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Abstract: Fatty acids were evaluated to characterize lipid profiles of beef from 3 feeding programs: New Zealand (NZ)
fodder beet (FB), NZ grass/non-FB (NFB), and United States grain. Strip loins were selected within each program based
on expected eating quality focusing on marbling, ossification, and pH. Selection resulted in 6 treatments: FB high quality,
FB low quality, NFB high quality, NFB low quality, US Top Choice, and US Select. Samples were aged 21 d or 35 d
postmortem. A subset of 152 samples (12–13 per treatment combination) were used for fatty acid characterization.
Within the polar lipid fraction, US treatments had lower monounsaturated fatty acid (MUFA) and greater polyunsaturated
fatty acid (PUFA) than NZ treatments (P< 0.05). Within the neutral lipid fraction, concentrations of total neutral lipids and
proportions of saturated fatty acid, MUFA, and PUFA were affected by treatment (P< 0.05). Total neutral lipids were
greatest in Top Choice (P< 0.05) and greater in FB high quality than all other treatments (P< 0.05). Proportions of satu-
rated fatty acid in the neutral lipid fraction were greater in NFB treatments than US treatments (P< 0.05); FB treatments
were intermediate. Proportions of MUFA were greatest in Top Choice (P< 0.05). Proportions of PUFA were greatest
(P< 0.05) in Select, greater in Top Choice than all NZ treatments (P< 0.05), and greater in NFB treatments than FB treat-
ments (P< 0.05). No interactions occurred for any groups of fatty acids in either fraction (P> 0.05), and aging did not affect
fatty acid composition. Lipid profiles were impacted by finishing diet; however, most differences were between US grain-
fed beef and NZ treatments—with limited differences between FB and NFB samples—when product was selected based on
quality descriptors. Therefore, FB could be substituted for grass forages to sustain the NZ beef industry through winter
months and limit seasonality without detrimental effects on product quality.
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Introduction

New Zealand (NZ) beef production relies on high-
quality pastures for feeding cattle (Hodgson et al.,
2005). However, this system results in beef slaughter
numbers that are highly dependent on the annual pas-
ture cycle. Slaughter numbers lag behind the pasture
growth curve peaking from January toMay; slaughter
facilities historically operate at reduced capacity from
August through October when slaughter numbers
are at their lowest (Charteris et al., 2000; Gibbs and

Saldias, 2014). Diet-metabolizable energy also
remains a limiting factor (Beef and Lamb New
Zealand, 2012, 2017). As a result, many cattle in
NZ are slaughtered at 26 to 36 mo of age (Gibbs
and Saldias, 2014). In order to combat these issues,
it is common practice for producers in NZ to partake
in careful and intensive management of pastures and
livestock (Charteris et al., 2000; Beef and Lamb New
Zealand, 2017). Maintaining mixed pastures through
incorporation of winter crops is also common.
However, these crops generally have a relatively short
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window of effective grazing, low yields, and insuffi-
cient energy content to support animal growth
(Gibbs and Saldias, 2014). Therefore, recent focus
has shifted to further improvement of pastures through
diversification to increase overall feeding value (Kemp
et al., 2010; Macfarlane et al., 2014).

Fodder beet has been investigated as a possible win-
ter crop to supplement cattle during low–pasture-quality
months to promote growth and achieve earlier finishing
(Gibbs and Saldias, 2014). Fodder beet, a member of the
subspecies Beta vulgaris L., is a cross between sugar
beet and mangel (Matthew et al., 2011). It is a highly
energy-dense crop, with bulbs averaging >60% carbo-
hydrate (Matthew et al., 2011). Because of its high
energy density, cattle must be transitioned onto fodder
beet similarly to grain-based diets to avoid ruminal
acidosis; however, once cattle are transitioned, they
are generally easy to maintain on fodder beet (Gibbs
and Saldias, 2014). It also has potential for high drymat-
ter yield >30 t ha−1, making fodder beet ideal for grow-
ing and finishing beef cattle (Matthew et al., 2011).

Nutrient composition of beef is directly affected by
diet and nutrition. Variation in diet affects not only the
quantity of lipids stored in fat depots but also the fatty
acids (FA) that comprise those lipid stores. Content
and composition of FA stored in animal tissue depots
are directly influenced by the FA composition of the diet
consumed by the animal closest to finishing (Wood et al.,
2008). Therefore, it has been reported that meat from pas-
ture-finished cattle contains greater concentrations of
long-chain polyunsaturated FA (PUFA) and α-linolenic
acid (C18:3n3) similar to those in forages compared to
meat from grain-finished cattle; grain finishing generally
results in greater concentrations of saturated and mono-
unsaturated FA (SFA and MUFA, respectively), particu-
larly linoleic acid, provided by grains (French et al., 2000;
Wood et al., 2008; Schmidt et al., 2013). Content and
composition of FA play important roles in shelf life
and palatability of beef, making them an important con-
sideration in beef production. Therefore, this research
seeks to characterize the FA profiles of the neutral and
polar lipid (NL and PL, respectively) fractions of beef
from steers finished on fodder beet compared to tradi-
tional NZ grass-fed beef andUnited States grain-fed beef.

Materials and Methods

Carcass selection

All experimental procedures were conducted in
accordance with a Texas Tech University Animal

Care and Use Committee Protocol (Protocol #14016-
04). Carcasses representing the experimental treat-
ments were selected from 3,567 steers of a variety of
breeds (including British purebred, Continental pure-
bred, British crossbred, Continental crossbred, and
British × Continental crossbred) following a nation-
wide feeding trial utilizing fodder beet (FB; Beta vul-
garis subspecies Vulgaris L.) to finish beef steers
during winter months in 2014. A full description of
the feeding trial and selection process can be found
in Garmyn et al. (2019). In short, 17 beef producers
in NZ participated in the trial, and individualized feed-
ing plans were organized to best fit each producer’s
farm based on available FB acreage and yield. After
an initial adaptation period (up to day 21) to transition
steers onto FB, diets were composed of supplement
(meadow hay or cereal straw recommended; limited
to 2.5 kg of dry matter intake daily) and ad libitum
access to FB. Steers were weighed at the start of the
grazing period (day 0; average body weight [BW]=
458.6 ± 45.0 kg) and at 60 d into the grazing period
(average BW= 491.4 ± 48.0 kg) with an average daily
gain of 0.5 kg through that period. If crop was still
available, steers continued to graze for an additional
20 to 30 d. Steers that remained on pasture (797 head)
were weighed again between 80 to 90 d of grazing
(average BW= 522.2 ± 37.9 kg) and had an average
daily gain of 1.0 kg. Steers enrolled in the FB feeding
program that were selected for further assessment of
eating quality and FA profiling were on FB crop for
an average of 81 d (range 63–98 d) immediately prior
to slaughter. Steers were slaughtered at one of 3 com-
mercial abattoirs in NZ, but those selected for further
analysis were obtained from a single abattoir.

Additional carcasses were selected from the same
facility on the same slaughter days to represent non-FB
(NFB) “grass-fed” treatments. Based on the New
Zealand Animal Status Declaration mandated under
the Animal Products Act of 1999, these animals were
certifiably grass-fed and did not graze FB prior to
slaughter (Garmyn et al., 2019).

Product selection

Strip loins were selected from a single commercial
abattoir in Balclutha, NZ, over a series of 9 collection
days during a 28-d period from July to August.
Carcasses were chilled 18 to 24 h before grading and
fabrication. Full selection details are reported in
Garmyn et al. (2019), in which strip loins (n= 240
[60/treatment group]) representing low and high
expected eating quality were selected within each
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finishing system (FB and NFB) based on eligibility
for a NZ branded program that emphasizes marbling,
ossification, and pH but also includes 12th rib fat
and hot carcass weight. Selection resulted in 4 treat-
ments: FB low quality (FBL), FB high quality
(FBH), NFB low quality (NFBL), and NFB high
quality (NFBH). Selected strip loins were vacuum
packaged and stored on site at 2°C until steak
fabrication.

Additional strip loins were selected from a com-
mercial abattoir in Omaha, Nebraska, from 120 sides
of US Department of Agriculture (USDA)-graded beef
representing Top (upper Two-Thirds) Choice and
Select quality grades (n= 120 [60/quality grade]).
Carcasses were chilled approximately 18 to 24 h before
grading. Fabrication time was dependent on resulting
quality grade but occurred within 32 h postmortem.
Strip loins were vacuum packaged and shipped under
refrigeration to the Gordon W. Davis Meat Science
Laboratory, Lubbock, Texas, and stored at 2°C until
steak fabrication. As cattle in the US are primarily fin-
ished on corn-based diets (Samuelson et al., 2016),
these treatments will be referred to as grain-fed compa-
ratively to the NZ feeding programs. For all treatments,
carcass data for selected carcasses were collected by
trained Texas Tech personnel based on USDA stan-
dards (USDA, 1997) and are reported by Garmyn et al.
(2019).

Steak fabrication

Strip loins were fabricated prior to 21 d post-
mortem in accordance with Meat Standards Australia
protocols (Watson et al., 2008). Strip loins in NZ were
fabricated on day 1 postmortem in the processing
facility, and strip loins in the US were fabricated on
day 7 postmortem upon arrival at the Texas Tech
Meat Laboratory. Strip loins were denuded of external
fat and connective tissue prior to steak fabrication. The
gluteus medius was also removed, leaving only the
longissimus lumborum. Longissimusmuscles were fab-
ricated into 2.5-cm-thick steaks that were assigned to
one of 2 postmortem aging periods (21 d or 35 d),
which were balanced within each treatment based on
position to avoid any positional effect in regard to
aging. One steak from each strip loin and aging period
was retained for evaluation of FA. Steaks were vacuum
packaged, stored at 2°C, and frozen at 21 or 35 d
postmortem based on aging designation. After freez-
ing, NZ beef was shipped frozen to the Texas Tech
University Gordon W. Davis Meat Science
Laboratory in Lubbock, Texas, via commercial air

freight followed by frozen ground transport. Once
delivered, steaks remained frozen until further analysis.

Sample preparation

Prior to analyses, individual steaks were thawed
under refrigeration (2°C to 4°C) for 24 h, sliced, frozen
in liquid nitrogen, and homogenized into a fine powder.
Powdered samples were stored in individually identi-
fied bags at −80°C. A subset of samples was used
for FA evaluation. Samples used for analysis were
selected to represent each treatment collected on each
slaughter date. As a result, 13 samples were selected
from each NZ treatment. However, only 12 samples
were selected from each US treatment as those were
collected from a single slaughter date. Paired samples
were selected from the same strip loin representing
both aging treatments. A total of 152 samples was used
to evaluate FA content and composition. Half (n= 76)
of the samples were aged 21 d and half (n= 76) of sam-
ples were aged 35 d postmortem.

Lipid extraction and separation

Lipids were extracted using a USDA-approved
chloroform:methanol method (AOAC 983.23) modi-
fied from the methods described by Folch et al.
(1957) and Bligh and Dyer (1959). Chloroform and
methanol were used at 2:1 (v/v) chloroform:methanol
to extract the lipid portion from 1 g of frozen, homog-
enized sample. Homogenized samples with chloroform
and methanol were filtered (Whatman no. 40) into 50-
mL glass test tubes with Teflon-lined screw caps. The
original tube was rinsed with 12mL of 2:1 (v/v) chloro-
form:methanol for 5 s to remove any remaining resi-
due. Potassium chloride (0.88% KCl; 8 mL) was
added to the filtered samples and shaken for 10 min,
then centrifuged for 5 min at 1,000g at ambient temper-
ature. Following centrifugation, the top layer was aspi-
rated. The bottom chloroform layer was transferred to a
15-mL glass test tube, and chloroform was evaporated
to dryness under nitrogen. Dried samples were stored at
−80°C until separation.

Lipid extracts were separated with chloroform
and methanol using silica gel cartridges (Restek
Corporation, Bellefonte, PA). Dried extracts were
reconstituted with 2-mL chloroform, vortexed 5 s,
and then transferred to the silica gel cartridge. Tubes
were then rinsed again with 2-mL chloroform, vortexed
5 s, and transferred to the silica gel cartridge. Vacuum
was applied to achieve a solvent flow rate of 0.5 mL/s.
Test tubes were rinsed with 6 additional milliliters of
chloroform, vortexed, and added to the silica gel
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cartridge. Cartridges were completely drained of
chloroform, and chloroform portion was retained for
NL.Methanol (15 mL) was added to the test tubes, vor-
texed, and transferred in 5-mL increments to the same
silica gel cartridge as used for NL with a 0.5 mL/s flow
rate. Methanol was completely drained from the car-
tridge, and the methanol portion was retained for PL.
Solvents for both lipid fractions were evaporated under
a nitrogen stream and stored at −80°C.

Preparation of fatty acid methyl esters

Fatty acid methyl esters (FAME) were prepared
through a modification of the procedure described by
Christie (1993). Lipid fractions were dissolved in
1 mL of internal standard-toluene solution; then,
2 mL of 0.5 N sodium methoxide in methanol was
added, and samples were capped and vortexed.
Fractions were heated in a 50°C water bath with shaker
for either 10 min (NL) or 5 min (PL), and then
removed. Glacial acetic acid (0.1 mL) and high-perfor-
mance liquid chromatography nano-pure water (5 mL)
were added to heated tubes, and tubes were vortexed.
Following vortexing, 5 mL of hexane was added, and
tubes were agitated for 5 min on a shaker. Tubes were
centrifuged for 10 min at 1,000g at ambient tempera-
ture, and then the upper organic layer was transferred
to a clean 15-mL polypropylene tube. Hexane rinse
and removal of the upper organic layer was repeated.
Anhydrous sodium sulfate was added, and samples
were vortexed and then allowed to rest for 5 min.
The organic layer was then removed to another clean
15-mL polypropylene tube and concentrated to the
desired level. Aliquots (2 mL) were transferred into
2 glass gas chromatography vials and stored at −80°
C until analysis.

Quantification of FA

FAME were separated and quantified using an
Agilent 6890N gas chromatograph (Agilent Tech-
nologies, Santa Clara, CA) equipped with an HP-88
capillary column (30 m × 250 μm × 0.2 μm; Agilent
Technologies, Santa Clara, CA) and a flame-ionization
detector. The NL samples were evaluated with a split
ratio of 20:1, and the PL samples were evaluated
with a split ratio of 3:1. For both NL and PL, inlet tem-
perature was set to 250°C with an inlet pressure of
10.3 pounds per square inch. The PL had total flow
of 10.8 mL/min, and the NL had a total flow of
44.2 mL/min. The initial oven temperature was
35°C, which was held for 2 min. The oven temperature
was then ramped up to 120°C for 5 min at a rate of

6°C/min, then 170°C at a rate of 2°C/min (no hold),
and then to a final temperature of 220°C at a rate of
6°C/min with temperature held for 1 min. Hydrogen
was used as a carrier gas at a flow rate of 2 mL/min.
Authentic FAME standards (Supelco 37 component
FAMEMix, Sigma-Aldrich, St. Louis, MO) were used
to identify FAME, and internal standard calibration
was used for quantification. Percentages of total FA
(TFA) were calculated using the following equation:

%FA =
½individual FA�

½total FA of corresponding lipid f raction� *100:

Statistical analyses

Data were analyzed as a completely randomized
design using PROC GLIMMIX of SAS version 9.4
(SAS Institute Inc., Cary, NC) with feeding treatment,
aging period, and their interaction as fixed effects.
Denominator degrees of freedom were adjusted using
the Kenward-Rogers adjustment. Significance was
detected at α= 0.05. Treatment least-squares means
were separated with the PDIFF option of SAS using
a significance level of P ≤ 0.05. Mean separation tests
for all pairwise comparisons were performed using the
PDIFF function, which requests that P values for
differences of all least-squares means be produced.

Results

FA totals

Figure 1 shows the TFA derived as the sum of all
individual FA in both the PL and NL fractions. No
interactions between treatment and aging occurred
(P= 0.94). Differences were present among treatments
(P< 0.01) for TFA. Samples from Top Choice had
greater (P< 0.05) TFA than all other treatments.
Samples from FBH had greater (P< 0.05) TFA than
Select, FBL, and both NFB treatments. Samples from
Select had greater (P< 0.05) TFA than NFBL but were
similar (P> 0.05) to FBL and NFBH, which also did
not differ (P> 0.05) from NFBL. No differences in
TFA were present among different aging periods
(P= 0.14).

Composition of the NL fraction

The percentages of SFA, MUFA, and PUFA mak-
ing up the NL fraction are displayed in Figure 2. There
were no interactions of treatment and aging (P> 0.05)
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for the proportions of the 3 classes of FA in the NL frac-
tion. Additionally, no differences occurred due to aging
(P> 0.05). However, the proportions of all 3 classes
differed among treatments (P< 0.01). The proportion
of SFA was greater (P< 0.05) in both NFB treatments
than both US treatments. Proportions of SFA in the
FB treatments were similar (P> 0.05) to those of the
NFB treatments and those of Select but were greater
(P< 0.05) than proportions of SFA in Top Choice;

proportions of SFA in Top Choice and Select were sim-
ilar (P> 0.05). As a result of the lower proportion of
SFA, Top Choice had a greater (P< 0.05) proportion
of MUFA than all other treatments, which had a similar
(P> 0.05) proportion of MUFA. Finally, the propor-
tion of PUFA was greater (P< 0.05) in Select than
in Top Choice and greater (P< 0.05) in Top Choice
than both NFB treatments, which were similar (P>
0.05), and the proportion of PUFA was greater (P<
0.05) in both NFB treatments than in both FB treat-
ments, which were also similar (P> 0.05).

The total NL and proportions of individual FA that
make up the major groups of FA are outlined in
Table 1. TFA in the NL fraction ranged from 10.621
to 34.739 mg/g and differed due to treatment (P<
0.01) but did not differ due to aging (P= 0.16) or
the interaction of treatment and aging (P= 0.90).
Following the pattern of the overall TFA, total concen-
trations of FA in the NL fraction were greater (P<
0.05) in Top Choice than all other treatments and
greater (P< 0.05) in FBH than all remaining treat-
ments. TFA in the NL fraction in Select did not differ
(P> 0.05) from that in FBL and NFBH but was greater
(P< 0.05) than in NFBL, which also did not differ (P>
0.05) from FBL and NFBH. Percentages of FA in the
NL fraction make up these totals. A total of 13 FA
were consistently identified in the NL fraction:
C14:0 (myristic acid), C15:0 (pentadecylic acid),
C16:0 (palmitic acid), C17:0 (margaric acid), C18:0
(stearic acid), C14:1 (myristoleic acid), C16:1 (palmi-
toleic acid), C17:1 (heptadecenoic acid), C18:1n9t
(elaidic acid), C18:1n9c (oleic acid), C20:1 (gondoic
acid), C18:2 (linoleic acid), and C18:3n3 (α-linolenic
acid). Palmitic, stearic, and oleic acids made up
>80% of the FA in the NL fraction in all treatments.
Aging did not affect the percentages of any individual
FA (P> 0.05).

Within the SFA of the NL fraction, proportions of
myristic acid did not differ (P= 0.96) among treat-
ments; however, proportions of pentadecyclic acid,
palmitic acid, margaric acid, and stearic acid did differ
(P< 0.01). The proportion of pentadecyclic acid was
greater (P< 0.05) in NFBL than in all other treatments.
Samples from Select had a greater (P< 0.05) propor-
tion of pentadecyclic acid than Top Choice but were
similar (P> 0.05) to those in FBH, FBL, and NFBH.
Proportions of pentadecyclic acid in Top Choice also
did not differ (P> 0.05) from those in both FB treat-
ments and NFBH. Palmitic acid was the most predomi-
nant SFA in all samples. Proportions in FBH were
similar (P> 0.05) to those in FBL and NFBH but were
greater (P< 0.05) than those in NFBL, Select, and Top
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Choice. Samples from Select had lower (P< 0.05) pro-
portions of palmitic acid than all other treatments.
Proportions of margaric acid were greater (P< 0.05)
in NFBL than in all high-quality treatments (FBH,
NFBH, and Top Choice) but did not differ (P> 0.05)
from those in FBL and Select. Proportions of margaric
acid in FBL and Select also did not differ (P> 0.05)
from those in NFBH but were greater (P< 0.05) than
in FBH and Select, which had lower (P< 0.05) propor-
tions of margaric acid than all other treatments except
NFBH (P> 0.05). Proportions of stearic acid were
greater (P< 0.05) in NFBH than in Top Choice and
both FB treatments. Samples from NFBL had similar
(P> 0.05) proportions of stearic acid to NFBH but also
had similar (P> 0.05) proportions to Select and FBL.
Samples from FBH had lower (P< 0.05) proportions
of stearic acid than both NFB treatments but did not dif-
fer (P> 0.05) from FBL or Select. Finally, Top Choice
had the lowest (P< 0.05) percentage of FA in the NL
fraction composed of stearic acid.

Within the MUFA, proportions of myristoleic acid
did not differ (P= 0.14) among treatments, but propor-
tions of the remaining 5 MUFA did (P< 0.05).
Proportions of palmitoleic acid were greater (P<
0.05) in both FB treatments than in Top Choice or
Select. Additionally, FBH had greater (P< 0.05) pro-
portions of palmitoleic acid than NFBH. Both NFB
treatments had similar (P> 0.05) proportions of palmi-
toleic acid to both US treatments. Proportions of hep-
tadecenoic acid were greatest (P< 0.05) in both NZ
low-quality treatments (FBL and NFBL). Samples
from FBH, NFBH, and Select had similar (P> 0.05)
proportions of heptadecenoic acid to each other. All
had greater (P< 0.05) proportions of heptadecenoic
acid than Top Choice, which had the lowest (P<
0.05) proportion of this FA. Proportions of elaidic acid
were greater (P< 0.05) in both US treatments than all
NZ treatments, which did not differ (P> 0.05).
Additionally, Top Choice had a greater (P< 0.05) per-
centage of elaidic acid than Select. Oleic acid was
the most predominant FA in the NL fraction. It was
present in greater (P< 0.05) proportions in all FB
and US treatments—which did not differ (P> 0.05)—
than in NFBL. Proportions of oleic acid in NFBH did
not differ (P> 0.05) from those in any other treatments.
Finally, gondoic acid was present in greater (P< 0.05)
proportions in Top Choice than in both FB treatments
and NFBH. NFBL had greater (P< 0.05) proportions
of gondoic acid than FBH and NFBH but did not differ
(P> 0.05) from either US treatment or FBL.
Proportions of gondoic acid did not differ (P> 0.05)
in Select compared to any other treatment.

Only 2 PUFA were identified in the NL fraction:
linoleic acid and α-linolenic acid. Proportions of both
differed (P< 0.01) among treatments. Linoleic acid
made up a greater (P< 0.05) proportion of the NL frac-
tion in both US treatments, which were similar (P>
0.05), than all other treatments. The proportions of
linoleic acid did not differ (P> 0.05) among any of
the NZ treatments. Proportions of α-linolenic acid were
greater (P< 0.05) in NFBL than in all other treatments.
Samples from NFBH had lower (P< 0.05) proportions
of α-linolenic acid than NFBL but greater proportions
than both FB treatments and both US treatments.
Proportions of α-linolenic acid in FBL and FBH did
not differ (P> 0.05) but were greater (P< 0.05) than
those in both US treatments. Finally, Select had greater
(P< 0.05) proportions of α-linolenic acid than Top
Choice, which had the lowest (P< 0.05) proportion
of α-linolenic acid.

Composition of the PL fraction

The percentages of SFA, MUFA, and PUFA mak-
ing up the PL fraction are displayed in Figure 3. There
were no interactions of diet and aging (P> 0.05) for the
proportion of the 3 major classes of FA in the PL frac-
tion. Additionally, no differences occurred due to aging
(P> 0.05). The proportions of MUFA and PUFA dif-
fered among treatment (P< 0.01), whereas the percent-
age of SFA did not (P= 0.27). Proportions ofMUFA in
Select were decreased (P< 0.05) compared to all other

a a a a b a

b b b b a b

0%

10%

20%
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40%

50%

60%

70%

80%

90%

100%
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Figure 3. Percentages of saturated fatty acids (SFA), monounsatu-
rated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) making
up the polar lipid fraction of fatty acids derived from the longissimus lum-
borum of steers finished on fodder beet or non-fodder beet forages (FB,
NFB, respectively) and carcasses classified as high or low predicted eating
quality based primarily on marbling in the longissimus muscle and ossifi-
cation (H, L, respectively) or carcasses of USDA Select or Top Choice
(SEL, TC, respectively) quality grades following aging under vacuum at
4°C for either 21 d or 35 d. Within a FA type, treatments without a common
superscript differ (P< 0.05). Percentages of SFA did not differ (P= 0.268)
among treatments. No differences occurred due to aging (P> 0.05), and no
interactions between diet and aging were present (P> 0.05). Largest stan-
dard error of the mean= 1.4015.
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treatments; this decrease coincided with a correspond-
ing increase (P< 0.05) in PUFA compared to all other
treatments. All other treatments did not differ (P> 0.05)
for proportions of MUFA or PUFA.

The total PL and the proportions of individual FA
that make up the major groups of FA are outlined in
Table 2. TFA in the PL fraction ranged from 1.954
to 2.678 mg/g and did not differ due to treatment
(P= 0.08), aging (P= 0.72), or the interaction of treat-
ment and aging (P= 0.85). Again, proportions of
individual FA make up these totals. A total of 17 FA
were consistently identified in the PL fraction: C10:0
(capric acid), myristic acid, palmitic acid, margaric
acid, stearic acid, palmitoleic acid, heptadecenoic acid,
elaidic acid, oleic acid, C22:1 (erucic acid), C24:1
(nervonic acid), linoleic acid, α-linolenic acid,
C20:3n6 (dihomo-γ-linolenic acid), C20:5 (eicosapen-
taenoic acid [EPA]), C22:5n3 (docosapentaenoic acid
[DPA]), and C22:6n3 (docosahexaenoic acid [DHA]).
Palmitic, stearic, oleic, linoleic, and α-linolenic acids
made up >75% of the TFA in the PL fraction of all
treatments. Aging did not affect the percentages of
any individual FA (P> 0.05). Interactions of treatment
and aging were present for the proportions of myristic
acid (P= 0.03) and margaric acid (P< 0.01).

Within the SFA, proportions of capric acid did not
differ (P= 0.09) among treatments, but proportions of
palmitic and stearic acids differed (P= 0.01 and P<
0.01, respectively). Palmitic acid made up a greater
(P< 0.05) proportion of the PL fraction in FBH than
in all treatments except Top Choice (P> 0.05). The
proportion of palmitic acid was similar (P> 0.05) in
Top Choice to FBL and NFBL but greater (P< 0.05)
than in Select and NFBH. Contrastingly, Select had
the greatest (P< 0.05) proportion of stearic acid. The
proportion of stearic acid was similar in both NFB
treatments (P> 0.05), and greater (P< 0.05) than both
FB treatments, which were also similar to each other
(P> 0.05). Proportions of stearic acid in Top Choice
did not differ (P> 0.05) from the proportion found
in any NZ treatments. The interactions of treatment
and aging on the percentage of myristic acid and mar-
garic acid found in the PL fraction are illustrated in
Figures 4 and 5, respectively. No clear trend was evi-
dent in the proportions of myristic acid. An aging effect
was present only within Select, in which samples had
greater (P< 0.05) proportions of myristic acid after
35-d aging than after 21-d aging. Diet and quality treat-
ments were otherwise similar (P> 0.05). Proportions
of margaric acid were lower (P< 0.05) in Select sam-
ples aged 35 d than those aged 21 d, and Select aged
21 d had lower (P< 0.05) proportions of margaric acid

than all other combinations of treatment and aging.
Samples from Top Choice (regardless of aging) had
lower (P< 0.05) proportions of margaric acid than
FBL and NFBL aged 35 d; otherwise, proportions of
margaric acid were similar (P> 0.05).

Within the MUFA of the PL fraction, differences
were detected (P< 0.01) in all individual FA. Propor-
tions of palmitoleic acid were similar (P> 0.05) among
all FB and NFB treatments. Additionally, Top Choice
had a lower (P< 0.05) proportion of palmitoleic acid
than all NZ treatments except NFBL (P> 0.05). The
proportion of palmitoleic acid was lowest (P< 0.05)
in Select. The proportion of heptadecenoic acid was
greatest (P< 0.05) in both NFB treatments and FBL;
FBH had lower (P< 0.05) proportions of heptadece-
noic acid than the other NZ treatments. Both US
treatments had lower (P< 0.05) proportions of hepta-
decenoic acid than all other treatments. Proportions of
elaidic acid were greatest (P< 0.05) in Top Choice and
greater (P< 0.05) in Select than all NZ treatments.
Within the NZ treatments, NFBL had a greater (P<
0.05) proportion of elaidic acid than FBL, and
NFBH and FBH had similar (P> 0.05) proportions
to both NFBL and FBL. Oleic acid, the most predomi-
nant FA of the MUFA, was present in greater (P<
0.05) proportions in FBH and NFBH than in Top
Choice and Select; proportions in FBL and NFBLwere
similar (P> 0.05) to those in FBH and NFBH and to
proportions in Top Choice. The proportions of oleic
acid were lowest (P< 0.05) in Select. Contrastingly,
erucic acid was present in the greatest (P< 0.05) pro-
portions in Select and greater (P< 0.05) in Top Choice
than in both NFB treatments and FBH. Proportions of
erucic acid in FBL were similar (P> 0.05) to Top
Choice and to both NFBH treatments but were greater
(P< 0.05) than in FBH, which also had similar (P>
0.05) proportions to both NFB treatments. Finally,
nervonic acid was greater (P< 0.05) in Select and
Top Choice than in all other treatments.

Linoleic acid, which was the predominant PUFA,
made up a greater (P< 0.05) proportion of the PL in
both US treatments than in all other treatments.
Additionally, Top Choice had a greater (P< 0.05) pro-
portion of linoleic acid than Select. The proportion of
α-linolenic acid was greater (P< 0.05) in both NFB
treatments than both FB treatments and was greater
(P< 0.05) in both FB treatments than both US treat-
ments. Dihomo-γ-linolenic acid was present in the
greatest (P< 0.05) proportion in Select. Samples from
Top Choice had greater (P< 0.05) proportions of this
FA than FBH, but all other treatments were similar
(P> 0.05). The proportions of EPA and DPA followed
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similar trends and were both lowest (P< 0.05) in Select
and Top Choice. Proportions were greater (P< 0.05) in
FBL than in FBH, and both NFB treatments were sim-
ilar (P> 0.05) and intermediate to FBL and FBH. The
proportion of DHA was greater (P< 0.05) in FBL than
all other treatments. Proportions of DHA in FBH and
NFBL were greater (P< 0.05) than in Select and
Top Choice, where it was not detected; however,
NFBH had proportions of DHA low enough to be

similar (P> 0.05) to the US treatments in which
DHA was not detected.

Discussion

TFA

TFA present in all samples were greater than those
reported by Bronkema et al. (2019) based on samples
submitted for analyses as part of a survey of commer-
cially available grass-fed beef in the US.While average
TFA reported by Bronkema et al. (2019) were lesser
than our findings, the range of FA reported was broad,
with some samples having FA greater than even our
grain-fed treatments. Additionally, carcass data were
not reported, but it is possible that those animals had
lesser total fat content than those in the present study.
TFA of commercially available organic grass-fed beef
reported by Chail et al. (2016) were similar to our find-
ings for all grass-fed samples, though they reported
greater values for USDA Choice grain-fed samples.

Based on marbling scores for the same carcasses
reported by Garmyn et al. (2019), it was expected that
NFBH would have had greater TFA than those
reflected in these results, more similar to those of
FBH and reflecting the expected variation in quality
grade based on product selection. However, variation
in carcass size and other measures of lipid indicate that,
taken together, this result is not unlikely. Factors
including body size and composition, maturity, genet-
ics, and distribution of fat in the muscle can influence
the TFA.Greater TFA in TopChoice is reasonable con-
sidering its elevated marbling scores (Garmyn et al.,
2019). Within US and FB samples, the higher-quality
treatment had greater TFA, likely related to increased
intramuscular fat. While not statistically different,
NFBH did have numerically greater TFA than
NFBL. Other researchers have previously reported
decreased total fats with lower–energy-density pas-
ture-based diets (Leheska et al., 2008; Buchanan et al.,
2013; Chail et al., 2016); however, selection according
to quality in the present study mitigated a majority of
this difference.

TFA in the present study are reported as the sum of
the NL and PL fractions. The NL are composed pri-
marily of triglycerides that are deposited in the adipose
tissues during lipid filling as a result of surplus energy
and, therefore, generally increase with quality grade
and make up a majority of the total fat in a carcass
(Wood et al., 2008). Contrastingly, the PL fraction con-
sists primarily of phospholipids serving as structural
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on the percentage of C14:0 in the polar lipid fraction of fatty acids derived
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components of cell membranes; therefore, they do not
vary drastically regardless of fat level and generally
make up a much smaller proportion of the TFA, espe-
cially in finished animals (Wood et al., 2008). Legako
et al. (2015) thoroughly outlines this relationship.
Because the TFA are largely composed of NL, the con-
centration of NL identically follows the relationship
reflected in the TFA in the present study. A lack of dif-
ference in total PL among treatments also reflects this
relationship. Others have reported similar trends
(Duckett et al., 1993; Itoh et al., 1999).

Additionally, NL and PL fractions generally reflect
different compositions of the major groups of FA. In a
serial slaughter study investigating time on feed,
Duckett et al. (1993) reported that NL consisted of
51% SFA, 47% MUFA, and 2% PUFA and PL con-
sisted of 28% SFA, 30% MUFA, and 32% PUFA on
average from all samples across all time points.
Legako et al. (2015) reported that NL consisted of
47% SFA, 50% MUFA, and 3% PUFA and PL con-
sisted of 47% SFA, 44% MUFA, and 9% PUFA in
raw beef samples representing 3 USDA quality grades
(Prime, Low Choice, and Select). Composition of these
fractions in the present study are in between those
reported by these researchers, with NL consisting of
43% SFA, 55%MUFA, and 2% PUFA and PL consist-
ing of 34%SFA, 41%MUFA, and 24%PUFA on aver-
age across all treatments. While these data are not
identical due to a variety of factors, which may include
animal diet, animal maturity, hot carcass weight, and
breed, among others, they do reflect an important trend
that the PL fraction generally accounts for a larger pro-
portion of PUFA than the NL fraction (Larick and
Turner, 1990; Duckett et al., 1993; Wood et al.,
2008; Legako et al., 2015).

NL

Within the NL fraction, decreased percentages of
SFA in US treatments is reflected by increased percent-
ages of MUFA in Top Choice and increased percent-
ages of PUFA in both Top Choice and Select,
though Select to a greater degree. Variation in themajor
lipid fractions indicate shifts in a few key individual FA
as functions of diet and total lipid. As previously dis-
cussed, the PUFA make up a generally small propor-
tion of the NL fraction and, consequently, a small
proportion of beef fat overall. This is due largely to bio-
hydrogenation of dietary FA that occurs in the rumen
upon consumption (Wood et al., 2008). Contrary to
the findings of the present study, it is generally reported
that PUFA are increased in pasture-fed beef (Buchanan

et al., 2013; Duckett et al., 2013; Van Elswyk and
McNeill, 2014). Total percentage of PUFA is elevated
in US treatments in the present study as a result of an
increased proportion of linoleic acid compared to both
NZ treatments. Additionally, increased percentages of
PUFA in NFB compared to FB reflects greater propor-
tions of α-linolenic acid in the prior. Decreased α-lino-
lenic acid in both FB treatments compared to NFB
treatments may indicate a difference in FA composition
of the forages; however, that is beyond the scope of this
study. A lesser proportion of the NL being composed of
PUFA in all NZ treatments may also be a result of
increased biohydrogenation of α-linolenic acid com-
pared with linoleic acid. Doreau and Ferlay (1994)
reported that α-linolenic acid is biohydrogenated to
SFA and MUFA in the rumen to a greater degree than
linoleic acid (85%–100% compared to 70%–95%). As
discussed by Duckett et al. (1993), it is also possible
that biohydrogenation is decreased as a result of
decreased rumen pH from grain feeding, ultimately
resulting in more unsaturated FA available for absorp-
tion in the small intestine. This may also contribute to
the elevated percentages of SFA in the NZ treatments
compared to the US treatments.

While variation in SFA is somewhat inconsistent in
the literature (Daley et al., 2010), Van Elswyk and
McNeill (2014) reported that US studies generally
report increased SFA in grass-fed beef on a percentage
basis. Differences in percentages of SFA were largely
attributable to variation in palmitic and stearic acid,
which were the predominant SFA in all samples.
Although US grain-fed samples had decreased percent-
ages of SFA, this decrease in Top Choice was largely a
result of decreased stearic acid while this decrease in
Select was more attributable to decreased palmitic acid.
The decreased proportion of palmitic acid in Select is
contrary to many reports of increased palmitic acid in
which animals are exposed to grain due to increased de
novo FA synthesis (Duckett et al., 2009; Wright et al.,
2015; Chail et al., 2016); however, increased palmitic
acid in Top Choice compared to Select and a general
numerical trend of increased palmitic acid in high-
quality samples from all diets indicates that the propor-
tion of palmitic acid in beef fat may be a function of
amount of fat in addition to differences in diet. It is also
possible that this difference is more a consequence of
shifts in composition of other FA than a true metabolic
effect on palmitic acid. A decreased proportion of
stearic acid in Top Choice, however, is not surprising.
A review by Daley et al. (2010) outlines an increase in
stearic acid in pasture-fed beef as a result of biohydro-
genation of dietary PUFA. Others have reported similar
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findings (Leheska et al., 2008; Duckett et al., 2013).
Additionally, Smith and Johnson (2016) describe a
relationship of grain-based diets and increasing intra-
muscular fat with upregulation of stearoyl coenzyme
A desaturase (SCD; Δ9-desaturase), which desaturates
stearic acid to oleic acid, consequently decreasing the
proportion of stearic acid and increasing the proportion
of oleic acid and its isomers. The decreased degree of
this relationship in Select despite grain feeding is likely
a result of increased intramuscular fat in Top Choice
compared to Select.

The percentage of MUFA in the NL fraction was
elevated only in TopChoice compared to all other treat-
ments. Others have traditionally reported increased
percentages of MUFA in grain-fed beef compared to
pasture-fed beef, again as a result of upregulation of
SCD (Duckett et al., 2009; Daley et al., 2010; Smith
et al., 2012; Wright et al., 2015). However, MUFA
and activity of SCD have also been associated with
increased total intramuscular fat (Smith and Johnson,
2016). Therefore, it is possible that increased percent-
age of MUFA in Top Choice compared to all other
treatments is a function of both diet and increased
fat. As expected, oleic acid was the predominant
MUFA in all samples. Oleic acid is the predominant
MUFA in beef fat (Wood et al., 2008). However,
differences in percentage ofMUFA in the present study
are largely attributable to the previously discussed
increase in elaidic acid.While only differing to a degree
to significantly impact percentage of MUFA in Top
Choice, the percentage of elaidic acid was increased
in both Top Choice and Select compared to all other
treatments.

PL

Within the PL fraction, both MUFA and PUFA—
and the individual FA that compose them—were influ-
enced by treatment. An increase in PUFA in Select was
reflected by a proportional decrease in MUFA. Shifts
in several individual FA contribute to these differences.
Within the MUFA, decreases in the proportions of
palmitoleic and oleic acids appear to contribute most
to the shift to decreased overall MUFA, while linoleic
and dihomo-γ-linolenic acids are elevated in the PUFA
of Select. Decreased palmitoleic acid may be related
to the similarly low levels of palmitic acid, its precur-
sor, in Select. Hunt et al. (2016) similarly reported
decreased palmitoleic acid in Select samples of the
longissimus lumborum compared to Upper Two-
Thirds Choice samples. Others have also proposed a
relationship between intramuscular fat and individual

FA in the PL fraction (Duckett et al., 1993; Itoh et al.,
1999; Legako et al., 2015); however, this relationship
does not appear to hold true within the pasture-finished
NZ samples in the present study. Decreased oleic
acid appears to correspond to an increase in stearic
acid, indicating decreased activity of desaturase
enzymes, possibly as a result of the leanness of
Select samples. Increased lipid has been linked to upre-
gulation of SCD, shifting stearic acid to oleic acid
(Smith et al., 2012; Buchanan et al., 2013; Smith and
Johnson, 2016).

The PUFA are generally associated with the PL
fraction because ruminants conserve essential FA in
the muscle, where they are important for cellular func-
tion, rather than storing them in adipose tissue, where
they would be used for energy (Larick and Turner,
1990;Wood et al., 2008). Elevated linoleic acid in both
US treatments is likely a result of increased linoleic
acid provided by grain-based diets, and the increase
in proportion of linoleic in Select compared to Top
Choice may be a result of the leaner nature of Select
compared to Top Choice, affecting the distribution of
FA in the PL fraction. The PUFA are the most heavily
impacted by diet (Wood et al., 2008). Grains generally
provide greater concentrations of linoleic acid, whereas
forages provide greater concentrations of linolenic acid
(Wood et al., 2008; Schmidt et al., 2013; Scollan et al.,
2014). Because these are essential FA and must be pro-
vided by the diet, their presence in tissue is a direct
result of diet (Wood et al., 2008; Daley et al., 2010).
It is also important to note that, although linoleic and
α-linolenic acid were the only PUFA detected in the
NL of these samples, 4 additional long-chain PUFA
were detected in the PL fraction. According to Wood
et al. (2008), this is not uncommon, and these long-
chain PUFA are found almost exclusively in the PL
fraction in beef. These FA are a result of elongation
and desaturation of linoleic and α-linolenic acid pro-
vided by the diet. Those elevated in NZ treatments
(EPA, DPA, and DHA) are products of α-linolenic acid
and are associated with health benefits in humans
(Daley et al., 2010; Scollan et al., 2014; Van Elswyk
and McNeill, 2014). Dihomo-γ-linolenic acid, which
is elevated in US treatments, is a product of linoleic
acid. Many others have similarly reported increases
in α-linolenic acid and the long-chain n-3 PUFA
derived from it in grass-fed cattle (Wood and Enser,
1997; Wood et al., 2008; Daley et al., 2010; Van
Elswyk and McNeill, 2014). Dietary contributions of
linoleic and α-linolenic acid are, once again, reflected
in the present study. However, decreased α-linolenic
acid in FB samples compared to NFB samples indicates
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a different chemical makeup of FB compared to tradi-
tional grass forages. Several have described differences
in the nutritional value of FB compared to traditional
grass forages, though further characterization of the
FA profile would better explain this result (Matthew
et al., 2011; Gibbs and Saldias, 2014).

Postmortem aging

Aging had little impact in the present study. No
differences in proportions of individual or groups of
FA occurred due to aging. The PUFA are generally sus-
ceptible to oxidation over time due to the instability of
the double bonds (Gray and Monahan, 1992). There-
fore, it is not unreasonable to infer that shifts in the
FA profile could occur during aging. Mahecha et al.
(2009) reported that, when stored at ~1°C, PUFA
decreased over a 14-d aging period. Therefore, it is pos-
sible that shifts in FA could occur in the present study
when extending postmortem aging to 35 d from 21 d
postmortem; however, Holman et al. (2019) reported
no differences in PUFAwhen samples were aged under
vacuum and refrigeration for up to 12 wk.

Conclusions

From the present study, it is evident that diet
largely affects the composition of FA in the NL and
PL fractions of beef. To a lesser extent, quality—and
particularly intramuscular fat—also influences individ-
ual FA through metabolic regulation. FA content and
composition directly influence flavor and texture of
beef, and relationships have been described by many
researchers, especially regarding differences in pas-
ture-fed and grain-fed beef (Melton et al., 1982;
Calkins and Hodgen, 2007; Wood et al., 2008; Hunt
et al., 2016; O’Quinn et al., 2016). Similarly, the major-
ity of differences outlined in the present study were
between US grain-fed beef and both NZ treatments.
It appears that grazing FB does not drastically affect
the lipid profiles of beef compared with beef from cattle
that grazed traditional grass forages in NZ when prod-
uct is selected based on quality descriptors. According
to Garmyn et al. (2019), consumers did not differentiate
between FB and NFB treatments, regardless of high or
low eating quality, for tenderness, juiciness, flavor lik-
ing, or overall liking whenmeat was aged 35 d. Limited
eating quality variation existed when samples were
aged 21 d, but in those instances, consumers favored
FB over NFB samples. Therefore, taking results for
lipid profiles together with the sensory results

described by Garmyn et al. (2019), FB could reason-
ably be substituted for grass forages to sustain the
NZ beef industry through winter months and limit sea-
sonality without detrimental effects on product quality.
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