
22 Paspalum dilatatum 25 11 14 1 13
23 Persea americana 73 27 46 34 12
24 Pithecellobium jiringa 193 8 185 10 175
25 Psidium guajava 132 62 70 34 36
26 Sesbania grandiflora 19 17 2 0 2
27 Swietenia mahagoni 207 69 138 86 52

Table 3
pH, ammonia and short chain fatty acid profiles when incubating the experimental plants (nreplicate = 8).

No. Plant species pH NH3 (mmol/l) Short chain fatty acids (molar proportion)a

Total (mmol/l) C2 C3 C4 iso C4 C5 iso C5 C2/C3

1 Acacia mangium 7.48 10.8 45.2 74.2 17.3 7.0 0.61 0.39 0.46 4.29
2 Acacia villosa 7.49 11.5 42.4 71.3 18.8 7.8 0.96 0.69 0.54 3.83
3 Albizia falcataria 7.44 11.9 58.4 76.7 15.4 6.4 0.70 0.38 0.44 5.03
4 Artocarpus heterophyllus 7.42 9.5 61.3 74.9 16.9 6.4 0.77 0.39 0.60 4.47
5 Calliandra calothyrsus 7.39 9.7 54.0 76.4 15.8 6.0 0.76 0.45 0.60 4.95
6 Canna indica 7.57 14.7 56.9 73.5 16.5 8.1 0.94 0.44 0.58 4.49
7 Carica papaya 7.30 22.3 79.2 69.1 19.3 7.4 1.67 0.81 1.72 3.62
8 Clidemia hirta 7.37 8.7 53.0 75.3 15.5 7.5 0.79 0.42 0.54 4.93
9 Cycas rumphii 7.42 14.5 53.6 74.4 15.7 7.9 0.73 0.47 0.82 4.77

10 Erythrina orientalis 7.59 22.2 60.2 71.9 17.6 7.2 1.59 0.57 1.13 4.10
11 Eugenia aquea 7.44 10.3 42.9 76.1 14.5 8.0 0.61 0.40 0.39 5.31
12 Hibiscus tiliaceus 7.55 10.8 50.6 74.7 15.4 7.9 1.06 0.41 0.52 4.87
13 Ipomoea batatas 7.30 18.0 71.7 74.3 16.5 7.3 0.92 0.40 0.57 4.52
14 Lantana camara 7.42 12.1 63.6 73.8 17.3 7.2 0.74 0.50 0.59 4.37
15 Leucaena diversifolia 7.42 15.4 60.8 74.5 17.9 5.6 0.85 0.40 0.72 4.21
16 Leucaena leucocephala 7.41 16.3 63.6 74.0 18.5 6.1 0.63 0.46 0.40 4.01
17 Manihot esculenta 7.41 24.8 75.9 71.9 17.4 7.3 1.40 0.75 1.30 4.17
18 Melia azedarach 7.29 18.2 72.5 71.7 19.5 6.7 0.85 0.53 0.74 3.79
19 Mimosa invisa 7.53 11.2 55.7 73.2 18.2 6.5 1.05 0.61 0.53 4.08
20 Morinda citrifolia 7.31 19.5 75.2 69.9 21.2 6.5 1.30 0.44 0.65 3.36
21 Myristica fragrans 7.34 11.6 53.6 76.3 14.5 7.2 0.77 0.44 0.79 5.34
22 Paspalum dilatatum 7.49 8.9 62.2 73.1 16.8 7.7 1.36 0.51 0.58 4.38
23 Persea americana 7.40 12.8 56.6 75.9 14.8 7.8 0.75 0.36 0.44 5.15
24 Pithecellobium jiringa 7.53 16.2 56.6 75.5 15.6 7.0 0.68 0.62 0.58 5.00
25 Psidium guajava 7.32 11.6 49.6 74.1 16.3 8.0 0.78 0.36 0.44 4.65
26 Sesbania grandiflora 7.50 21.5 74.6 72.7 18.7 6.0 1.43 0.54 0.67 3.92
27 Swietenia mahagoni 7.37 7.6 50.8 75.8 16.7 5.4 0.81 0.48 0.75 4.55

SEM 0.012 0.48 0.95 0.18 0.16 0.08 0.037 0.013 0.026 0.050
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
MSDb 0.127 5.20 10.45 3.16 2.94 1.35 0.870 0.290 0.493 0.870

a C2, acetate; C3, propionate; C4, butyrate; C5, valerate; C2/C3, acetate/propinate ratio, no unit.
b Minimum significant difference.
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Table 4
Total gas, CH4 production, digestibilitya, bacterial and protozoal counts when incubating the experimental plants (nreplicate = 8).

No. Plant species Total gas (ml) CH4 (ml) CH4/total gas (ml/l) IVOMD (mg/g) Bacteria (109/ml) Protozoa (104/ml)

1 Acacia mangium 14.3 2.63 134 408 4.87 2.97
2 Acacia villosa 5.3 0.84 76 373 4.60 2.45
3 Albizia falcataria 16.8 2.39 106 466 4.11 3.00
4 Artocarpus heterophyllus 29.7 3.70 113 592 4.68 1.95
5 Calliandra calothyrsus 19.1 2.34 112 512 3.79 1.72
6 Canna indica 10.9 2.70 171 420 2.52 1.06
7 Carica papaya 42.8 7.36 159 825 3.39 2.39
8 Clidemia hirta 20.4 2.68 105 466 3.12 1.72
9 Cycas rumphii 17.3 3.03 139 495 2.85 1.53

10 Erythrina orientalis 24.9 4.53 152 613 3.14 2.00
11 Eugenia aquea 8.1 1.03 93 303 4.03 1.53
12 Hibiscus tiliaceus 13.4 2.79 185 398 3.36 2.33
13 Ipomoea batatas 36.8 5.54 140 695 3.62 3.00
14 Lantana camara 32.2 4.90 132 615 3.10 2.00
15 Leucaena diversifolia 26.8 3.71 115 607 3.29 2.25
16 Leucaena leucocephala 28.4 4.15 124 644 3.87 2.11
17 Manihot esculenta 35.1 6.22 155 723 4.13 1.75
18 Melia azedarach 39.0 5.86 141 713 3.01 2.47
19 Mimosa invisa 15.4 2.40 129 423 2.49 1.97
20 Morinda citrifolia 40.1 7.21 161 747 4.01 1.53
21 Myristica fragrans 18.5 1.99 94 408 4.26 2.78
22 Paspalum dilatatum 35.9 5.03 128 587 3.83 2.06
23 Persea americana 16.3 3.18 150 418 3.18 2.00
24 Pithecellobium jiringa 15.6 2.05 96 427 4.70 1.81
25 Psidium guajava 13.3 2.11 115 399 3.65 2.11
26 Sesbania grandiflora 35.3 5.97 148 724 3.46 2.14
27 Swietenia mahagoni 20.1 1.59 68 458 5.79 1.72

SEM 0.74 0.136 2.2 9.6 0.109 0.065
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
MSDb 4.43 0.760 16.9 45.0 1.948 1.315

a IVOMD, in vitro organic matter digestibility.
b Minimum significant difference.

lowest with Swietenia mahagoni (7.6 mmol/l). Fermentation of C. papaya resulted in the highest total incubation fluid SCFA
concentration and almost the lowest C2/C3 ratio among all plants. Total SCFA with C. papaya differed (P<0.05 based on MSD)
from all other plants except M. esculenta, M. citrifolia, S. grandiflora, Melia azedarach and I. batatas.

The pattern of total gas production (Table 4) was closely related to that of total SCFA concentration (Table 3). This was
also the case for IVOMD since this value was partially derived from total gas production. Carica papaya produced the most
total gas, and was also highest in IVOMD among all plants. The next ranked plants were M. citrifolia, M. azedarach, I. batatas, P.
dilatatum, S. grandiflora and M. esculenta. When searching for low CH4 production, the absolute CH4 amount is less indicative
than the CH4 proportion of total gas or in relation to digestible OM. The CH4/total gas ratio was lowest with S. mahagoni
(68 ml/l). Other plants, which resulted in <100 ml CH4/liter of total gas, were A. villosa, E. aquea, M. fragrans and P. jiringa.
The bacterial counts ranged from 2.5 (Mimosa invisa) to 5.8 × 109/ml (S. mahagoni) and the protozoal counts covered a range
from 1.1 (C. indica) to 3.0 × 104/ml (Albizia falcataria and I. batatas).

3.3. Relationships between plant compositional values and fermentation variables

There were close relationships between dietary CP contents and various fermentation traits, the most prominent being
that with ammonia concentration, whereas correlations were rarely significant in the case of EE (Table 5). High contents of
non-fiber carbohydrates were associated with a low pH and a low CH4/total gas ratio. Cell wall fractions did not have a close
relationship with CH4/digestible OM, whereas this was the case with all phenolic fractions (i.e., negative and linear; Fig. 1).
Among phenolic fractions, TP had the closest relationship (r = −0.84, P<0.001). This relationship effect mainly resulted from
the TT fraction (r = −0.74, P<0.001) and less so from the NTP fraction (r = −0.45, P<0.05). The regression slopes indicate that
the NTP fraction was more effective in reducing CH4/digestible OM than TT. The CT and the HT fractions both contributed
(P<0.01) to the decrease of CH4/digestible OM (both r = −0.60). Variation among plants in CH4/digestible OM decreased with
increasing concentration of any of the phenolic fractions.

3.4. Results of the principal component analysis

As a result of the PCA, 58.2% of the total variation was explained by the first two principal components (37.0% and 21.2%,
respectively; Fig. 2). The position of each variable in the loading plot (Fig. 2a) describes its relationship to the other variables.
Variables which are close have high correlations. Variables on the same side of the origin (0,0) are positively correlated
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Table 5
Pearson correlation coefficients between plant composition and in vitro incubation fluid parameters (nplant = 27).

Crude
protein

Ether
extract

aNDFom ADFom Lignin
(sa)

Non-fiber
carbohydrates

Total
phenols

Non-tannin
phenols

Total
tannins

Condensed
tannins

Hydrolysable
tannins

pH −0.04 −0.41* 0.59** 0.46* 0.27 −0.66*** −0.08 −0.18 −0.02 −0.16 0.04
NH3 0.78*** 0.33 −0.40* −0.36 −0.21 −0.25 −0.57** −0.30 −0.50** −0.58** −0.34
Total SCFA 0.54** 0.32 −0.43* −0.39* −0.47* −0.06 −0.66*** −0.34 −0.59** −0.53** −0.46*

C2 −0.55** −0.16 0.30 0.32 0.41* 0.18 0.50** 0.38 0.40* 0.63*** 0.20
C3 0.55** 0.25 −0.47* −0.47* −0.44* 0.01 −0.39* −0.23 −0.33 −0.45* −0.20
C4 −0.27 −0.30 0.47* 0.45* 0.26 −0.30 −0.09 −0.21 −0.02 −0.31 0.09
iso C4 0.49** 0.09 −0.12 −0.20 −0.46* −0.33 −0.55** −0.33 −0.47* −0.52** −0.32
C5 0.59** 0.22 −0.26 −0.25 −0.20 −0.17 −0.13 −0.31 −0.03 −0.44* 0.13
iso C5 0.59** 0.28 −0.37 −0.36 −0.35 −0.11 −0.33 −0.23 −0.28 −0.25 −0.21
C2/C3 −0.58** −0.20 0.42* 0.45* 0.48* 0.08 0.45* 0.28 0.38 0.50** 0.23
Total gas 0.41* 0.27 −0.42* −0.41* −0.56** 0.06 −0.58** −0.27 −0.52** −0.43* −0.42*

CH4 0.51** 0.27 −0.36 −0.34 −0.47* −0.12 −0.74*** −0.36 −0.66*** −0.60*** −0.51**

CH4/tot. gas 0.28 −0.08 0.17 0.17 −0.05 −0.55** −0.87*** −0.46* −0.77*** −0.60*** −0.62***

IVOMD 0.45* 0.28 −0.45* −0.43* −0.56** −0.02 −0.59** −0.28 −0.53** −0.46* −0.41*

Bacteria −0.13 0.49** −0.25 −0.20 −0.02 0.43* 0.59** 0.27 0.53** 0.60*** 0.36
Protozoa 0.13 −0.06 −0.21 −0.13 0.10 0.27 0.06 −0.11 0.11 0.20 0.04

aNDFom, neutral detergent fiber; ADFom, acid detergent fiber; SCFA, short-chain fatty acid; C2, acetate; C3, propionate; C4, butyrate; C5, valerate; C2/C3,
acetate/propinate ratio, no unit; IVOMD, in vitro organic matter digestibility.

* P<0.05.
** P<0.01.

*** P<0.001.

and those on the opposite side of origin are negatively correlated. Accordingly, dietary CP and incubation fluid NH3, total
SCFA, IVOMD, C3, C5, iso C4 and iso C5 were clustered, and oriented in an inverse direction to a cluster composed of dietary
aNDFom, ADFom and lignin(sa), and incubation fluid C2, C2/C3. The CH4 proportion of total gas had an opposite direction
to all phenolic fractions (i.e., TP, NTP, TT, CT and HT). This is consistent with the regression analysis (Fig. 1). The individual
experimental plants were then classified based on the loading plot result, combined with the factor score of each plant
(Fig. 2b). Plants which were arranged in the same direction with clustered variables of dietary CP, incubation fluid NH3, total
SCFA, IVOMD, C3, C5, iso C4 and iso C5 were considered to have good quality, and vice versa. Similarly, plants which were in
the same direction with CH4/total gas were considered to have high methanogenic potential, and vice versa. Based on this
dataset, low CH4/total gas was at least partially negatively related with high forage quality. Plants possessing high forage
quality, based on the PCA result, were C. papaya (7), M. esculenta (17), M. azedarach (18), M. citrifolia (20) and S. grandiflora
(26). Plants likely to cause low CH4/total gas were A. villosa (2), C. hirta (8), E. aquea (11), M. fragrans (21) and S. mahagoni
(27).

4. Discussion

Modifying ruminal fermentation towards lower CH4 emissions has been receiving attention during the past decade
(Beauchemin et al., 2008; McAllister and Newbold, 2008). In this respect, feeding of certain tropical plants, particularly
those which contain phenols (e.g., Hess et al., 2008; Soliva et al., 2008) and saponins (e.g., Goel et al., 2008), have been
considered to be a promising strategy for mitigating ruminal CH4 emissions. Despite that, screening of wide range of other
available forage plants would be much more efficient when common properties such as different phenolic fractions could
be identified and successfully utilized. The present study focused on determining which phenolic fractions contribute to low
CH4 production by using plant material varying largely in these constituents. As a statistical analytical tool for a detailed
description of the relationship between the relevant variables (i.e., low methanogenic potential at high forage value) and
the positioning of the individual plant in this scheme, the PCA technique was examined for its utility.

4.1. Influence of plant phenolic and fiber fractions on CH4 production potential

Leaves of S. mahagoni, A. villosa, E. aquea, M. fragrans, and C. hirta were found promising for reducing the proportion of CH4
of total gas formation when incubating the plants in vitro in a ruminal fluid buffer mixture. All of them contained substantial
amounts of phenolic compounds. This supports previous studies which reported that ruminal CH4 production may be lower
when using diets containing phenols (Carulla et al., 2005; Puchala et al., 2005; Animut et al., 2008). But this is not always the
case (Beauchemin et al., 2007; Oliveira et al., 2007), and such differences between studies may be related to the diversity in
the structures of phenolic compounds, the activities of the individual phenolic sources, interaction with other compounds
and the dosages (Makkar, 2003b; Rochfort et al., 2008).

In our study, TP had the closest relationship to CH4/digestible OM likely because TP includes all phenolic fractions which
all were found to contribute to the decrease in CH4/digestible OM. This finding agrees with Jayanegara et al. (2009b) who
found that, compared to TT and CT, TP had a closer relationship with CH4 reduction, and that TP were more close associated
than TT and CT, with the CH4 increase occurring when the tannin binding agent polyethylene glycol was added. This suggests
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Y = 33.9 – 0.005 X 
R2 = 0.01ns

Y = 33.6 – 0.005 X 
R2 = 0.00ns

Y = 38.1 – 0.052 X 
R2 = 0.08ns

Y = 42.2 – 0.111 X 
R2 = 0.71*** 

Y = 36.7 – 0.180 X 
R2 = 0.21* 

Y = 38.9 – 0.105 X 
R2 = 0.55*** 

Y = 37.3 – 0.242 X 
R2 = 0.35**

Y = 36.2 – 0.095 X 
R2 = 0.36** 

Fig. 1. Regressions of CH4 production per unit of organic matter digested (in ml/g) on either fiber or phenolic fractions (in g/kg DM). *P<0.05; **P<0.01;
***P<0.001; ns, not significant. The number codes refer to plant species (Table 1).

that TP may be particularly useful for a general screening for plants possessing antimethanogenic activity since, in addition,
determination of TP is relatively simple with standard laboratory equipment (Makkar, 2003a). Our results strongly suggest
that TT and NTP fractions are both associated with a lower CH4 emission. However, the mechanisms through which TT and
NTP decrease CH4 appear to differ.

The decrease in CH4/digestible OM occurring with increasing TT was accompanied by declines in ammonia, total SCFA,
total gas and IVOMD. This suggests that at least a part of the CH4 suppression by TT was due to simultaneously lower degra-
dation of OM, as tannins may interact with dietary protein and fiber thus retarding their digestion (McSweeney et al., 2001;
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Fig. 2. Plot of the first two PC loading vectors, describing the relationship among variables of plant composition and of ruminal fermentation (a), and
plot of the first two PC score vectors, describing the classification of each experimental plant within the PC loading vectors (b). ADFom, acid detergent
fiber; C2, acetate; C3, propionate; C4, butyrate; C5, valerate; C2/C3, acetate/propionate ratio; CP, crude protein; CT, condensed tannins; EE, ether extract; HT,
hydrolysable tannins; IVOMD, in vitro organic matter digestibility; aNDFom, neutral detergent fiber; Non-fiber ch, non-fiber carbohydrates; NTP, non-tannin
phenols; SCFA, short-chain fatty acid; TP, total phenols; TT, total tannins. The number codes refer to plant species (Table 1).

Mueller-Harvey, 2006; Tiemann et al., 2008). Concerning tannin fractions, almost all fermentation parameters declined when
CT levels were increased. A similar pattern was observed for HT, except that there was no decrease in ammonia concentration
and iso SCFA. These variables reflect the extent of ruminal protein degradation (Getachew et al., 2004). It remains unclear
if this also reflects differences in the mode of action against ruminal CH4 production. There are large structural differences
between these two tannin fractions. The HT contain carbohydrates (generally d-glucose) as a central core with the hydroxyl
groups esterified with phenolic groups. Differing from that, CT do not have this core but are complexes of oligomers and
polymers of flavanoid units linked by carbon–carbon bonds and have molecular weights of 2000–4000 kDa (Goel et al.,
2005). Ruminal microbes are capable of degrading HT to glucose and gallic acid, but cannot degrade CT (McSweeney et al.,
2001; Makkar et al., 2007). Therefore, the apparently lower magnitude in antimethanogenic effect with HT, compared to
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CT, may be due to degradation of HT and the associated release of some HT-nutrient complexes. Additionally, the potential
toxicity of larger quantities of HT is a serious constraint to its feeding (McSweeney et al., 2001). This toxicity is assumed to
be due to absorption of products from HT degradation and the concomitantly higher metabolic load with phenols, which
might exceed the detoxification capacity of the liver (Makkar et al., 2007). Methane reduction mediated by a decrease
of protozoa (Vogels et al., 1980; Makkar et al., 1995) seems not to have occurred in our study as there were no correla-
tions between either CT or HT and protozoal count. In the study of Śliwiński et al. (2002) an extract containing HT also
had no effect on protozoal count. Differing from that, Bhatta et al. (2009) observed a reduction in protozoal count by HT
additions.

Differing from tannins, the influence of the NTP on methanogenesis was not accompanied by a generally negative effect
on fermentation and protein digestion, which might suggest that the action of NTP is by direct inhibition of the population,
or activity of the methanogens, or both (Tavendale et al., 2005). Accordingly, supplementation of hay with 5 mM caffeic, p-
coumaric, ferulic and cinnamic acid, which are simple non-tanniniferous phenolic acids, decreased in vitro CH4 production
without impairing IVOMD (Jayanegara et al., 2009a). In that study, the order of these phenols in their ability to reduce CH4
was related to their chemical structure since those with two or more hydroxyl groups seemed to have a higher efficiency
than those containing only one. Therefore, it might be worthwhile to isolate the NTP fraction from plants having potential
to reduce ruminal CH4 production, and analyze its composition, in order to obtain a better insight into the role of these
phenolic fractions in CH4 mitigation. There is additional interest in this group of compounds because some of them could
exhibit antioxidative properties (Makkar et al., 2007).

Dietary cell wall content and ruminal CH4 production are considered to be positively correlated since fiber degra-
dation results in large amounts of hydrogen which is utilized by methanogens for CH4 formation (Machmüller et al.,
2003). Consistent with that, CH4 emissions may decline with increasing dietary proportions of concentrate. How-
ever Blaxter and Clapperton (1969), as well as Lovett et al. (2003), found the relationship between a reduced dietary
forage to concentrate ratio and CH4 to be non-linear. It seems that the effect of the prevalence of phenolic com-
pounds is overriding that of fiber which might explain the lack of a significant relationship between aNDFom, ADFom
or lignin(sa) and CH4 per unit digestible OM. Total phenols alone explained 71% of the variation in CH4/digestible
OM.

4.2. Applicability of PCA for assessing relationships between variables and for screening of plants

The PCA technique is a method that is used in the field of animal nutrition and feed science. Examples are the exploration
of differences in alkane profiles among plant species (Ferreira et al., 2009), description of relationships among a number
of quantitative variables in feeds and their ruminal fermentation pattern (Agbagla-Dohnani et al., 2001), classification of
animal fats, fish oils and recycled cooking oils before use in animal nutrition (Van Ruth et al., 2010), and assessment of
relationships among individual milk fatty acids under various nutritional regimes (Kadegowda et al., 2008). However, to our
knowledge, PCA has not been used in screening plants for low CH4 production potential at simultaneously acceptable forage
quality.

The loading plot of PCA clearly demonstrated a relationship between the plant compositional and the fermentation-
related variables measured in our experiment. Commonly, such relationships are presented as a correlation matrix (Ammar
et al., 2004; Karabulut et al., 2007) as we did. However, this attempt is restricted to pairwise comparisons, and even multiple
regressions are limited in giving a clear ranking across many variables. Using the loading plot of PCA, all variables which
are correlated are illustrated in a way which is easy to conceive as they are either arranged in the same direction or in
the opposite direction. Moreover, it is possible to assess the magnitude of importance of each variable by the distance
from the origin (Everitt, 2005; Härdle and Simar, 2007). Accordingly, in our study, an inverse relationship between CH4 to
total gas production and phenolic fractions evolved from PCA. These phenolic fractions were clustered, showing that they
were effective in the same direction. When arranging the fractions according to their distance from the origin, the order of
importance was TP > TT > CT = HT > NTP. The comparison with the correlation matrix shows that the order is the same. This
again suggests that the loading plot of PCA could replace, at least to a certain extent, the much more difficult to conceive
correlation matrix.

The cluster of variables that positively contributes to good tropical forage nutritional quality is in agreement with previous
studies. These include positive correlations between CP and NH3 in the rumen (Getachew et al., 2004) and between CP and
IVOMD or total gas production (Larbi et al., 1998; Karabulut et al., 2007). A positive relationship with branched-chain SCFA
(iso C4 and iso C5) on forage quality was expected, since these fatty acids are microbial degradation products of branched-
chain amino acids such as valine and leucine, and are known to be growth promoting, especially for fiber degrading bacteria
(Owens and Bergen, 1983). The inverse directions found in PCA between fiber fractions or phenolic compounds and NH3,
total SCFA, iso C4, total gas or IVOMD is also consistent with other studies (Abdulrazak et al., 2000; Barahona et al., 2003;
Gasmi-Boubaker et al., 2005).

Examining the loading plot in more detail, a high CH4 proportion of total gas seems to have been partially associated with
variables related to high quality forage. This implies that there is little probability in finding many plants with both very low
CH4 production potential and high forage quality, but rather a compromise between these two categories has to be found.
Indeed, in our study no plant was identified where there was an overlap of low CH4 and high quality. A possible solution
for this problem might be to mix plant possessing a low CH4 potential and plant possessing a high quality. However, this
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association between CH4 production and forage quality needs to be further investigated using a larger set of plant samples
and variables measured. Moreover, such associations need to be tested under in vivo conditions as well.

5. Conclusions

All phenolic fractions were negatively correlated with CH4 emissions in relation to total gas production when feeds were
incubated in vitro with ruminal fluid. Among these fractions, total phenols had the closest relationship and may be used in
screening of a large number of plants for anti-methanogenic properties, partly because its determination is relatively simple.
The relationship between low CH4 and high non-tannin phenols warrants further investigation as this was not accompanied
by a general reduction of the intensity of fermentation. Among tannins, a closer look at hydrolysable tannins might be
interesting as well, as they have a less adverse effect on protein degradation than condensed tannins, but they may be toxic
at higher levels. Principal component analysis proved to be helpful in dealing with a large number of variables and plants,
thus facilitating screening of plants for low methanogenic potential and high forage quality. In doing so, from the plants
investigated, those possessing good forage quality were C. papaya, M. esculenta, M. citrifolia, S. grandiflora and M. azedarach,
and those having a low CH4 production potential were S. mahagoni, A. villosa, E. aquea, M. fragrans and C. hirta. However, the
practical utility of these plants, or combinations of them, needs further investigation under long-term in vivo conditions.
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