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ABSTRACT

We previously generated a high–metabolizable en-
ergy (HME) perennial ryegrass (Lolium perenne) by 
genetically modifying the plant to increase the leaf lipid 
content. Although substantial progress has been made 
toward characterizing physiological changes of HME 
ryegrass, very limited information exists for feeding 
value and its suitability for adoption into the pastoral 
system. In this study, independent HME ryegrass lines 
with a range of elevated leaf lipid concentrations were 
analyzed for changes in fatty acids and possible associ-
ated changes in the broader nutritional profile, including 
the gross energy, which was found to increase by 6.8%. 
Because ryegrass is often ensiled and fermentation in the 
rumen leads to biohydrogenation of fatty acids as well 
as enteric methane production, we sought to investigate 
these effects on HME ryegrass. This was achieved by 
performing mini-scale silos and using an automated gas 
measurement system to incubate the material in rumen 
fluid in vitro for 24 h. Our study included treatments 
comprising 3 independent HME ryegrass genotypes 
and wild-type control materials prepared fresh and as 
silage, employing in total 5 incubation studies, using 
rumen fluids collected from 4 nonlactating Jersey × 
Holstein cows. At intervals during the incubation, the 
production of gases, volatile fatty acids, and the degree 
of biohydrogenation were measured. Statistical data 
analysis indicated that differences in the nutritional 
compositions of the ensiled materials largely reflected 
those of their fresh counterparts. Incubation of both 
fresh and ensiled HME ryegrass in rumen fluid resulted 
in: (1) a greater percentage of valuable unsaturated 
fatty acids compared with the control; (2) a significant 
reduction of butyrate; and (3) a 10 to 15% decrease in 
the methane proportion of the total gas production. 

We conclude that ensiling could be a convenient option 
for preserving HME as a locally produced high-value 
supplementary feed; however, large-scale application 
needs to be investigated. In this paper we discuss the 
potential use of HME ryegrass to enhancing forage 
feeding value and the potential environmental benefits 
to the pastoral agriculture industry.
Key words: high–metabolizable energy ryegrass, 
cysteine-oleosin, methane production, rumen 
fermentation

INTRODUCTION

High–metabolizable energy (HME) technology was 
developed to increase leaf lipid and energy contents 
(Winichayakul et al., 2013; Roberts et al., 2015), tak-
ing into account that (1) lipids contain more Joules 
per gram than do carbohydrates or proteins and (2) 
lipid supplementation of ruminant diets reduces 
methane (CH4) production and improves the fatty 
acid (FA) composition of meat and milk (for review 
see Rasmussen and Harrison, 2011; Bayat et al., 2018; 
Haque, 2018). Substantial progress has been made 
toward characterizing how HME technology influences 
ryegrass metabolism, with changes including increased 
photosynthesis and biomass production under a variety 
of environmental conditions (Beechey-Gradwell et al., 
2018). However, the suitability of HME ryegrass for 
adoption into the pastoral system and its feeding value 
remain largely unknown.

Microbial biohydrogenation of FA is the primary rea-
son why meat and dairy products are a major source 
of saturated fats in the human diet, whereas ruminant 
dietary forage FA are predominantly PUFA. Moreover, 
products from animals fed silage-based diets typi-
cally contain even lower levels of PUFA than products 
from animals fed fresh forage (Dewhurst et al., 2006; 
Halmemies-Beauchet-Filleau et al., 2013). There are 
well-established human health benefits of certain FA, 
which are found in high levels in ruminant products 
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(Shingfield et al., 2013). Specifically, the biohydrogena-
tion intermediates CLA and trans-vaccenic acid (TVA) 
have been targeted as desirable FA flowing from the 
rumen into animal tissues (Lourenço et al., 2010; Gha-
zani and Marangoni, 2016; Toral et al., 2018). Accord-
ingly, various efforts, including lipid supplementation 
into animal diets, have been made to manipulate and 
reduce complete biohydrogenation of FA in the rumen 
(Jenkins and Bridges, 2007; McKain et al., 2010).

Feeding forages supplemented with plant or fish oil 
typically increases the molar proportion of the rumen 
VFA propionate, with concomitant reductions in butyr-
ate and acetate (Dong et al., 1997; Ueda et al., 2003). 
Ensiled forages have high lactic acid contents, and their 
ingestion typically results in an increase in the molar 
proportion of rumen propionate, the main end product 
of rumen microbial lactic acid fermentation (Sharp et 
al., 1994; Jalč et al., 2009). However, variable losses of 
volatile silage components occur during the process of 
ensiling (before in vitro analyses), which can influence 
the rumen fermentation pattern, feed utilization, ener-
gy partitioning, milk composition, and enteric methane 
production (Alomar et al., 1999; France and Dijkstra, 
2005). Given that the practices of lipid supplementa-
tion and ensiling influence the FA profile, the molar 
proportions of VFA, and CH4 production, we evaluated 
these fermentation parameters for HME ryegrass using 
an in vitro rumen fermentation system. We determined 
the nutritional composition of HME ryegrass before and 
after the ensiling process, and investigated changes in 
the dynamics of biohydrogenation, VFA, total gas, and 
CH4 production. These experiments were conducted us-
ing small quantities of ryegrass grown in a controlled 
environment, small-scale model silos (Hoedtke and 
Zeyner, 2011), and in vitro rumen incubation methods 
(Muetzel et al., 2014).

MATERIALS AND METHODS

Plant Material and Growth Conditions

Three independent T0 generations of HME trans-
genic ryegrass lines (HME1, HME2, and HME3) and a 
wild-type control (WT) were vegetatively propagated 
into 2-L pots, generating multiple isogenic clones of 
each. Transgenic lines were selected because they rep-
resented a range of leaf FA profiles and total leaf FA 
content. First, 8 vegetative clones of HME1, HME3, 
and WT were grown in a containment glasshouse, and 
the material was subsequently harvested and used in 
2 in vitro rumen incubation runs, as will be described. 
Later, 8 vegetative clones of HME1, HME2, and WT 
were grown in a controlled environment room (22°C, 65 

to 70% humidity, 10-h daylight intensity of 500 to 1,000 
µmol/m2 per s) for a fresh versus ensiled material com-
parison, and subsequently harvested and used in 3 in 
vitro rumen incubation runs. Pots were rotated along 
the bench every 2 to 3 d to provide uniform exposure to 
the growth conditions. All plant material was defoliated 
to 6 cm above the potting medium surface every 3 wk.

Harvest and Mini-Scale Ensiling

Following 2 to 3 cycles of mechanical defoliation, 3 to 
4 wk of accumulated regrowth was harvested from 6 cm 
above the potting medium surface. Leaf material from 2 
plants were pooled to generate enough material for fur-
ther processing. This resulted in 4 biological replicates 
of each plant treatment before the incubations and nu-
tritional analyses. Each replicate was thoroughly mixed, 
and a 10-g subsample was immediately frozen in liquid 
nitrogen and stored at −80°C. The remaining material 
was wilted overnight at 28°C to approximately 50% of 
its fresh weight (corresponding to approximately 30% 
DM). The wilted material was thoroughly mixed and 
chopped into 2- to 4-cm lengths. Preliminary analyses 
revealed that ryegrass grown under artificial lighting 
contained an insufficient leaf water-soluble carbohy-
drates (WSC) concentration (approximately 5 to 10% 
DM) to support rapid lactic acid silage fermentation 
(Seale et al., 1986). Therefore, to promote our ensiled 
fermentation, the wilted plant material was inoculated 
with a solution of lactic acid bacteria (Ecosyl MTD/1 
inoculant, Ecosyl Products Inc., Byron, IL; 1.54 × 1011 
cfu/g) and a 2 M glucose solution, which was applied at 
a rate that increased the effective WSC concentration 
of the pre-ensiled ryegrass to approximately 12.5 to 
17.5% dry weight (DW). Both solutions were sprayed 
onto the chopped ryegrass, and the rates of application 
by weight were monitored to ensure uniform applica-
tion. Approximately 30 g of plant material per replicate 
silage packet was placed into an ordinary plastic bag 
(code 57441, Elldex, Christchurch, New Zealand) and 
compressed by hand into a spherical shape. The bags 
were placed into a 20 × 15-cm, 130-µm-thick vacuum 
bag (Munro, Food Vacuum Sealers, Bulahdelah, NSW, 
Australia), from which air was evacuated with a vac-
uum packer (V.350, Lava GmbH and Co. KG vacuum 
package, Bad Saulgau, Germany). The vacuum reached 
the 5-kPa vacuum setting before heat sealing. Silage 
packets were kept at room temperature for 45 d and 
then stored at −80°C until further chemical analyses. 
Before chemical analyses, silage packets were defrosted 
for 1 to 2 h, and the contents were thoroughly mixed 
to ensure that effluent was distributed throughout the 
ensiled mass. Half of each silage content was taken, 
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freeze-dried for 3 d, homogenized to powder, and stored 
at −80°C until analyzed.

In Vitro Rumen Incubation and Gas Determination

The plant material previously described was used 
for in vitro digestion experiments comparing the influ-
ences of the genetic modification and the post-harvest 
treatment. In all incubations, material from 2 biological 
replicates were used. Moreover, each in vitro digestion 
experiment was run in duplicate, using rumen fluid col-
lected from 2 independent pasture-fed fistulated cows 
(nonlactating Jersey × Holstein). Rumen fluid samples 
were placed in a prewarmed insulated flask, then trans-
ported to the laboratory. Rumen fluid was collected 
before morning feeding, to reduce variability between 
incubations (Muetzel et al., 2014). The contents were 
squeezed through 1 layer of cheesecloth, then mixed 
with a reduced and prewarmed buffer, as described by 
Mould et al. (2005), at a ratio of 1:4 under continu-
ous CO2 flushing. After equilibrating the solution with 
CO2, a 60-mL aliquot of rumen fluid–buffer mixture 
was added to 125-mL incubation bottles containing 0.6 
g DW of the leaf materials. Incubation of 10 mg DW 
of substrate per mL of rumen fluid buffer solution is a 
standard practice in most batch culture systems, with 
the exception of the Hohenheim gas test, which uses 
less feed (Menke et al., 1979; Mauricio et al., 1999; 
Pellikaan et al., 2011). Bottles were closed with a butyl 
rubber stopper, mixed well, and randomly placed in an 
incubator at 39°C and connected to the gas measure-
ment system via a 23-g needle. Gas production and 
composition were recorded automatically every minute, 
using the system described by Muetzel et al. (2014). 
Based on fermentation and biohydrogenation kinet-
ics, samples were collected at 1, 3, 6, 10, and 24 h of 
incubation from a separate set of incubation bottles. 
Samples were collected using a 3-mL syringe via a 16-g 
needle connected to a manual valve. At each time point 
of the incubation, approximately 0.75 mL and 0.9 mL 
of fermentation material was taken for FA and VFA 
analysis, respectively, and stored at −20°C until further 
analysis (Muetzel et al., 2014). Three incubations were 
performed for the fresh and ensiled material from the 
controlled environment room, and 2 incubations were 
performed for the fresh material from the containment 
glasshouse. To test whether the effects observed in HME 
are due to the increased lipid content, we also compared 
the gas production and fermentation profiles between 
HME and plant oil supplementation. This was achieved 
by mimicking FA composition of the fresh HME3 by 
adding 10 mg of soybean oil and 15 mg of flaxseed oil to 
the WT leaf material (WT+PO) immediately before 
adding rumen fluid to the incubation bottle.

Nutritional Analysis

Harvested snap-frozen fresh leaf materials were freeze-
dried (Millrock Technology Inc., Kingston, NY) for 4 
d, homogenized to powder, and stored at −80°C until 
further use. In vitro rumen incubation samples taken 
for FA analysis were freeze-dried for 3 d before FAME 
analysis. Samples of FAME were prepared according to 
Browse et al. (1986). Total FAME profile was quantified 
and verified by gas chromatography-mass spectropho-
tometry (Shimadzu, Kyoto, Japan; GC-MS QP2010, 
BPX70 column, SGE part number 054603; Winichay-
akul et al., 2008). We extracted WSC from freeze-dried 
samples in 80% ethanol (vol/vol) and H2O for low– and 
high–molecular weight WSC, respectively, and ana-
lyzed using a colorimetric anthrone assay, as described 
in Jermyn (1956). The starch residue remaining from 
the WSC extraction was enzymatically digested with 
α-amylases and amyloglucosidases, and the released 
glucose was measured with a glucose oxidase–peroxi-
dase reagent (Jermyn 1956). We determined CP, NDF, 
ADF, and gross energy of freeze-dried material using 
the internationally accredited, New Zealand–approved 
nutrition laboratory at Massey University, Palmerston 
North, New Zealand, using the Dumas method, Tecator 
Fibertec extraction unit (Foss Analytics, Hillerød, Den-
mark), and bomb calorimeter (AOAC International, 
2012). For the ensiled material, pH was determined 
using a pH meter (PHM2200, F-69627, Radiometer 
Analytical, Lyon, France) from a wet subsample of 5 
g of silage homogenized with 50 mL of Milli-Q water 
(Millipore, Merck KGaA, Darmstadt, Germany), as 
demonstrated by Cherney and Cherney (2003). Fer-
mentation end product concentrations from the silage 
and in vitro rumen incubation samples [lactic acid, 
acetic acid, propionic acid, butyric acid, and ammonia 
(NH3/NH4

+)] were determined on water extracts from 
wet subsamples. Lactic acid and VFA concentrations 
were quantified using a downscaled method modified 
from Richardson et al. (1989) and analyzed using a Shi-
madzu GC-2010 Plus with helium ionization detector 
and a Zebron ZB-5MS 30 m × 0.25 mm i.d., 0.25-µm 
film capillary column (Phenomenex, Torrance, CA), as 
described in Attwood et al. (1998). Levels of NH3/NH4

+ 
were determined using a downscaled method modified 
from Weatherburn (1967).

Statistical Analysis

Experiment data were analyzed by 1-way or 2-way 
ANOVA using R3.6.1 software (CRAN.R-project.org, 
Institute of Statistics and Mathematics, WU, Wien, 
Austria) with a model that included fixed effect of 
ryegrass genotypes (HME and WT) and ensilage (fresh 
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and ensiled materials). In some cases, a log or square 
root transformation was applied to the responses for 
matching the normality assumption of ANOVA. A mul-
tiple comparison of predicted means from ANOVA was 
used to highlight significance among treatment means, 
and P-values were adjusted using the BH method 
(Benjamini and Hochberg, 1995) to control the false 
discovery rate. Data were analyzed using the Kruskal 
Wallis test (Conover, 1999) with multiple comparison 
of treatments when responses appeared with highly 
skewed distribution, and P-values were calculated from 
chi squared. Means and least significant differences are 
reported, and fixed effects declared significant at P ≤ 
0.05, whereas a tendency was assumed for 0.05 ≤ P ≤ 
0.10. No effect on incubation due to different rumen 
fluids was observed. When the overall effect of treat-
ment was significant, mean comparisons were further 
tested using Tukey’s test.

RESULTS

Composition of Fresh and Ensiled Material

The chemical compositions of freshly harvested and 
ensiled WT and HME ryegrass grown in a controlled 
environment room are shown in Table 1. The DM con-
tent of the fresh HME ryegrass was slightly lower than 
that of the fresh WT ryegrass (P = 0.002). Total FA 
content was greatly increased by 59 to 66% in HME 
lines, relative to WT (P < 0.01). The concentrations 
of all FA classes were greater in the HME lines than 
WT (P < 0.05). However, as a proportion of total FA, 
we found increases in C18:1, C18:2, C20:1, C22:0, and 
C22:1, and reductions in C16:0, C16:1, and C18:3 (P < 
0.05). Similar differences in FA content were observed 
between fresh WT and HME plants grown in a contain-
ment glasshouse, including HME line 3 (98% increased 
total FA), although we did not detect C22:1 in ryegrass 
grown in a containment glasshouse (Tables 1 and 2). 
We found no difference (P > 0.10) between WSC in 
fresh HME1 and WT grown in a controlled environ-
ment room (Table 1), but WSC decreased by 16% in 
fresh HME1 (P < 0.001) when the plants were grown 
in a containment glasshouse (Table 2). Compared with 
the control WT, WSC content was decreased by 15 
and 24% in fresh HME2 (controlled environment, P = 
0.003) and HME3 (containment glasshouse, P < 0.001), 
respectively. We observed small differences in other 
components of the fresh HME compared with WT, 
such as starch (P > 0.10), total CP (P = 0.055), and 
elevated fiber (P = 0.028 for NDF, and P = 0.066 for 
ADF). Gross energy was increased by approximately 
6.8% in HME1 and 6% in HME2, relative to WT (P ≤ 
0.0001).

After 45 d of ensiling, the nutritional compositions 
of WT, HME1, and HME2 silage (Table 1) generally 
reflected those of the freshly harvested materials. We 
found small change of FA due to our ensiling process, 
with statistical significance at P < 0.05. A major 
change to the FA profile of WT during the ensiling 
process was the reduction of C18:1 (33%, P < 0.001) 
and the increase of C16:1 (29%, P < 0.001). Given that 
C18:1 and C16:1 represent only a small proportion of 
total FA in WT, the changes during ensiling did not 
affect the proportions of other FA. Changes to the FA 
profile of HME during ensiling were less than in WT 
(with the greatest being a 9% reduction of C18:1, P 
< 0.001). Therefore, compared with WT, both fresh 
and ensiled HME material had greater total FA con-
tent, higher proportions of C18:0, C18:1, C18:2, C20:1, 
C22:0, and C22:1, and reduced proportions of C16:0, 
C16:1, and C18:3.

Both WSC and starch were greatly decreased during 
ensiling (Table 1). We found a very small pH difference 
between HME1 and WT silage (but not HME2, P = 
0.061) and no difference in NH3/NH4

+ content (P > 
0.10). Compared with WT, both ensiled HME1 and 
HME2 trended to contain less lactate, acetate, and suc-
cinate than did the ensiled WT (0.05 ≤ P ≤ 0.10) but 
only statistical difference in acetate of HME2 silage (P 
= 0.039, Table 1); propionate and butyrate were not 
detected.

Influence of Rumen Fluid Incubation  
on FA Saturation

To evaluate rumen biohydrogenation, we analyzed 
the FA composition of the HME and WT, in both fresh 
and ensiled forms, at 5 time points (1, 3, 6, 10, and 
24 h) during the in vitro rumen incubation (Table 3). 
Generally, a greater proportion and quantity of UFA 
were detected when both fresh and ensiled HME rye-
grass were incubated, compared with WT throughout 
a 24-h incubation (P < 0.05). Compared with WT, 
both fresh and ensiled HME showed a trend of greater 
quantity of C18:3 n-3 and C18:2 n-6 (0.05 ≤ P ≤ 0.10), 
and the differences were more significant in the silage 
(P < 0.05). Greater amounts of C18:​3n​-3 and C18:​2n​
-6 were detected in the ensiled HME than in their fresh 
counterparts during 1- to 6-h incubation (P < 0.05). 
Incubation of fresh material appeared to predominantly 
produce greater amounts of CLA (between 1 and 3 h) 
and TVA (between 3 and 6 h, not the WT) than did the 
ensiled material. Between 6 and 24 h, both fresh and 
ensiled HME in rumen fluid contained greater amounts 
of CLA and TVA than did the WT (P < 0.01). Incuba-
tion of both fresh and ensiled HME produced greater 
amounts of C18:1 cis-9 than did the WT (P < 0.05), 
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but we found no difference of C18:1 cis-9 between fresh 
and their corresponding ensiled materials. We observed 
no difference of C18:0 among treatments at each time 
point (P > 0.10).

We also compared the degree of FA biohydrogenation 
in HME ryegrass with exogenous lipid supplementation 
to simulate FA profile of the HME. This was achieved 
by analyzing the FA profiles of a containment glass-
house grown WT, WT supplemented with plant oil at 
3.7% of ryegrass DW (WT+PO; see Table 2 for com-
position), and fresh HME1 and HME3 (plants grown 
in the same containment glasshouse as WT) at various 
time points during the in vitro rumen incubation (Table 
4). Compared with the WT, although both WT+PO 
and HME had higher quantities of UFA throughout 
the 24-h incubation in rumen fluid, incubation of HME 
contained slightly but significantly greater UFA than 

did WT+PO (P < 0.05). Rumen incubation of HME3 
showed less biohydrogenation of C18:​3n​-3 than did the 
WT+PO during 24-h incubation (P < 0.01), except at 
10 h (P > 0.10). We found that C18:​2n​-6 were higher in 
the incubation of WT+PO than that of HME3 during 
1 to 3 h (P < 0.01), not different at 6 h (P > 0.10), 
and less during 10 to 24 h (P < 0.001). Although both 
WT+PO and HME produced more CLA and TVA than 
did the WT, rumen incubation of HME3 had greater 
amount of TVA during 1 to 10 h than did WT+PO (P 
< 0.05). Rumen incubation of HME3 showed less C18:1 
cis-9 (P < 0.001, no different at 1 h) and less C18:0 (P 
< 0.05) than that of WT+PO.

Generally, we found similar trends of FA profiles 
between the in vitro incubations of plant materials 
harvested from 2 growth conditions (controlled room 
and glasshouse, Table 3 and Table 4). However, we 
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Table 1. Dry matter and compositions of fresh and ensiled ryegrass grown in a controlled environment room1

Item

Ryegrass

LSD P-valueWT-F HME1-F HME2-F WT-SL HME1-SL HME2-SL

DM2 (g/kg of FW) 205.48c 192.80d 199.45cd 368.80b 381.86ab 416.62a NA 0.002
Total FA (% of DM) 3.77d 6.00c 6.25ab 3.72d 6.10bc 6.38a 0.16 <0.01
FA (g/kg of DM)                
  C16:0 5.49e 7.48c 7.77b 5.68d 7.84b 8.14a 0.19 <0.01
  C16:1 cis-9 0.40d 0.48c 0.55b 0.50c 0.60a 0.58ab 0.035 <0.05
  C18:0 0.36e 0.67b 0.64c 0.41d 0.75a 0.69b 0.031 <0.05
  C18:1 cis-93 0.82c 5.98b 6.87a 0.54d 5.51b 6.51a NA <0.05
  C18:​2n​-63 5.23e 15.72d 17.22b 4.87f 16.31c 18.17a NA <0.05
  C18:​3n​-3 25.04c 28.39b 28.02b 25.17c 30.00a 29.69a 0.81 <0.01
  C20:1 cis-11 0.08c 0.64b 0.75a 0.06c 0.65ab 0.69ab 0.099 <0.05
  C22:0 0.21d 0.43c 0.45bc 0.25d 0.49a 0.48ab 0.036 <0.05
  C22:1 cis-13 0.07d 0.22b 0.21b 0.12c 0.25a 0.20b 0.035 <0.05
Proportion in total FA (%)                
  C16:0 14.55b 12.46d 12.44d 15.29a 12.85c 12.75c 0.25 <0.05
  C16:1 cis-9 1.06b 0.80e 0.88d 1.33a 0.98bc 0.90cd 0.081 <0.05
  C18:0 0.93e 1.14b 1.03d 1.09c 1.23a 1.09c 0.042 <0.05
  C18:1 cis-9 2.18d 9.94b 10.98a 1.46e 9.03c 10.21b 0.36 <0.001
  C18:​2n​-6 13.86e 26.18d 27.56b 13.11f 26.73c 28.49a 0.37 <0.01
  C18:​3n​-3 66.35b 47.30d 44.85f 67.71a 49.17c 46.55e 0.74 <0.05
  C20:1 cis-11 0.21b 1.06a 1.20a 0.17b 1.06a 1.08a 0.16 <0.001
  C22:0 0.57d 0.72bc 0.72bc 0.67c 0.81a 0.75ab 0.083 <0.05
  C22:1 cis-13 0.19c 0.36ab 0.33b 0.32b 0.42a 0.32b 0.067 <0.05
WSC (% of DM) 10.64a 10.17a 9.01b 1.42c 1.12e 1.24d 0.093 <0.05
Starch (% of DM) 3.88a 3.67a 3.59a 0.05c 0.05c 0.06b 0.12 <0.05
CP (% of DM) 28.68a 29.75a 29.70a — — — 0.95 0.055
NDF (% of DM) 32.73b 34.88a 34.60a — — — 1.48 <0.05
ADF (% of DM) 18.90a 20.60a 20.35a — — — 1.40 0.066
GE (MJ/kg of DM) 16.83c 17.98a 17.83b — — — 0.47 ≤0.001
pH2 — — — 3.99b 4.05a 3.99ab NA 0.061
NH3/NH4

+2 (g/kg of DM) — — — 1.94a 2.02a 1.80a NA 0.193
Lactic acid2 (g/kg of DM) — — — 86.09a 77.87a 71.42a NA 0.079
Acetic acid2 (g/kg of DM) — — — 6.07a 5.19ab 4.16b NA 0.039
Succinic acid2 (g/kg of DM) — — — 1.33a 1.28ab 0.86b NA 0.061
a–fMeans within a row with different superscripts differ (P < 0.05).
1WT = wild-type ryegrass; HME = high–metabolizable energy ryegrass; F = fresh; SL = silage; FA = fatty acids; WSC = water-soluble carbo-
hydrates; GE = gross energy; NH3/NH4

+ = ammonia; — = analysis not performed; NA = not available.
2Data were analyzed using Kruskal-Wallis test with multiple comparison of treatments.
3Data were analyzed using log transformation. 
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noted that incubation of the plant materials from the 
glasshouse showed differences of C18:​3n​-3 (P < 0.01) 
and C18:0 (P < 0.01) between WT and HME1 but no 
significant difference from the controlled room plant 
materials (P > 0.10).

Influence of Rumen Fluid Incubation  
on VFA Concentration

The concentrations of total VFA increased in all in-
cubations throughout the 24 h. We detected some small 
differences between the WT and HME incubations 
at 10 and 24 h, but the trends and magnitudes were 
similar (Table 5). Irrespective of whether the incubated 
material was fresh or ensiled, the proportion of acetate 
produced from the HME incubation increased slightly 
(between 3 and 24 h, P < 0.05), whereas propionate 
was not markedly changed, and butyrate decreased 
(P < 0.05), compared with their corresponding WT. 
Compared with the corresponding fresh material, the 
proportion of acetate produced from silage incubation 
of both HME and WT was reduced (between 6 and 24 
h), whereas butyrate (and the other VFA for only at the 
end of incubation) was greater. The other incubations of 

HME1 and HME3 fresh material from the containment 
glasshouse-grown plants confirmed the results (Table 
6). The proportion of acetate produced from incubation 
of fresh HME1 and HME3 was slightly increased only 
between 10 and 24 h (P = 0.057), whereas no change 
in propionate occurred, and butyrate decreased signifi-
cantly between 6 and 24 h (P < 0.001). There was no 
difference in either production or proportion of VFA 
from the incubation of WT+PO to the WT.

Influence of Rumen Fluid Incubation on Total Gas 
and CH4 Production

To evaluate the influence of HME on CH4 production, 
we measured total gas and CH4 production from the 
in vitro rumen incubations. Compared with fresh WT 
material, incubation of ensiled WT showed a reduction 
of total gas production and unchanged production of 
CH4. This resulted in an increase in the proportion of 
CH4 produced from the incubation of ensiled material 
compared with fresh (Figure 1). In contrast, incuba-
tion of ensiled HME material showed increased total 
gas and CH4 production compared with the respective 
fresh material. However, like the WT, this resulted in a 
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Table 2. Fatty acid, water-soluble carbohydrate, and starch compositions of ryegrass material harvested from plants grown in a containment 
glasshouse1

Item

Ryegrass

LSD P-valueWT-F HME1-F HME3-F WT+PO

Total FA (% of DM) 3.54d 5.85c 7.00b 7.24a 0.19 <0.05
FA (g/kg of DM)            
  C16:0 5.12c 7.16b 8.62a 8.54a 0.35 <0.001
  C16:1 cis-9 0.49b 0.99a 0.98a 0.49b 0.12 <0.001
  C18:0 0.40c 0.81b 0.76b 1.96a 0.14 <0.001
  C18:1 cis-9 0.80d 4.93c 7.24b 9.64a 0.64 <0.001
  C18:​2n​-6 4.80c 12.59b 17.96a 18.00a 0.59 <0.001
  C18:​3n​-3 23.81c 31.65b 33.54a 33.68a 1.24 <0.01
  C20:1 cis-112 NDc 0.52a 0.51a 0.13b NA 0.006
  C22:02 NDb 0.43a 0.43a NDb NA 0.005
  C22:1 cis-13 ND ND ND ND — —
Proportion in total FA (%)            
  C16:0 14.46a 12.24b 12.31b 11.79c 0.37 <0.05
  C16:1 cis-9 1.39b 1.69a 1.39b 0.68c 0.23 <0.05
  C18:0 1.14bc 1.38b 1.08c 2.70a 0.25 <0.05
  C18:1 cis-9 2.25d 8.41c 10.34b 13.31a 0.98 <0.001
  C18:​2n​-6 13.56d 21.52c 25.65a 24.86b 0.77 <0.05
  C18:​3n​-3 67.19a 54.13b 47.89c 46.48c 2.05 <0.001
  C20:1 cis-112 NDc 0.87a 0.72a 0.17b NA 0.006
  C22:02 NDb 0.72a 0.61a NDb NA 0.005
  C22:1 cis-13 ND ND ND ND — —
WSC (% of DM) 12.46a 10.43b 9.45c — 0.35 <0.001
Starch (% of DM) 3.83b 3.93a 3.59c — 0.044 <0.01
a–dMeans within a row with different superscripts differ (P < 0.05).
1WT = wild-type ryegrass; HME = high–metabolizable energy ryegrass; F = fresh; WT+PO = WT supplemented with 3.7% plant oil to mimic 
FA content of HME3; FA = fatty acids; WSC = water-soluble carbohydrates; — = analysis not performed; NA = not available; ND = not 
detected.
2Data were analyzed using Kruskal-Wallis test with multiple comparison of treatments.
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greater proportion of CH4 production from the ensiled 
than the fresh material; thus, silage from either WT 
or HME resulted in an increased proportion of CH4 
produced. Compared with the WT, both fresh and 
ensiled HME material showed reductions in total gas 
(approximately 22% for fresh, <5% for silage) and CH4 
(approximately 30% for fresh, 15% for silage) produc-
tion (Figure 1). This resulted in approximately 10 and 
10 to 15% (fresh and silage, respectively) decreases in 
CH4 proportion produced in the HME incubation. Ad-
ditionally, we compared the gasses produced during the 
other in vitro rumen incubations of fresh material from 
the containment glasshouse-grown plants. The results 
confirmed that incubation of fresh HME material pro-
duced less total gas, CH4, and CH4 proportion than did 
WT (Figure 2). No difference was observed between 
WT+PO and WT from 2 incubations.

DISCUSSION

In ryegrass the HME technology approximately 
doubled the leaf lipid content, altered FA profiles, 
and increased leaf regrowth (Beechey-Gradwell et al., 
2018). However, enhancing the content of one nutri-
tional component may result in changes to others; 
indeed, our results here showed up to a 24% decrease 
in WSC but only small changes in starch, total CP, 
and dietary fiber in fresh HME compared with normal 
ryegrass. It was interesting that HME influenced the 
level of WSC, which is thought to be a consequence of 
shifting the carbon allocation away from reserve carbo-
hydrate accumulation to lipid biosynthesis (Vanhercke 
et al., 2014). Considering the fundamental role that 
WSC play in plant energy homeostasis and the influ-
ence of the environment on their accumulation, future 
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Table 3. Fatty acid profiles of fresh and ensiled ryegrass incubated in vitro with rumen fluid1

FA 
(g/kg of DM)1

Incubation 
time (h)

Ryegrass

P-valueWT-F HME1-F HME2-F WT-SL HME1-SL HME2-SL

C18:​3n​-3 1 11.95c 12.84bc 14.82b 12.53c 17.81a 17.68a <0.001
  3 5.30c 5.01bc 6.59bc 6.81b 10.91a 11.55a <0.05

6 3.42c 3.01bc 4.74abc 3.19c 5.12ab 5.83b <0.05
  10 3.11ab 3.11ab 4.17a 2.41b 3.79a 3.78a <0.05
  24 2.32ab 1.93ab 3.62a 1.85b 2.79ab 2.87ab <0.05
C18:​2n​-6 1 4.77d 10.11c 13.69b 3.44e 13.29b 15.39a <0.01
  3 3.72e 5.58d 7.88c 2.47f 10.08b 11.83a <0.01

6 3.29c 4.21bc 5.75ab 2.02d 5.08b 6.37a <0.01
  10 2.60c 3.78abc 5.11a 1.20d 3.14bc 3.63b <0.05
  24 2.00b 3.19ab 4.09a 0.89c 2.32b 2.51b <0.05
CLA  1 7.69a 6.43ab 7.11ab 6.40ab 5.42b 5.49b <0.01
  3 10.58b 13.25a 13.86a 8.42c 8.63c 8.37c <0.05

6 6.07c 7.01bc 10.33a 6.29c 8.59b 8.68ab <0.01
  10 4.73b 6.70ab 9.07a 5.23b 8.41a 8.46a <0.001
  24 4.37c 7.04ab 7.74a 5.04bc 7.95a 7.95a <0.01
C18:1 cis-9  1 1.78c 5.65b 8.63a 1.42c 6.48b 7.55a <0.01
  3 3.40cd 4.76c 7.63ab 2.80d 6.57b 7.73a <0.05

6 5.76b 7.56ab 7.91a 4.24c 6.99a 7.65a <0.05
  10 4.34c 6.70ab 8.07a 3.64c 6.77b 8.46ab <0.05
  24 3.77b 5.82a 6.10a 3.26b 5.46a 6.25a <0.01
TVA  1 3.55a 4.28a 4.93a 3.67a 4.21a 4.11a ≥0.640
  3 9.49bc 17.03a 15.41a 7.92c 10.74b 10.57b <0.01

6 10.70c 18.22ab 21.95a 9.34c 16.63b 16.71b <0.01
  10 7.05c 15.57b 21.38a 7.15c 18.88ab 19.51ab <0.001
  24 6.34b 14.96a 17.36a 6.70b 17.38a 17.57a <0.001
C18:0  1 10.36a 10.17a 11.01a 10.11a 10.49a 10.35a ≥0.999
  3 11.52a 12.40a 10.80a 11.20a 11.35a 11.63a ≥0.999

6 17.69a 17.57a 16.53a 16.17a 16.09a 16.17a ≥0.999
  10 22.06a 23.21a 23.69a 19.80a 21.44a 21.85a ≥0.999
  24 25.06a 27.82a 27.93a 22.26a 25.27a 26.96a ≥0.999
% UFA  1 74.71bc 78.26abc 83.14ab 73.66c 82.14a 83.18a <0.05
  3 74.53bc 78.65abc 83.21ab 72.46c 80.87ab 81.47a <0.05

6 61.93b 69.48ab 76.31a 61.47b 72.99a 74.62a <0.001
  10 49.99bc 60.70ab 67.15a 50.17c 65.94a 66.32a <0.05
  24 42.91c 54.21ab 58.30a 44.46bc 58.73a 58.09a <0.05
a–fMeans within a row with different superscripts differ (P < 0.05). 
1WT = wild-type ryegrass; HME = high–metabolizable energy ryegrass; F = fresh; SL = silage; FA = fatty acids; CLA = coelution of C18:2 
cis-9,trans-11, C18:2 trans-10,cis-12, C18:2 trans-9,cis-12, and C18:2 cis-9,trans-13; TVA = trans-vaccenic acid (C18:1 trans-11).
2Data were analyzed by 2-way ANOVA.
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experiments should determine whether HME technol-
ogy affects the WSC content of ryegrass under a variety 
of growth conditions.

Silage quality refers to a combination of chemical 
factors related to ensiling pH and the concentrations of 
fermentation end products that together indicate how 
efficiently nutrients have been preserved during the fer-
mentation and storage phases (Cherney and Cherney, 
2003; Naoki and Yuji, 2008). By using mini-scale model 
silos (together with additional lactic acid bacteria and 
glucose), we converted both HME and WT into well-
preserved silage, as indicated by (1) pH lower than 
4.2; (2) lactate-to-acetate ratio greater than 2:1; and 
(3) concentration of butyrate lower than 5% of DM 
(Buxton and O’Kiely, 2003). Two major processes can 
affect lipids and FA during the overall ensiling process: 

(1) during the aerobic field-wilting phase, reductions in 
total FA content and PUFA concentrations occur; (2) 
during anaerobic fermentation, lipolysis of membrane 
lipids is extensive, resulting in the majority of FA in 
silage occurring as free FA, while the FA composition 
is largely unaffected. The reduction in total FA content 
due to ensiling in our experiments was less than that 
of most examples in the literature (Glasser et al., 2013) 
and may be the result of our rapid artificial small-scale 
procedures. In the future, it would be interesting to 
evaluate quality of the HME ryegrass silage made on 
an industrial scale.

Lipid metabolism in the rumen is characterized 
by 2 main sequential processes: lipolysis of esterified 
lipids and hydrogenation of free FA by microbes to 
saturated end products such as stearic acid (C18:0), 
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Table 4. Fatty acid profiles of the in vitro rumen incubation of fresh ryegrass material harvested from plants grown in a containment glasshouse1

FA2 
(g/kg of DM)

Incubation 
time (h)

Ryegrass

P-valueWT-F HME1-F HME3-F WT+PO

C18:​3n​-3  1 9.27d 12.76c 15.98a 14.27b <0.05
  3 3.89d 5.00c 10.13a 8.23b <0.01

6 2.37c 4.29b 5.52a 4.26b <0.001
  10 2.04b 3.29a 3.25a 2.94a <0.001
  24 1.41b 2.51a 2.68a 1.67b <0.001
C18:​2n​-6  1 3.12d 8.40c 10.12b 11.36a <0.01
  3 2.65d 4.36c 6.84b 10.02a <0.001

6 2.22c 3.00b 4.36a 4.62a ≤0.01
  10 1.99c 2.43b 3.48a 2.44b <0.05
  24 1.54c 1.99b 2.78a 1.82bc <0.05
CLA  1 5.36b 5.19b 6.36a 6.89a <0.01
  3 6.97d 11.64b 13.62a 10.01c <0.001

6 3.98c 5.69b 7.71a 7.79a <0.001
  10 3.06c 5.75b 6.79a 6.81a <0.01
  24 2.42c 4.37b 6.15a 6.17a <0.001
C18:1 cis-9  1 1.36c 5.43b 8.11a 8.02a <0.001
  3 3.31d 5.00c 6.21b 9.03a <0.001

6 3.41d 5.61c 7.38b 10.34a <0.001
  10 3.68d 4.48c 6.60b 8.12a <0.01
  24 3.34c 4.31b 4.90b 6.60a <0.01
TVA  1 3.03b 3.82a 3.87a 3.13b <0.05
  3 3.45d 11.66b 13.09a 10.23c <0.05

6 4.64c 14.17b 18.24a 14.44b <0.001
  10 3.68d 10.70c 15.69a 13.32b <0.001
  24 2.75c 8.41b 13.59a 12.58a <0.001
C18:0  1 8.34c 9.85ab 9.53b 10.74a <0.05
  3 10.96b 10.22b 10.28b 12.19a <0.05

6 14.86b 12.56c 15.84b 18.65a <0.001
  10 17.30d 19.37c 24.69b 27.65a <0.01
  24 19.37d 23.55c 30.51b 33.87a <0.001
% UFA  1 72.64c 78.35b 82.33a 80.26b <0.05
  3 64.99c 78.66b 82.89a 79.58b <0.01

6 52.79c 72.32a 73.18a 69.00b <0.001
  10 45.50c 57.89a 59.19a 54.89b <0.001
  24 37.13d 47.84b 49.68a 46.01c <0.05
a–dMeans within a row with different superscripts differ (P < 0.05).
1WT = wild-type ryegrass; HME = high–metabolizable energy ryegrass; F = fresh; WT+PO = WT supplemented with 3.7% plant oil to mimic 
FA content of HME3; FA = fatty acids; CLA = coelution of C18:2 cis-9,trans-11, C18:2 trans-10,cis-12, C18:2 trans-9,cis-12, and C18:2 cis-
9,trans-13; TVA = trans-vaccenic acid (C18:1 trans-11).
2Data were analyzed by 2-way ANOVA, using square root transformations of variables.
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with a dynamic formation of other C18-FA intermedi-
ates (Harfoot and Hazlewood, 1997). Different degrees 
of biohydrogenation of individual FA have been re-
ported. For most feed sources, 85 to 100% of C18:​3n​
-3 is rapidly hydrogenated (Doreau and Ferlay, 1994), 
and this was reliably the case in our in vitro experi-
ments. However, the biohydrogenation rate of C18:​3n​
-3 in HME was primarily lower than that of WT until 
around 6 h. Two potential reasons may explain the ini-
tial lower rate of HME FA biohydrogenation, including 
the higher starting level of PUFA, which are toxic to 
the rumen microbes (Lourenço et al., 2010). Although 
HME3 and WT+PO had comparable FA compositions, 
their biohydrogenation profiles differed. Winichayakul 
et al. (2013) demonstrated that lipid droplets associ-
ated with HME technology (using cysteine-oleosin) are 
more stable than those associated with oleosin in the 
presence of either serine or cysteine protease. As such, a 
contributing factor may lie in partial protection of some 
UFA in the HME material.

Complete biohydrogenation does not always oc-
cur in the rumen, and in our case several trans- and 
conjugated C18:1 and C18:2 compounds were formed. 
These included TVA and CLA isomers, which are often 

present in ruminant products derived from pasture-fed 
animals (Aharoni et al., 2005). After 24-h incubation 
the HME and WT+PO samples had higher levels of 
CLA and TVA than did the WT, which has practical 
relevance, given that consumption of these UFA and 
trans-fats may have human health benefits (Banni et 
al., 2001; Field et al., 2009; Lim et al., 2014). Animal 
feeding trials of HME ryegrass will be required to truly 
evaluate the potential of high-lipid ryegrass to add 
value to meat and milk products.

Incubation of silage (both HME and WT) in rumen 
fluid resulted in lower proportions of acetate and higher 
proportions of butyrate compared with their fresh coun-
terparts, in agreement with earlier reports (Jaakkola 
and Huhtanen, 1993; Holden et al., 1994; Mohammed 
et al., 2009). Similar to other lipid supplementation 
strategies, HME technology did not substantially affect 
total VFA (less than 8%) and shifted the fermentation 
pattern by reducing the molar proportion of butyrate 
(Jalč et al., 2006). This decrease in butyrate production 
may be due to the toxicity of free FA to Butyrivibrio 
(Paillard et al., 2007); however, unlike other lipid sup-
plements, HME had no effect on propionate and caused 
only a modest effect in acetate.
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Table 5. Volatile fatty acids produced from the in vitro incubation of fresh and ensiled ryegrass with rumen fluid1

VFA2
Incubation 
time (h)

Ryegrass

P-valueWT-F HME1-F HME2-F WT-SL HME1-SL HME2-SL

Total 1 1.28a 1.06a 1.39a 1.19a 1.20a 1.15a ≥0.336
  (mmol/g of DW) 3 2.76a 2.47a 2.72a 2.44a 2.44a 2.34a ≥0.133

6 4.43a 4.21a 4.20a 4.30a 4.07a 3.99a ≥0.152
  10 5.35ab 5.02ab 4.86b 5.44a 5.15ab 5.15ab <0.05
  24 6.73ab 6.45ab 6.31b 7.06a 6.73b 6.67b <0.05
Acetic acid 1 74.78a 75.76a 74.59a 74.92a 76.12a 74.88a ≥0.121
  (%) 3 70.36b 71.41ab 73.87a 71.99ab 72.42ab 72.42ab <0.05
  6 70.76bc 72.94ab 74.95a 68.85c 71.38b 71.30b ≤0.01
  10 69.36b 72.61a 72.96a 66.46c 69.48b 69.75b <0.05
  24 69.14ab 70.58a 70.24a 64.93c 66.83b 67.11b <0.05
Propionic acid 1 16.28a 16.35a 17.11a 15.77a 14.95a 15.74a ≥0.298
  (%) 3 18.62ab 19.59a 18.29ab 17.45b 17.21b 17.27b <0.05

6 19.44a 19.06a 17.93a 18.95a 18.02a 18.22a ≥0.660
  10 19.49a 18.80a 18.99a 19.30a 18.35a 18.56a ≥0.660
  24 17.78a 18.18a 18.68a 18.06a 17.70a 17.86a ≥0.809
Butyric acid 1 7.32a 6.23a 6.76a 7.38a 7.04a 7.46a ≥0.153
  (%) 3 8.63a 6.29b 4.97b 8.14a 7.93a 7.83a <0.001
  6 7.17b 4.98c 4.28c 9.48a 7.84b 7.72b <0.05
  10 7.63b 4.68c 4.06c 9.64a 8.11b 7.77b <0.01
  24 7.22bc 5.66c 5.37c 9.56a 8.51b 8.20b <0.05
Other 1 1.62a 1.66a 1.55a 1.93a 1.89a 2.03a ≥0.202
  (%) 3 2.38a 2.71a 2.89a 2.41a 2.44a 2.48a ≥0.215
  6 2.64a 3.02a 2.83a 2.71a 2.76a 2.75a ≥0.487

10 3.53b 3.91b 3.99ab 4.59a 4.06b 3.91b <0.05
  24 5.86c 5.58c 5.71c 7.14a 6.97b 6.83b ≤0.01
a–cMeans within a row with different superscripts differ (P < 0.05). 
1WT = wild-type ryegrass; HME = high–metabolizable energy ryegrass; F = fresh; SL = silage; DW = dry weight. Other VFA = caproic acid, 
isobutyric acid, isovaleric acid, and valeric acid.
2Data were analyzed via 2-way ANOVA, using square root transformations of variables.
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It was estimated by Beauchemin et al. (2008) that 
for every 1% increase DW in dietary lipid (up to 8% 
maximum) a 5% decrease would occur in enteric CH4 
produced. It is known that lipid supplementation re-
duces CH4 emissions by (1) inhibition of fermentation 
activity of methanogenic archaea or rumen bacteria and 
protozoa (or both) by binding to cell membranes and 
interrupting membrane transport (Dohme et al., 2001), 
and (2) biohydrogenation of FA by microbial enzymes, 
reducing the availability of H+ ions for methanogenesis 
(Johnson and Johnson, 1995). The 10 to 15% reduc-
tion in CH4 produced during 24-h in vitro rumen fluid 
incubation of HME compared with the WT ryegrass 
agreed with these reports. However, when lipids were 
added to the control grass (WT+PO), VFA, total gas, 
and methane produced were not changed. These results 
suggested that the effect of HME ryegrass on rumen 
fermentation may be due not simply to the higher lipid 
content but to several possibilities in concert, including 
other compositional differences in HME (e.g., lignin, 
cellulose, nitrate) yet to be determined (Zhao et al., 
2015; Wang et al., 2019).

One of the difficulties of evaluating the influence 
of supplemental oil is that a proportion of it simply 
bypasses the rumen to the abomasum, and as such it 
has no apparent influence on methanogens (Jenkins, 
1993). Kong et al. (2010a, b) measured methanogen 
numbers in the rumen of dairy cows and found no 
difference in the proportion of these microbial species 
present when a source of highly unsaturated lipids from 
ground flaxseed was added. It was suggested that lipid 
supplementation was affecting fermentation activity in-
stead of methanogen populations. Several studies have 
reported on the potential differences of CH4 mitiga-
tion between individual animal breeds fed with lipid 
supplemental diets both in vitro and in vivo (Guyader 
et al., 2015; Veneman et al., 2015; Vargas et al., 2017). 
Consequently, studies of the rumen microbiota across 
countries or cattle breeds with lipid supplementation 
diets may be necessary before lipids can be used as 
an effective CH4 mitigation strategy. A more detailed 
nutritional analysis is required to understand how 
HME ryegrass influences rumen fermentation. Further 
investigation of rumen microbe communities during 
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Table 6. Volatile fatty acids produced from the in vitro rumen incubation of ryegrass material harvested from plant grown in a containment 
glasshouse1

VFA2
Incubation 
time (h)

Ryegrass

P-valueWT-F HME1-F HME2-F WT+PO

Total 1 1.47a 1.20a 1.38a 1.37a ≥0.262
  (mmol/g of DW) 3 2.96a 2.50b 2.64ab 2.93ab <0.05
  6 4.50a 3.97b 4.14ab 4.55a <0.05

10 5.36ab 4.83c 4.92bc 5.46a <0.05
  24 6.81a 6.07b 5.89b 6.61a <0.05
Acetic acid 1 73.01a 73.90a 74.31a 73.09a ≥0.914
  (%) 3 69.87a 70.21a 70.43a 69.51a ≥0.949
  6 71.71a 72.77a 72.71a 71.34a ≥0.914

10 70.07a 73.95a 73.98a 69.93a ≥0.057
  24 67.13a 70.90a 70.80a 67.83a ≥0.057
Propionic acid 1 16.24a 16.77a 16.50a 16.51a ≥0.887
  (%) 3 19.29a 19.76a 20.13a 19.78a ≥0.887

6 17.49a 18.10a 18.27a 17.88a ≥0.887
  10 16.72a 16.86a 17.15a 17.17a ≥0.887
  24 16.04a 16.66a 16.61a 16.48a ≥0.887
Butyric acid 1 9.29a 7.74a 7.72a 9.04a ≥0.177
  (%) 3 8.46a 7.03a 6.91a 8.41a ≥0.177

6 7.80a 5.22b 5.35b 7.77a <0.05
  10 8.82a 3.67b 3.99b 8.69a <0.001
  24 10.77a 5.33b 5.36b 10.03a <0.001
Other3 1 1.45a 1.59a 1.47a 1.36a ≥0.802
  (%) 3 2.39a 3.01a 2.53a 2.30a ≥0.224

6 3.00a 3.92a 3.67a 3.02a ≥0.228
  10 4.39b 5.51a 4.88ab 4.21b <0.05
  24 6.06b 7.10a 7.22a 5.65b <0.05
a–cMeans within a row with different superscripts differ (P < 0.05).
1WT = wild-type ryegrass; ME = high–metabolizable energy ryegrass; F = fresh; WT+PO = WT supplemented with 3.7% plant oil to mimic 
fatty acid content of HME3. DW = dry weight. 
2Data were analyzed via 2-way ANOVA, using square root transformations of variables.
3Other VFA = caproic acid, isobutyric acid, isovaleric acid, and valeric acid.
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HME fermentation would also be valuable. Eventually, 
animal feeding trials of HME ryegrass will be required 
to truly evaluate the benefit of high-lipid ryegrass to 
reduce CH4 emission (Henderson et al., 2015).

CONCLUSIONS

The elevated lipid content in HME ryegrass increased 
the gross energy content, which could improve animal 
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Figure 1. Gas production from the in vitro incubation of fresh (F) and ensiled (SL) high–metabolizable energy (HME) and control wild-type 
(WT) ryegrass with rumen fluid. Data presented as real-time measurement of total gas produced as mL/g of ryegrass DM (DW = dry weight), 
CH4 gas produced as mL/g of ryegrass DM, and CH4 proportion as percentage of total gas production throughout a 24-h incubation. Four bio-
logical replicates of each treatment used in 3 in vitro incubations produced similar results.

Figure 2. Gas production from the in vitro rumen incubation of fresh (F) high–metabolizable energy (HME) and control wild-type (WT) 
ryegrass (plants grown in a containment glasshouse), and WT supplemented with 3.7% plant oil (WT+PO). Data were presented as real-time 
measurement of total gas produced as mL/g of ryegrass DM (DW = dry weight), CH4 gas produced as mL/g of ryegrass DM, and CH4 proportion 
as percentage of total gas production throughout a 24-h incubation. Four biological replicates for each treatment used in 2 in vitro incubations 
produced similar results.
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performance and farm profitability. Field trials are 
being used to determine how HME ryegrass performs 
outdoors, and how to best manage this technology in 
pastoral farming systems. In a future scenario where a 
version of this technology is available to farmers, ensil-
ing could be a convenient option for preserving HME 
so that it can be used later as a locally produced high-
value supplementary feed. The fatty acid component of 
HME ryegrass should be well-preserved during anaero-
bic fermentation; however, farmers may face a trade-
off between the beneficial effects of field-wilting and 
greater absolute losses of PUFA during an extended 
aerobic phase (although this did not change in our 
laboratory-scale wilting experiments). Therefore, the 
stability of FA from HME ryegrass during an extended 
aerobic phase should be investigated. A significantly 
increased proportion of TVA, CLA, and other UFA 
outflow from the rumen could have positive health im-
plications for human consumption of ruminant-derived 
products. Further nutritional analysis of HME ryegrass 
over an extended vegetative regrowth and during the 
reproductive transition is required to provide insight 
into how this novel technology should be managed for 
grazing or ensiling purposes.
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