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Abstract

This study aimed to determine the relationship between the content of odd and
branched-chain fatty acids (OBCFA) in milk fat and the content of volatile fatty
acids (VFA) in rumen fluid. Nine healthy Holstein dairy cows of the same par-
ity with similar body weight were selected, with three cows each in early, mid,
and late lactation stages (cows within the same stage had similar milk yield).
Rumen fluid and milk samples were collected within a 12-hour period, and the
contents of VFA in rumen fluid and OBCFA in milk fat were measured, respec-
tively. The results indicated that for each type of VFA content in rumen fluid,
a corresponding significantly or highly significantly correlated OBCFA content
could be identified (P$ 0.050rP $0.01). The root mean square errors of the
regression equations for predicting acetate, propionate, and butyrate contents
based on milk fat OBCFA content were 1.57, 1.06, and 0.33, respectively, while
those for predicting isobutyrate, isovalerate, and valerate were 0.13. The results
suggest that regression equations for predicting various VFA contents in rumen
fluid based on milk fat OBCFA content can be applied to predict VFA contents
in the rumen.
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Abstract: This experiment aimed to determine the relationship between
volatile fatty acid (VFA) contents in rumen fluid and odd- and branched-chain
fatty acid (OBCFA) contents in milk fat. Nine healthy lactating Holstein dairy
cows of the same parity with similar body weight were selected, with three cows
each at early, middle, and late lactation stages (cows within the same stage had
similar milk production). Rumen fluid and milk samples were collected over a
12-hour period to determine VFA contents in rumen fluid and OBCFA contents
in milk fat. The results showed that significant or highly significant correlations
could be found between individual VFA contents and specific OBCFA contents
(P$ 0.050rP $0.01). The root mean square errors of regression equations for
predicting acetate, propionate, and butyrate contents from milk fat OBCFA
were 1.57, 1.06, and 0.33, respectively, while those for isobutyrate, isovalerate,
and valerate were 0.13. These findings suggest that regression equations based
on milk fat OBCFA content can be applied to predict various VFA contents in
rumen fluid.

Key words: milk odd- and branched-chain fatty acids; rumen fermentation;
volatile fatty acids

It is estimated that 70%-80% of absorbed energy in ruminants is provided by
volatile fatty acids (VFAs) [1]. Research indicates that acetate and butyrate in
the rumen are primarily used for fatty acid synthesis, while propionate serves as
a precursor for glucose synthesis. Therefore, the content and composition of var-
ious VFAs in the rumen are crucial for evaluating energy utilization in ruminants
[2]. Dijkstra et al. [3] developed a dynamic model simulating rumen digestion
and absorption in ruminants, but improving prediction accuracy requires under-
standing nutrient digestion and absorption within the rumen. Friggens et al. [4]
investigated the relationship between rumen fermentation parameters and di-
etary chemical composition in sheep, obtaining equations to predict rumen fluid
VFA content. They found that rumen VFA content was related to feed chemi-
cal composition, but incorporating dietary factors into regression equations did
not improve prediction accuracy. Rymer et al. [5] discovered that in vitro gas
production rate was negatively correlated with rumen acetate and butyrate con-
tents but positively correlated with propionate and valerate contents. However,
Brown et al. [6] found that in vitro gas production rate was negatively correlated
with acetate and butyrate contents but positively correlated with propionate
content. Currently, accurate determination of rumen VFA content requires sur-
gical cannulation or esophageal intubation, which causes stress and harm to
animals, introduces experimental errors, and violates animal welfare principles.
Therefore, developing a new non-invasive method to study rumen fermentation
is essential. Milk fat, as an easily obtainable sample, has been used in animal
health and nutrition research [7-8]. Odd- and branched-chain fatty acids (OBC-
FAs) in milk fat primarily originate from lipids of bacteria leaving the rumen,
with limited endogenous synthesis [9]. Research shows that different rumen
bacteria have distinct OBCFA compositions, which can be used to assess rumen
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microbial population composition and changes. Vlaeminck et al. [10] found
high correlations between rumen fluid OBCFA content and acetate, propionate,
and butyrate contents through in vitro experiments, and later obtained similar
results when studying the relationship between milk fat OBCFA and rumen
fluid VFA content [11]. To eliminate the influence of different lactation stages,
this experiment collected samples from cows at various lactation stages. The
objective was to investigate the relationship between milk fat OBCFA content
and rumen fluid VFA content and to develop regression equations for predicting
rumen fluid VFA content from milk fat OBCFA.

1.1 Experimental Design

The experiment was conducted at the Wandashan Dairy Farm in Duigingshan

Town, Harbin, Heilongjiang Province. Nine healthy Holstein dairy cows of first

parity with similar body weight [(650$+33)kg|wereselected, withthreecowseachatearly, middle, andlatelactatic
kg/d, respectively. Cows were managed according to conventional high-yielding

dairy cow practices, receiving total mixed ration (TMR) at 06:00 and 18:00.

The TMR was a conventional diet used at the farm, with free access to feed

and water. Its composition and nutrient levels are shown in Table 1 .

The main nutrient levels of TMR were determined as follows: samples were
dried at (60$+$5) °C to determine dry matter (DM) content [12]; nitrogen con-
tent was determined using the Kjeldahl method [12], with crude protein content
calculated as nitrogen content x 6.25; acid detergent fiber (ADF) and neu-
tral detergent fiber (NDF') contents were determined according to Van Soest et
al. [13] using heat-stable a-amylase with an Ankom 220 fiber analyzer; calcium
(Ca) and total phosphorus (TP) contents were determined according to Yang
[14]; net energy for lactation was calculated according to methods in Dairy Cow
Nutrition Requirements and Feed Composition [15].

Milk and rumen fluid samples (approximately 100 mL each) were collected and
stored at -20 °C. Milk samples were collected using an Afikim automatic milking
system. Approximately 200 mL was sampled from each cow at 02:00, 10:00, and
16:00 daily, mixed at a 4:3:3 ratio, and 5 mL was taken and stored at -20 °C,
yielding 27 samples total. Rumen fluid was collected using a stomach-tube
sampler (Wuhan Kelibo Equipment Co., Ltd.). To avoid causing harm and
stress to the animals, samples were collected every 2 h from 08:00 to 20:00 over
3 days at the following time points: Day 1 at 08:00, 14:00, and 20:00; Day
2 at 12:00 and 18:00; Day 3 at 10:00 and 16:00. The collected rumen fluid
was filtered through 4 layers of gauze, and 5 mL was mixed with 15% (m/V)
metaphosphoric acid preservative solution at a 20% ratio, then stored at -20 °C,
yielding 63 samples total.

1.2 Sample Processing and Analysis

Rumen fluid samples were processed according to the method pro-
vided by Li et al. [16].  After thawing, rumen fluid was centrifuged
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at 1,000xg for 15 min, the supernatant was collected and then cen-

trifuged at 12,000xg for 15 min, filtered through a 0.22 m membrane,

and analyzed for individual VFA content using a gas chromatograph

(GC-2010, Tokyo, Japan) with an FFAP column (HP-INNOWAX, 30

m$x0.25mmx0.2um). Milk fatprocessing followedthemethodo fViaemincketal .[7], withOBCF Acontentdeter
2010, T'okyo, Japan)andanSP—2560T M column(100m x0.25mmx0.2um). T hespeci ficprocedurewasas follow.
2mLo fmilksamplewasaddedtoa25mLscrew—capheat—resistantcentri fugetube, followedby2.5m Lmethanolas
for 3 min at room temperature, and the upper layer was filtered through a

0.22 m membrane for analysis. Gas chromatography conditions were: injector

temperature 240 °C, pressure 266.9 kPa, carrier gas high-purity nitrogen. The

column oven used a stepwise temperature program: initial temperature 170 °C

held for 30 min, then increased at 1.5 °C/min to 200 °C held for 20 min, and

finally increased at 5 °C/min to 230 °C held for 5 min.

1.3 Data Analysis

Rumen fluid VFA content was expressed as the proportion (%) of each VFA to
total VFA, with total VFA concentration being the sum of acetate, propionate,
isobutyrate, butyrate, isovalerate, and valerate concentrations. Milk fat OBCFA
content was expressed as the proportion (%) of each OBCFA to total fatty acids.
All data analyses were performed using SAS 9.2 software. For correlation and
regression analyses, milk fat OBCFA content served as the independent variable
and rumen fluid VFA content as the dependent variable, with each rumen fluid
VFA data point from individual cows at each time point matched with the corre-
sponding milk fat OBCFA data collected on the same day. Correlation analysis
used the PROC CORR procedure with Pearson correlation testing, where
0.05<P$ 0.10indicatedatendencytocorrelate, P 0.05indicatedsigni ficantcorrelation, and P 0.01indicatedhigh
The RMSE was calculated as follows:

Zzlzl(% - @1)2

n

RMSE =

where n is sample size, y and § are observed and predicted values, respectively.

Predicted rumen fluid VFA contents were obtained by substituting measured
milk fat OBCFA contents into the regression equations. Correlation analysis
between predicted and measured results was performed using the CORR pro-
cedure with Pearson testing, and relative deviation was calculated to generate
residual plots.

2.1 Relationship between Individual Rumen VFA Contents and Milk
Fat OBCFA

As shown in Table 2 , acetate, propionate, and butyrate were the major VFAs
with relatively small coefficients of variation, while isobutyrate, isovalerate, and
valerate were present in smaller amounts with larger coefficients of variation.
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Acetate was the most abundant VFA in rumen fluid, followed by propionate
and butyrate, with other acids present in smaller quantities. Various OBCFAs
were present at different levels in milk fat, with linear odd-chain fatty acids
being more abundant than trans-isomer branched-chain fatty acids. Among
OBCFAs, anteiso-C17:0 and C15:0 were the most abundant, followed by iso-
C17:0, C17:0, and anteiso-C15:0. Trans-isomer and linear odd-chain fatty acids
showed relatively small variation, while iso-fatty acids had larger coefficients of
variation.

Table 3 presents the correlation results between individual VFA con-
tents and OBCFA contents. Significant or highly significant correlations
could be found between each VFA content and specific OBCFA contents
(P$ 0.050rP 0.01).C'11 : Ocontentshowedhighcorrelationswithacetateandvaleratecontents.Iso—
C15 : Ocontenttendedtocorrelatewithisovaleratecontent(0.05 < P $0.10).
C15:0 content showed high correlations with acetate and propionate contents.
[so-C16:0 content showed high correlations with all VFAs except propionate
and butyrate. Iso-C17:0 content showed high correlations with isovalerate
and valerate contents. C17:0 content showed high correlations with all VFA
contents, being positively correlated with acetate content but negatively
correlated with other VFA contents.

2.2 Multiple Regression Equations

As shown in Table 4 , all parameter tests had P-values less than 0.05. The RMSE
values for regression equations predicting acetate, propionate, and butyrate were
1.57, 1.06, and 0.33, respectively, while those for isobutyrate, isovalerate, and
valerate were all 0.13. All equations had coefficients of determination above 0.4,
with those for acetate and butyrate above 0.6.

2.3 Comparison of Estimated and Measured Values from Multiple
Regression Equations

Table 5 shows that correlation analysis between measured and regression-
estimated values revealed highly significant correlations (P$ $0.01) for all
VFAs. Isobutyrate and isovalerate showed relatively high correlations (r>0.5)
between predicted and measured values, while others were lower. For relative
deviations within $ $10%, the proportions of data points were 90.48% for
acetate, 85.71% for propionate, 55.56% for isobutyrate, 90.48% for butyrate,
68.25% for isovalerate, and 71.43% for valerate.

The residual plot (Figure 1 [Figure 1: see original paper]|) with predicted values
from the regression equations as the x-axis and residuals between measured and
predicted values as the y-axis showed data points randomly distributed above
and below the x-axis.
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3.1 Relationship between Rumen VFA Content and Milk Fat OBCFA
Content

Sutton et al. [18] found that VFA proportions in rumen fluid are more valuable
and accurate for evaluating VFA absorption. Therefore, rumen VFA content
provides more valuable information for animal nutrient utilization. This experi-
ment used the proportions of individual VFAs to total VFA in rumen fluid. The
contents of various VFAs in rumen fluid and OBCFAs in milk fat were similar
to results from other studies [15].

Rumen microorganisms synthesize saturated fatty acids from VFAs as precur-
sors under the action of fatty acid synthase. Propionate and valerate are elon-
gated to form odd-chain linear fatty acids [19], while branched-chain fatty acids
are synthesized from branched-chain amino acids (leucine, isoleucine, and valine)
and short branched VFAs (isobutyrate and isovalerate) as precursors [20]. This
experiment found large correlation coefficients between milk fat C15:0 content
and rumen acetate and propionate contents, and between milk fat C17:0 content
and rumen acetate, propionate, and butyrate contents, consistent with results
from Vlaeminck et al. [11] on the relationship between milk fat OBCFA content
and rumen fermentation parameters. Additionally, Vlaeminck et al. [11] found
positive correlations between milk fat iso-C14:0 and iso-C15:0 contents and ru-
men acetate content, while this experiment found a negative correlation between
milk fat iso-C16:0 content and rumen acetate content. This discrepancy may be
due to different synthesis processes for various iso-fatty acids by rumen bacteria
[19]. Furthermore, Dijkstra [21] noted that rumen-fermentable fiber produces
more acetate and less propionate and butyrate compared to starch, and differ-
ent fermentation patterns of substrates may also contribute. This experiment
showed a positive correlation between rumen acetate content and milk fat C15:0
content, similar to findings by Vlaeminck et al. [11]. Rumen propionate content
was negatively correlated with milk fat C15:0 and C17:0 contents. Research
indicates that mammary tissue can synthesize propionyl-CoA for odd-chain lin-
ear fatty acid synthesis. French et al. [22] infused propionate into the rumen
and found no significant increase in rumen propionate content but a significant
increase in milk fat C15:0 and C17:0 contents. The rapid absorption rate of
propionate in the rumen [23] may explain these results. This experiment also
found a negative correlation between butyrate content and milk fat C17:0 con-
tent. Like acetate, butyrate can be used for fatty acid synthesis in adipose and
mammary tissues, and acetate and butyrate can interconvert [18]. Additionally,
butyrate differs from acetate in absorption rate [23] and metabolic pathways
[24] in the rumen, leading to different relationships with milk fat fatty acids.

Isoacids are essential nutritional factors for some rumen bacteria, particularly
fiber-degrading bacteria, for protein digestion and synthesis [25]. Liu et al. [26]
found that dietary isoacid supplementation benefits rumen microbial protein
synthesis, plant cell wall fermentation, and dry matter digestion. This experi-
ment found positive correlations between isobutyrate, isovalerate, and valerate
contents and milk fat iso-C16:0 content, negative correlations with milk fat
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C17:0 content, and a positive correlation between rumen isovalerate content
and milk fat iso-C15:0 content. Rumen microorganisms both degrade dietary
branched-chain amino acids to produce isoacids and utilize isoacids to synthesize
microbial branched-chain amino acids [27]. Therefore, rumen isoacid content af-
fects microbial growth and is also related to dietary protein. Cabrita et al. [28]
found that anteiso-C17:0 content correlated with rumen ammonia nitrogen con-
tent and suggested it could serve as a marker for early protein availability or
deficiency in the rumen.

3.2 Establishment of Multiple Regression Equations and Comparison
of Estimated and Measured Values

The regression equations for predicting rumen VFA content from milk fat
OBCFA content shown in Table 4 are reliable. RMSE indicates the reliability of
prediction equations, with lower values indicating greater reliability. Bannink
et al. [29] summarized RMSE values for various rumen VFA prediction models,
with acetate ranging from 0.89-5.00, propionate from 4.55-9.70, and butyrate
from 1.50-5.32. Vlaeminck et al. [11] obtained RMSE values of 2.05, 1.77, and
1.07 for acetate, propionate, and butyrate prediction equations, respectively.
The RMSE values obtained in this experiment were relatively small, indicating
high reliability of the regression equations for practical application. Generally,
when the coefficient of determination is less than 0.5, the regression line poorly
explains the dependency between variables. In this experiment, the prediction
equations for acetate and butyrate had high coefficients of determination
(>0.5) with small coefficients of variation for estimated values, indicating high
reliability.

3.3 Comparison of Predicted and Measured Values for Rumen VFA
from Multiple Regression Equations

The differences between predicted and measured values for each regression equa-
tion were not significant, and the two sets of values were highly correlated, with
more than 50% of data points having relative errors within $ $10%. These re-
sults demonstrate that the equations for predicting rumen VFA content have
certain accuracy. For acetate and butyrate, over 90% of data points had relative
errors within $ $10%, indicating these two prediction equations provide more
accurate evaluations.

Since rumen VFA content is influenced by rumen fermentation patterns, dietary
forage-to-concentrate ratios and oil supplementation can affect rumen fermen-
tation and cause deviations in regression equation predictions. Studies have
shown that high levels of rumen-degradable starch in diets can lead to under-
estimated acetate and overestimated propionate predictions [30]. High-forage
diets for dairy cows can result in overestimated acetate and slightly underesti-
mated propionate predictions [31]. Linseed oil digestion in the rumen produces
acetate, affecting the accuracy of acetate content prediction [32]. Therefore,
to improve prediction accuracy, dietary factors should be incorporated into re-
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gression equations. Additionally, further research is needed on the transport
processes of various OBCFAs in the body and their contribution to milk fat
OBCFA, particularly regarding negative energy balance.

In conclusion, milk fat OBCFA content correlates with various rumen VFA con-
tents, and regression equations established from milk fat OBCFA show high
accuracy for predicting rumen VFA contents, particularly for acetate and pro-
pionate, and can be applied in experimental research and production practice.
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