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Genetic studies of carotenoid concentration in the plasma and milk
of New Zealand dairy cattle

C.A. MORRIS 0.11 £ 0.10. The repeatability of plasma CC across
T. W. KNIGHT2 seasons was 0.64 + 0.02. The genetic correlation
S-A. N. NEWMAN2 between spring plasma CC and milk C¢fat was
T 0.66 + 0.22, whereas genetic correlation estimates
S. M. HICKEY! for spring plasma and milk CCfat with other
A. F. DEATH? traits were: with milk volume —0.01 £ 0.16 and 0.41
K. T. O'NEILL?2 +0.35, with fat yield 0.06 = 0.22 and 0.29 * 0.54,
M. RIDLAND2 and with fat% 0.03 + 0.13 and —-0.26 £ 0.29. It was
: concluded that plasma CC was a repeatable and
1AgResearch heritable trait, whereas milk CCfat was lowly
Ruakura Research Centre inherited; plasma CC was essentially uncorrelated
Private Bag 3123 with the standard milk production traits; if bulls
Hamilton, New Zealand were selected for lower plasma CC, there would be
reduced CC in both the plasma and milk of their
2AgResearch daughters.
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Abstract Blood and milk samples were collectedNTRODUCTION

in 1992/93 from 2-year-old heifers in the Livestock . . .
Improvement Corporation’s Sire Proving SchemeY€!low coloration of fat in the meat and dairy
for analysis of carotenoid concentration (CC). Th@roducts from pasture-fed cattle in New Zealand
trial comprised heifers in 127 spring-calving Nortf€duces acceptability of these products to many
Island dairy herds, where blood samples were tak&?nsumers._The colour is mainly due to the presence
from a total of 2744 heifers (Holstein-Friesians (F)O! carotenoids (B-carotene and lutein) deposited in
Jerseys (J), and their crosses) in early/mid lactatig® adipose tissue and in milkfat. In beef cattle,
(spring), and from a sub-group of the same animaj40rgan & Everitt (1968, 1969) found correlations
in autumn. These heifers were the daughters of 19#tween beef fat colour and the carotene concen-
young F and J sires, and 15 older sires. Wholt%r-at'on in either blood plasma (0.67) or beef fat
lactation yields of milk, fat, and protein, and fat%(0-92). Plasma carotenoid concentration (CC) is
and protein% were also obtained. Sire-modéiorrel,ated with milkfat colourandlwnh mllkfat ccC
restricted maximum likelihood (REML) analyses(MCGillivray 1960a). These relationships suggest
were carried out to estimate genetic and phenotypigat the CC in adipose tissue and in milkfat may
parameters. Purebred F and J breed means th be under the same control. If this control is at
plasma CC in spring were 14.1 and 17.9 pglml east partly influenced by genetic factors, then
(P < 0.001), respectively, and for milk CC 5.24 andlenetic selection could change CC in adipose tissue
7 50 l.lg gl’ fat P < 0_0’01) and correspénding and in milkfat, and the degree of yellowness in beef

heritabilities for the two traits were 0.46 + 0.08 an@' dairy cattle could be altered if there was ever a
requirement for this change to meet a different

market specification. To achieve such an objective,
A01025 a selection criterion would need to be chosen, and
Received 14 August 2001; accepted 12 December 20t1e options available for this include analysing CC
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in plasma, milkfat, or fat biopsy samples. Thdotal of 127 Sire Proving Scheme cow herds from
plasma sampling option has the advantage of beitigree of the six LIC regions (Auckland, Taranaki,
feasible in both sexes, and possibly at a young agend Wellington-Hawke’s Bay) provided animals

Genetic parameters are required before suchwahose blood was sampled for the trial.
scenario could be evaluated further. Evidence for Blood samples for plasma CC were obtained
the fact that CC is genetically determined comesom 2744 2-year-old animals in early/mid lactation
from two types of data. Firstly, breed differenceglate October to mid December 1992). A second
are known for CC in plasma (Morgan & Everittblood sample was obtained from a sub-group of the
1969) and in milkfat (McGillivray 1960a; same animals in late lactation (March 1993), to
Winkelman et al. 1999). Secondly, within breedsgstimate the repeatability of plasma QC=(757
Morgan & Everitt (1968) found a high concordanceanimals). These animals were from as many of the
among monozygous twin pairs € 0.85) for same herds as possible in the Taranaki and
subcutaneous fat colour, and for plasma CGl\ellington-Hawke’s Bay regions. Blood samples
suggesting that CC is heritable, although the actualere obtained from the tail of each animal, and
heritability can be uncertain if deduced from twindrawn into 10-ml heparinised vacutainer tubes. The
data. Heritable differences in CC were also reportedbes were gently shaken, and placed immediately
by Winkelman et al. (1999) for milk. Further, thereon ice in a dark container. At the end of the day,
is evidence for useful phenotypic variation, fronblood samples were centrifuged; each plasma
the wide range (2- to 3-fold) of plasma CC amongample was removed, placed in a plastic tube, frozen
animals of the same breed grazing together (Knigimnmediately, and stored at —20°C for subsequent
et al 1994). analysis.

Plasma CC largely reflects the carotene content As part of the LIC’s normal Sire Proving
of the diet consumed over the previous 1-3 weekScheme routine in each herd, herd-test milk samples
If a group of cattle has been grazing together for atere taken for each cow by pooling milk samples
least 3 weeks, then plasma CC reflects their abilifyom an afternoon (Day 1) and the following
to absorb B-carotene, whereas the subcutaneousrfairning’s milkings. Surplus fresh milk from each
CC reflects the historical absorption of B-carotenpooled milk sample was retrieved on the evening
over the previous 10-12 weeks, or even over thef Day 2 at the central depat£ 819 animals from
life of the animal. Two previous projects (Knightwhich milk samples were collected, in 47 of the
et al 1993, 1994) have shown that the ranking ofierds (29 F-sired and 18 J-sired herds) in the
cattle on plasma CC was not affected by stres$aranaki region, and in the Manawatu province, part
short-term (48 h) starvation, or short-term changesf the Wellington-Hawke’s Bay region) between
in the carotenoid content of the diet. November 1992 and January 1993, for analysis of

The current project estimates the heritability omilk CC. At the end of the 1992/93 season, the
plasma CC and milkfat CC, and the phenotypic anctlevant full-lactation records were obtained from
genetic correlations between these CCs and wholie LIC for the herds in our study to provide data
lactation yields (of milk, fat, and protein), or milk on full-lactation milk volume, fat yield, and protein
composition (fat%, and protein%). Preliminaryyield; percentage fat and protein values were
results of the between-breed comparison of plasnteerived from these data (2321 animals in common
CC were presented by Newman et al. (1994).  with the heifers from which blood was collected).

Sample collection from bulls

MATERIALS AND METHODS In February 1993, the 1988-born bulls used to
) ) ) generate heifers in the study had blood collected

Trial design and sample collection from cows  fo, plasma CC (72 from Newstead, Hamilton, and

The trial involved Holstein-Friesian (F) and Jersey4 from Awahuri, Palmerston North). Overall, 73

(J) heifers and their crosses, sampled from theere F and 43 were J bulls, comprising 85% of the

Livestock Improvement Corporation’s (LIC) Sire original bulls in the Sire Proving Scheme from that

Proving Scheme. The scheme consisted of 1%ge group.

young sires (20 born in 1987 and 137 in 1988) and ,

15 older sires, whose semen was used in many hefel@rotenoid analyses

to generate heifers in late winter/early spring 199®lasma CC was analysed by the method of Knight

for recording in their first lactation in 1992/93. Aet al. (1994), in which 1 ml of plasma was denatured
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with 1 ml of ethanol, and carotenoids were extractelored animals). A quadratic term for the covariate
with 3 ml petroleum spirits (Analar 40-60°C). Thewas also tested (as discussed by Winkelman et al.
absorbance of the extract was measured in1899). In our case there was only a narrow range of
spectrophotometer (Pye Unicam SP8/100) at @ates for cows sampled (effectively indicating the
wavelength of 450 nm. Milk CC was analysed by aange of days in milk, within a herd), and the
modification of the method of Indyk (1987) in quadratic term was only significant for spring
which 2.5 ml of milk was mixed with 5 ml ethanol plasma CC; accordingly, it was included in the
and 1 ml potassium hydroxide. The mixture wasodel for this one trait. An alternative model was
heated to 70°C in a waterbath for 10 min, and aftéested where the fixed breed effect was replaced by
cooling in a cold waterbath the carotenoids wera breed covariate (% F genes) and an individual
extracted with 3 ml hexane/di-ethyl ether (9:1 v/vheterosis term (with heterosis values of 1%ad,

and the absorbance of the extract was measuredtigF, 0.5 for3/aJ, %/4F, and 0 for J and F); the small
the spectrophotometer at a wavelength of 450 nrolasses o¥/s-bred animals were discarded for this
An extinction coefficient of 2590 (Indyk 1987) wasanalysis. Numbers of samples per breed group, as
used to calculate the pg carotene equivalents pampercentage of the spring CC numbers were: 26%
ml of milk from the absorbance measured with th€J), 6.2% $/4), 1.2% ¢/8J), 2.7% {/2J), 9.0% /2F),
spectrophotometer. Since the methods used 105% €/sF), 10.6% ¥/4F), and 43% (F).

extract both plasma and milkfat extracted all the For the bulls’ plasma CC data, the effects of
carotenoids (i.e., 3-carotene, lutein, and traces bfeed and location were removed by least squares
other carotenoids), the data are presented as ggalysis, and correlations were then calculated
carotenoid mi! plasma and, for milk, as both ugbetween each bull’s adjusted plasma CC value and
carotenoid mi milk and pg carotenoidgmilkfat.  his breeding value for plasma CC obtained only
The percent milkfat in the full lactation from thefrom his daughters (effectively adjusted for breed,
LIC herd-test results was used to convert the plgerd, and calving date).

carotenoid nmi! milk to a “g~! milkfat” basis.

Data analysis RESULTS

Inspection of the CC data showed that th&he overall means, phenotypic standard deviations,
distributions were skewed, and data were therefoend breed effects for each concentration trait
transformed to natural logarithms (as was done fdable 1) show coefficients of variation for plasma
milk CC by Winkelman et al. 1999). Four CC traitsCC and milk CC of 25-31%; considerably larger
were analysed, spring and autumn plasma CC, mitkan for fat% and protein% at 9.8 and 7.0%,
CC mt1milk and gl milkfat, and five full-lactation respectively. Milk volume and the other two yield
traits, milk volume, fat yield, protein yield, fat%, traits were intermediate. The breed effects showed
and protein%. All data (plasma and milk) werehigher concentrations of milkfat and protein in the
analysed by restricted maximum likelihoodJerseys, as expected, but also higher CCs in the
(REML) techniques (Johnson & Thompson 1995)plasma and milk in the Jerseys (purebred J and F
using a sire model. There was only one daughtéeifers differed by factors of 1.27 for spring plasma
per dam, so the dam data were not included in o@C, 1.33 for autumn plasma CC, 1.76 for CCIm|
files. The relationship matrix for the sires wasmilk and 1.43 for CC ¢ fat). The F-cross and
included, however, to take account of the commodr-cross groups were generally intermediate between
ancestry of some of the sires under evaluation. the F and J breeds, although trends with percen-
single-trait repeatability model was also used forage-Friesian were clearer for the traits with lower
plasma CC in a separate analysis, to take accowttefficients of variation, namely the yields, and
of the repeated records available from spring anfdt% and protein%. An example is given showing
autumn, on a sub-sample of animals. the effects of breed-cross (% F genes) on plasma
The fixed effects included in all modelsCC in spring (Fig. 1). The linear regression was
accounted for herd (or herdsample-time, in the —0.043ug mt? per % increase in F genes, and the
case of plasma CC), and breed of heifef, intercept (J mean) was 1718 ml1, with a
5/83,1/23,1/2F, 5/sF, 3/4F, F), and a covariate for datecorrelation between CC and F% of —0.94. On the
of calving was included when significant2) transformed scale in which the CC analyses were
indicated Jersey-sired, aldF Friesian-sired cross- done, the regression of lpgpring plasma CC on
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19 Fig. 1 Effect of breed or breed-
4 cross (percentage of Friesian
18 o genes) on the plasma carotenoid
concentration g mr) of cows
5 7 I in spring (standard error bars are
§ 1 - shown).
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% F genes was —0.0023 + 0.0003.lagits per % plasma CC was 0.64Gt02, based on samples taken
(P < 0.001), and the individual heterosis estimaten spring and autumn.
was not significant. From separate analyses within sire breeds (not
The single-trait REML heritability estimates for shown), there was a trend for the heritability
all nine traits (Table 2) were based on pooled withirestimates of all CC traits to be higher in the J than
sire-breed estimates. Heritabilities were high fothe F breeds for spring CC, autumn CC, and milk
three of the six concentration traits (range 0.46€C mt® milk, but not milk CC g fat (although
0.66; spring plasma CC, fat%, and protein%), bigtandard errors were larger than for the pooled
low to medium for the other three (0.11-0.27pstimates in Table 2). Heritability estimates from
autumn plasma CC, CC mimilk, and CC glfat) the multi-trait analysis (pooled within sire breeds)
and also for the three volume and yield traits (0.08gave similar values to the single-trait heritabilities
0.28). Perhaps the only surprise was the lowhown in Table 2, except for CClgfat (mean
estimate for fat yield. The repeatability estimate foheritability = 0.15, where the various estimates had

Table 1 Means, standard deviations (SD), coefficients of variation (CV), and breed effects (carotenoid traits being

back-transformed from legneans) for spring and autumn plasma carotenoid concentrations (CC), milk @¢C (ml
milk, and g1 fat), and for whole-lactation milk volume, fat and protein yields, and composition data.

Plasma CC
Milk CC Milk Fat Protein
Spring  Autumn volume yield yield Fat Protein
(hgmiY  (ugmih  (ugmi (uggtfa) () (kg) (kg) % %
n 2744 757 819 720 2321 2321 2321 2321 2321
Mean 16.05 12.5 0.35 6.59 2763 138 101.9 5.09 3.73
Phenotypic SD 4.83 3.85 0.09 1.66 396.0 18.0 13.0 0.50 0.26
CV % 30.1 30.8 25.7 25.2 14.3 13.0 12.8 9.8 7.0
Loge (trait)
Mean 2.71 2.45 -1.14 1.82
Phenotypic SD 0.30 0.31 0.27 0.26
Least squares means for breed
J 17.89 14.21 0.44 7.50 2324 131.52 92.81 5.70 4.03
343 16.58 13.67 0.42 7.22 2447 133.73 94.77 5.50 3.91
5/8] 16.61 12.38 0.46 8.09 2550 137.34 100.00 5.40 3.93
1723 15.97 10.43 0.32 5.97 2659 138.36 99.84 5.24 3.78
1/2F 15.78 11.35 0.31 6.10 2847 141.70 104.65 5.02 3.69
5/sF 14.42 11.64 0.36 7.27 2965 145.87 107.01 4.95 3.62
3/aF 14.03 10.24 0.26 5.47 2935 141.59 105.26 4.86 3.60
F 14.14 10.70 0.25 5.24 2977 138.06 105.35 4.68 3.56

s.e.d. (Jversus) 0.47 0.56 0.02 0.31 48 2.17 1.57 0.06 0.03
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to be derived from sub-sets of the traits, with a range
for CC g fat from 0.10 to 0.26). It proved not
possible to run a 8 9 analysis because of the high
correlations between some pairs of traits, such as
milk volume x protein yield with a phenotypic
correlation of 0.87.

Also given in Table 2 are the phenotypic and
genetic correlations among the CC traits and milk
volume, fat yield, protein yield, and percentages.
For plasma CC (spring and autumn), the phenotypic
correlations with milk volume or fat and protein
yields ranged from 0.06 to 0.12 (all significant),
while the genetic ones ranged from —0.01 to 0.08
(none significant). For milk CC (CC mimilk and
CC glfat), the phenotypic correlations with milk
volume or fat and protein yields were —0.15 t0 0.10
(two significant), and the genetic correlations were
—0.22 to 0.61 (one significant). All the phenotypic
correlations of CC with fat% and protein% were
close to zero except for CC Thimilk (0.27-0.32),
and these two were the only genetic correlations
which were significant, i.e., CC mimilk with fat%
(0.36 + 0.19P < 0.06), and CC m} milk with
protein% (0.57 £ 0.1% < 0.003).

Correlations for the bulls’ plasma C&% 116)
with their daughters’ spring plasma CC were
estimated from raw data on bulls£ 0.37;P <
0.001) or from bull plasma CC adjusted for location
and breedr(= 0.42;P < 0.001). In effect, these
were similar to genetic correlations, because the
daughters’ data for spring plasma CC were
combined and represented by the bulls’ REML
breeding values. Correlations estimated in the same
way between the bulls’ plasma CC and their
daughters’ milk CC ¢ fat were: from bulls’ raw
data ¢ = 0.24;P < 0.05), or from adjusted bull
plasma CCr= 0.10;P > 0.05).

DISCUSSION

Mean plasma CC values of 16.1 pghih spring
and 12.5 ug mit in autumn in heifers in this study
were similar to concentrations found by
McGillivray (1957, 1960b) for pasture-fed cows in
spring and autumn. Higher plasma CC in J than F
heifers was consistent with earlier reports of
differences between these breeds (McGillivray
1960a; Morgan et al. 1969). These differences in
plasma CC between breeds were reflected in the
CC in milkfat; least squares means for concen-
trations in J (7.5 ug @ fat) and F (5.2 pugd fat)
heifers were similar to those found in J and F heifers
by Winkelman et al. (1999) at similar stages of

Table 2 Single-trait heritabilities (on diagonal), genetic correlations (below diagonal), and phenotypic correlations (above diagplaaina carotenoid

concentrations (CC), milk CC rhimilk and g fat, and whole-lactation milk volume, fat and protein yields, and composition data. (All ¥adue$

Protein
yield
0.11+ 0.02

Fat
yield
0.08t 0.02

Milk
volume
0.12+0.02

Milk CC
(ug g fat)
0.49t 0.03

Milk CC

g m)
0.41+ 0.03

Plasma CC

Plasma CC

Protein%
—0.05 0.02

Fat%
-0.06+ 0.02

autumn
0.69+ 0.02

spring

Plasma CC spring 0.46+ 0.08

Trait

—0.03: 0.03

0.27+ 0.03

0.05+ 0.04

—0.44+ 0.02

—0.0& 0.02

0.04+ 0.02

-0.46: 0.13 0.66+0.08 0.63+0.02

0.72£0.07 0.51+0.08

—0.05 0.03

0.32+ 0.03

—0.05 0.04

—0.45 0.02

0.26+ 0.02

0.51x 0.18 0.25+0.06 -0.17+0.02

0.07+ 0.03
0.01+ 0.04
0.05+ 0.04
0.87+ 0.01
0.08+£0.05 0.82+0.01
0.1+ 0.16

0.06x 0.03
0.10+ 0.04
—0.0 0.04
0.72+0.01
0.32+ 0.20
0.48+ 0.24

0.07+ 0.03
—-0.15- 0.04
0.02+ 0.04
0.28+ 0.07
0.14+ 0.26
0.76+ 0.07
—-0.86+ 0.07
-0.52+0.12

0.49+ 0.04
0.94+ 0.01
0.11+0.10
0.41+ 0.35
0.29+ 0.54
0.61+ 0.31
—-0.26+ 0.29
0.25+ 0.36

0.78: 0.11
-0.22: 0.24
0.49+ 0.32
0.24+ 0.23
0.36+ 0.19
0.57+£0.19

0.27+£0.12 0.40%0.04

0.66+ 0.19 0.23%0.11

0.70+ 0.28
0.03+0.19
0.02+ 0.28
0.08+ 0.19
-0.0+0.16
0.01+ 0.17

—0.01+ 0.16
0.06t 0.22
0.04- 0.16
0.03£0.13
0.0%:0.14

Plasma CC autumrnD.98+ 0.05

Milk CC (ug mF%) 0.59+ 0.16
Milk CC (ug g fat)0.66+ 0.22

Milk volume
Fat yield
Protein yield

Fat%
Protein%

31
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lactation. Concentrations of CC in milkfat in this  Although the heritabilities in Table 2 had
study were lower than those reported for samplesandard errors of relatively small size (0.05-0.12),
of bulk milk taken from dairy factories in the the genetic correlation estimates had much larger
Manawatu and Taranaki provinces over thestandard errors, which meant that predictions of
October—December period (Keen & Wilson 1992Forrelated responses to any selection that might be
and for earlier reported concentrations (McGillivrayapplied to CC traits could be inaccurate. Most of
1957, 1960b). These differences may refledhe genetic correlations were not significantly
cow-age effects, since heifers have lower plasntifferent from zero. Winkelman et al. (1999)
CC than mature cows (McGillivray 1960b). Theconcluded that “genetic correlations between milk
high phenotypic correlation for plasma CC in blooctolour and milk and protein yields were negative,
samples collected in spring and autumn (0.69nd the correlations with fat yield were close to
agrees with earlier reports of the consistent rankinzero”, but their conclusions based on FC instead
of heifers in a group on plasma CC even when thehad only one yield trait significant (fat yield), where
were large changes in the carotenoid intake of tithe estimate was —0.25 + 0.10.
group (Knight et al. 1994). The phenotypic Our experiment provided some limited data to
correlation of 0.49 between spring plasma CC andok, hypothetically, at the consequences of
milk CC gl fat was lower than reported correlationsselecting for a change in milk CC using the bulls’
between plasma CC and subcutaneous fat CC phiasma CC as a predictor. This predictor was
beef steersr(= 0.58, Morgan et al. 19689=0.71— significantly correlated with daughters’ plasma CC
0.74, Knight & Death 1999) and yellowness of beef0.42), indicating that plasma CC from bulls and
fat (r = 0.67, Morgan & Everitt 1969). cows (although at different ages) is approximately
The repeatability estimate for plasma CC in thithe same trait. As expected, cross-correlations
study (0.64) was identical to the value found byetween bulls’ plasma CC and daughters’ milk CC
Winkelman et al. (1999) for test-day milk C€lg were lower (0.10), but the positive phenotypic
fat (called fat colour (FC) by them). Phenotypiccorrelations (0.40-0.49) and genetic correlations
standard deviations for all the CC traits were similaf0.59—-0.70) in cows between plasma CC and milk
(on alog basis) at 0.25-0.31, and the value for milkC (Table 2) indicated again that much of the
CC g'lfatin this study and for FC in the Winkelmanbiochemical pathway to controlling plasma CC and
et al. (1999) study coincided at about 0.25 lagts. milk CC must be in common. Therefore, selecting
Heritability estimates for milk CC g fat were bulls for lower plasma CC is expected to reduce
lower at 0.11 in the present study than reported BC in the plasma and, thus, the milk of their
Winkelman et al. (1999) for FC at 0.36, althoughdaughters.
their separate breed estimates were 0.44 for
Friesians and 0.15 for Jerseys. Other heritability
estimates for CC traits in our data were higheCKNOWLEDGMENTS
ranging from 0.23 to 0.46. The trend was for bree\% knowled ist from th herd
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