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Simple Summary: Mastitis can be considered one of the costliest diseases of the dairy Mediterranean
Buffalo. Early detection of the disease is thus of great importance to farmers, to reduce or prevent
production losses. The measurement of electrical conductivity (EC) of milk is a relatively simple and
inexpensive technique, and it has been studied as a routine method for the diagnosis of mastitis in
dairy farm. Limited information is currently available on the relationships among EC, production
traits and somatic cells count in Italian Mediterranean Buffalo. Hence, the aim of this study was
to investigate those correlations using data collected at a commercial Italian buffalo farm. We can
conclude that in buffalo, as in other species, there is a strong relationship between EC and somatic cells.
Furthermore, we observed that, if the objective is to have an additional and informative parameter for
early detection of mastitis, frequent EC recording, possibly performed over a longer period of time,
is more effective than recording EC only a few times. Even if our results are encouraging, further
studies are needed, in order to validate them, especially if the objective is the development of udder
disease prediction models.

Abstract: The measurement of milk electrical conductivity (EC) is a relatively simple and inexpensive
technique that has been evaluated as a routine method for the diagnosis of mastitis in dairy farms.
The aim of this study was to obtain further knowledge on relationships between EC, production
traits and somatic cell count (SCC) in Italian Mediterranean Buffalo. The original dataset included
5411 records collected from 808 buffalo cows. Two mixed models were used to evaluate both the effect
of EC on MY, PP and FP and EC at test-day, and the effect of EC on somatic cell score (SCS) by using
five different parameters (EC_param), namely: EC collected at the official milk recording test day
(EC_day0), EC collected 3 days before official milk recording (EC_day3), and three statistics calculated
from EC collected 1, 3 and 5 days before each test-day, respectively. All effects included in the model
were significant for all traits, with the only exception of the effect of EC nested within parity for FP.
The relationship between EC and SCS was always positive, but of different magnitude according
to the parity. The regression of EC on SCS at test-day using different EC parameters was always
significant except when the regression parameter was the slope obtained from a linear regression of
EC collected over the 5-day period. Moreover, in order to evaluate how well the different models fit
the data, three parameters were used: the Average Information Criteria (AIC), the marginal R2 and
the conditional R2. According to AIC and to both the Marginal and Conditional R2, the best results
were obtained when the regression parameter was the mean EC estimated over the 5-day period.
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1. Introduction

Buffalo breeding is an important economic asset in Italy, especially in the southern
regions. Italy holds about 0.01% of the world buffalo population and the number of animals
has increased significantly in recent years) [1]. The reasons for the growing interest in
buffalo farming are to be found in the popularity of traditional dairy products, which are
obtained from the milk of these animals, and especially in the production of “Mozzarella
di Bufala Campana”, a typical cheese characterized by a protected designation of origin
(PDO) label [2,3]. Indeed, milk quality is a crucial issue for the Italian buffalo dairy industry,
having a direct impact on the technological characteristics of milk itself [4]. It is also
well known that milk quality is strictly related to mammary gland health [5–7]. Indeed,
mastitis is one of the most expensive diseases in the dairy industry [2]. Mastitic milk is
characterized by a high number of somatic cells and by changes in its composition, which
affects coagulation capacity with consequent production of low-quality cheeses. Diagnosis
of clinical mastitis is commonly based on local and systemic reactions or on milk changes.
The diagnosis of subclinical mastitis, on the contrary, is more difficult because both milk
and udder do not show evidence of abnormality, although, also in this case, there is a high
number of somatic cells [8].

According to the guidelines of the International Dairy Federation, the diagnosis of
mastitis is mainly based on somatic cell count (SCC) and bacteriological culture of milk,
although alternative indicators from milk can be used, such as lactose [9], differential
somatic cell count [10,11], L-Lactate dehydrogenase [12] and Electrical Conductivity (EC).
The latter is determined by the total concentration of cations and anions in milk, whose
values change during an inflammatory process of mammary gland. In fact, during mastitis
the blood–milk barrier is damaged and consequently the tight junctions between secretory
cells becomes leaky. This promotes the movement of extracellular fluid components,
including sodium (Na) and chloride (Cl), that mix with milk and increase the Na and Cl
concentrations [13] with a concurrent decrease in milk K concentration [14]. For this reason,
EC is considered a reliable indicator of early mastitis diagnosis in dairy cattle [12,15]. The
reliability of EC as an early indicator of mastitis has been demonstrated in several species.
Milner et al. [16] observed changes in EC after direct infusion of Staphylococcus aureus or
Streptococcus uberis into the mammary gland in lactating Friesian-Holstein cows. Similarly,
the intramammary infection of bacteria in Murciano-Granadina goats caused an increase
of both SCC and EC [17]. Recently, it has been proposed that EC alone was not sufficient
to achieve the desired sensitivity and specificity targets and that improvements can be
obtained by using other information (e.g., milk yield, milk flow, number of incomplete
milking), that may increase accuracy of detection and ability to determine early onset of
mastitis [18]. Other authors [19] suggested the combination of EC, milk production rate
and average milk flow rate as a tool potentially useful for an early detection of mastitis.

Although buffaloes are traditionally considered less susceptible to mastitis than cat-
tle [2], some studies have reported high prevalence of subclinical intramammary infec-
tions [20,21]. Therefore, the pathology is underestimated in this species, causing both
health problems to the animals and noticeable economic loss for the farmers. Because of
this, the development of techniques for early detection of mastitis in the farm would allow
a rapid and early management of the disease, in order to decrease the negative effect on
milk quality and therefore on the livestock market economy.

Limited information is currently available on the relationships among EC, production
traits and SCC in Italian Mediterranean Buffalo. In particular, a gap of knowledge is present
on the value of EC as a predictive indicator of SCC increase and mastitis in this species.
Hence, the aims of this study were i) to investigate the correlations among EC, SCC and
production traits in buffalo species and ii) to estimate the predictive value of EC to diagnose
SCC increase in buffalo species, by using data collected at a commercial Italian buffalo farm.
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2. Materials and Methods
2.1. Animals and Data

Animal welfare approval was not needed for this study because data came from
pre-existing databases. All data were recorded at a commercial buffalo farm located in
Cerignola, Foggia (41.2656◦ N, 15.8936◦ E) in the southeastern region of Italy, where about
1000 adult heads were present. The original dataset included 5411 records collected from all
the lactating buffalo cows (n = 808) from January 2018 to November 2018 and from January
2019 to February 2019. Information related to each individual record included: animal ID,
birth date, calving date, parity order, stage of lactation, milk yield (MY), fat percentage (FP),
protein percentage (PP), SCC and milk EC. Monthly milk yields and SCC were provided
by the official milk recording service of the Italian Breeders Association. Due to their
non-normal distribution, SCC were log-transformed into somatic cell score (SCS) using the
formula proposed by [22]:

SCS = log2(SCC/100, 000) + 3. (1)

Buffaloes were housed in free stall barns with a concrete floor. An availability of space
of 15 m2/head and 80 cm front manger were guaranteed throughout the study. Straw was
used for bedding and it was renewed every two days. Animals were subjected to two
daily milkings in herring-bone milking parlors equipped with an Afimilk® milk analysis
system (AFI-MILK®, TDM, San Paolo, Italy). Before milking, the animals had free access
to water and, in any case, the waiting time before milking was less than 75 min. Milk EC
was recorded directly from the herd milking unit and was available at the official milk
recording date (EC0) and one (EC1), three (EC3) and five (EC5) days before, respectively.

The stage of lactation (SOL) was evaluated by considering a 30-day in milk (DIM)
interval, resulting in 11 classes (class 1 from 1 to 30 DIM; class 2 from 31 to 60 DIM; class 3
from 61 to 90; class 4 from 91 to 120; class 5 from 121 to 150; class 6 from 151 to 180; class 7
from 181 to 210; class 8 from 211 to 240; class 9 from 241 to 270; class 10 from 271 to 300; class
11 from 301 to 330). Parity was grouped into 5 classes, where 5+ parity included animals
that were in their 5th or greater parity (maximum parity = 8). Months and year of milk
recording were grouped into 11 classes (class 1 January 2018; class 2 February 2018; class
3 March 2018; class 4 April 2018; class 5 June 2018; class 6 July 2018; class 7 August 2018;
class 8 September 2018; class 9 October 2018; class 10 November 2018; class 11 January and
February 2019). A minimum of five records were required per buffalo cow within parity.
Additionally, MY, PP and FP outside the range mean ± 3 standard deviations (SD) were
excluded. The resulting final data set used for statistical analysis consisted of 4530 test-day
records from 741 buffalo cows. Descriptive statistics per each trait by parity class are in
Table 1. The number of cows and records per each level of Parity and Stage of Lactation
effects were presented in Supplementary Tables S1 and S2.

Table 1. Descriptive statistics.

Parity Milk (kg/d) Fat % Protein % SCS EC (mS/cm)

Mean Std.
Dev. Mean Std.

Dev. Mean Std.
Dev. Mean Std.

Dev. Mean Std.
Dev.

1 8.96 3.39 9.30 1.93 4.83 0.37 2.73 2.15 8.64 0.50
2 9.97 4.06 8.88 1.81 4.73 0.36 3.24 2.18 8.82 0.84
3 10.84 4.43 8.77 1.78 4.63 0.39 3.26 2.08 8.91 0.96
4 10.42 4.32 8.68 1.79 4.65 0.38 3.58 2.19 9.05 1.07

5+ 10.60 4.41 8.49 1.70 4.60 0.38 3.59 2.26 8.99 1.10

2.2. Statistical Analyses

This study was made of two parts. In the first part, the effect of EC on MY, PP and FP
was investigated. Then, in the second part, the focus was on elucidating the effect of EC
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collected at and before the date of official milk recording on SCS. The effect of EC on MY,
FP and PP was analyzed using the following mixed Model (1):

yijklmn = µ + YMi + SOLj + Park + (SOL ∗ Par)jk + EC(Park) + animl + εijklm (2)

where yijklm is the dependent variable test-day MY, FP or PP, µ is the overall mean, YMi is
the fixed effect for year-month of milk sampling (i = 1, . . . , 11); (SOL ∗ Par)kl is the fixed
effect for the interaction between stage of lactation (k = 1, . . . , 11) and parity (l = 1, . . . , 5),
EC is a linear regression of EC nested within parity, animm is the random effect for the
buffalo cow and εijklmn is the random residual error.

The effect of EC at test-day and the effect of a change in EC during 5 days before
test-day on SCS at test-day were investigated fitting the following mixed Model (2):

yijklmn = µ + YMi + SOLj + Park + (SOL ∗ Par)jk + ECparam(Park) + Milk + animm + εijklmn (3)

where yijklmn is the dependent variable test-day SCS, µ is the overall mean, YMi is the fixed
effect for year-month of milk sampling (i = 1, . . . , 11), (SOL ∗ Par)kl is the fixed effect for
the interaction between stage of lactation (k = 1, . . . , 11) and parity (l = 1, . . . , 5), ECparam is
a linear regression of an EC parameter nested within parity, MILK is a linear regression on
MY, animm is the random effect for the buffalo cow and εijklmn is the random residual error.

The effect of EC on SCS was analyzed using five different parameters (ECparam),
namely: EC collected at the official milk recording test-day (ECday0), EC collected 3 days
before official milk recording (ECday3) and three additional statistics calculated from EC
collected 1, 3 and 5 days before each test-day, respectively. Indeed, for each buffalo an EC
mean (ECmean), an EC standard deviation (ECsd) and an EC slope (ECslope) were calculated
within each 5-day interval before each test-day. The parameter ECslope was estimated from a
linear regression of EC on the 5-day period. Then the same Model 2 was repeated five times,
including each EC parameter, namely ECday0, ECday3, ECmean, ECsd, ECslope, respectively.

All the models were fitted using the nlme package [23] in R [24]. Akaike information
criterion (AIC), marginal and conditional R2 [25,26] were calculated to compare the models
and assess which predictors best fitted the data. For all models, hypothesis testing and
least-square means for fixed effects were performed and calculated using the anova and the
lsmeans functions from the stats [24] and emmeans [27] R packages, respectively. Plots were
created using package ggplot2 [28] implemented in R.

3. Results
3.1. Descriptive Statistics

The average observed trend for EC and SCS across stage of lactation and parity can be
observed in Figure 1.

The EC ranged from a minimum of 8.48 ± 0.37 mS/cm for primiparous within 30 DIM
to a maximum of 10.3 ± 2.181 mS/cm for 3rd-parity buffalo cows at 300 dim. Overall, EC
increased across lactation, especially for pluriparous buffalo cows from 90 DIM onwards.
On the contrary, in primiparous buffalo cows, EC stayed stable below 8.7 across nearly all
lactation approaching a nadir at the end (EC = 8.92 ± 0.37). The SCS increased steadily for
all parities until 150 DIM, and afterwards the rate of increase changed according to parity.

The phenotypic variability of EC across class of SCS and within parity can be ob-
served in Figure S1. A largest variability was observed when SCS increased, especially in
pluriparous buffalo cows. However, high EC values were observed even when SCS was
low (<1).
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Figure 1. Italian Mediterranean Buffalo: observed trend for electrical conductivity (EC) (A) and
Somatic Cell Score (SCS) (B) across stage of lactation and parity.

3.2. Effect of Milk Conductivity on Milk Yield and Composition

Hypothesis testing for MY, FP and PP from Model 1 is summarized in Table 2.

Table 2. F-value and significance of fixed effects included in the analysis for milk traits and conductivity.

Model a Trait YM b SOL c Par d (SOL * Par) e (EC * Par) f

1 MY (kg/day) 279.3 *** 318.2 *** 32.3 *** 151.3 *** 159.9 ***
1 FP (%/day) 46.1 *** 437.1 *** 1.9 ns 65.9 ** 5.7 ns
1 PP (%/day) 323.3 *** 407.6 *** 4.5 ns 88.4 *** 15.3 **

a Statistical significance is given as: ** p < 0.01; *** p < 0.001; b year-month of calving; c stage of lactation; d parity;
e stage of lactation by parity; f Milk Conductivity by parity.

All effects included in model 1 were significant for all traits, with the only exception
of the effect of EC nested within parity for FP. The estimated linear regression coefficients
of EC nested within parity for MY and PP are in Table 3.

Table 3. Estimated linear regression coefficients of EC nested within parity for daily milk yield (MY,
protein (PP) and fat percentage (FP) in Italian Mediterranean Buffaloes.

Parity MY a PP b FP

b p Value b p Value b p Value

1 0.0029 ± 0.17 0.99 −0.0014 ± 0.02 0.9436 −0.1308 ± 0.11 0.2452

2 −0.4385 ± 0.08 <0.0001 −0.0101 ± 0.01 0.2906 −0.0415 ± 0.05 0.4393

3 −0.5541 ± 0.09 <0.0001 −0.0283 ± 0.01 0.0091 −0.0425 ± 0.06 0.4784

4 −0.5468 ± 0.09 <0.0001 −0.0089 ± 0.01 0.3948 −0.0051 ± 0.06 0.9282

5+ −0.6231 ± 0.08 <0.0001 −0.0243 ± 0.01 0.0095 −0.0908 ± 0.05 0.0681
a Variation in Daily Milk kg by a 1 mS change in EC; b Variation in Daily Protein content by 1 a mS in EC.

EC had a significant (unfavorable) effect on MY for all pluriparous buffalo cows.
Each increase in EC unit (i.e., the estimate of the linear regression coefficient) reduces
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milk by a minimum (absolute value) of 0.43847 ± 0.082 kg in 2nd parity to a maximum of
0.62306 ± 0.080 kg in 5th + parity. A similar (unfavorable) relationship was also observed
between EC and PP. However, the effect of EC was only significant in 3rd and 5th + par-
ity with a reduction in PP per EC unit increase ranging from −0.02429 to −0.02831%,
respectively. The relationship between EC and FP was not significant.

3.3. Effect of Milk Conductivity on Somatic Cell Score

The average EC value at official milk recording (ECday0), EC collected 3 days before
the official milk recording (ECday3) as well as its mean (ECmean), standard deviation (ECsd)
and slope (ECslope) during the 5-day interval before each test-day were 8.87, 8.85, 8.86, 0.304
and 0.013, respectively.

Hypothesis testing for all models is summarized in Table 4.

Table 4. F-value and significance of fixed effects included in the analysis for somatic cell score and
milk conductivity.

Regression Parameter YM a SOL b Par c Milk d (SOL * Par) e (EC * Par) f

EC at milk recording 77.5 *** 41.6 *** 16.3 *** 91.2 *** 1.2 ns 22.9 ***

EC 3 days before milk recording 77.2 *** 41.2 *** 16.1 *** 90.9 *** 1.1 ns 17.2 ***

EC mean during 5 days before
milk recording 77.8 *** 41.5 *** 16.4 *** 91.6 *** 1.2 ns 25.7 ***

EC standard deviation 5 days
before milk recording 77.3 *** 40.9 *** 16.1 *** 90.0 *** 1.1 ns 18.9 ***

EC change (slope) 5 days before
milk recording 76.64 *** 39.7 *** 14.9 *** 88.6 *** 1.1 ns 0.5 ns

a year-month of calving; b stage of lactation; c parity; d Milk yield; e stage of lactation by parity; f Milk Conductivity
by parity. *** p < 0.001.

The regression of EC on SCS at test-day using different EC parameters was always
significant except when the regression parameter was the slope obtained from a linear
regression of EC collected in the 5-day period. The estimates of the regression coefficients
within parities are in Table 5.

Table 5. Estimated linear regression coefficients of different EC parameters nested within parity for
SCS in Italian Mediterranean Buffaloes.

Parity EC at Milk Recording EC 3 Days before Milk
Recording

EC Mean During 5 Days
before Milk Recording

EC Standard Deviation 5
Days before Milk Recording

SCS p Value SCS p Value SCS p Value SCS p Value

1 0.600 ± 0.14 <0.0001 0.26 ± 0.10 0.01115 0.387 ± 0.13 0.0027 0.953 ± 0.21 <0.0001

2 0.391 ± 0.07 <0.0001 0.433 ± 0.07 <0.0001 0.571 ± 0.08 <0.0001 0.612 ± 0.12 <0.0001

3 0.321 ± 0.08 <0.0001 0.245 ± 0.07 0.00099 0.369 ± 0.09 <0.0001 0.476 ± 0.13 0.00021

4 0.408 ± 0.07 <0.0001 0.249 ± 0.06 <0.0001 0.378 ± 0.08 <0.0001 0.635 ± 0.13 <0.0001

5+ 0.277 ± 0.06 <0.0001 0.309 ± 0.07 <0.0001 0.409 ± 0.08 <0.0001 0.530 ± 0.14 0.00018

a year-month of calving; b stage of lactation; c parity; d Milk yield; e stage of lactation by parity; f Milk Conductivity
by parity.

The relationship between EC and SCS was always positive regardless of the EC
regression parameter used. The magnitude of the effect varied across parities ranging from
a minimum of 0.245 ± 0.074 in 3rd parity, when the regression was on EC collected 3 days
before milk recording, to a maximum of 0.953 ± 0.20 in 1st parity, when the regression was
on EC standard deviation.

In order to evaluate how well the different models fit the data, three parameters
were used: the Average Information Criteria (AIC), the marginal R2, which considers only
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the variance of the fixed effects (i.e., without the random effects), and the conditional R2,
which takes both the fixed and random effects into account. Results, ordered by the larger
conditional R2 value (i.e., the best model), are given in Table 6.

Table 6. AIC (Akaike information criterion), marginal and conditional R2 from models used to
investigate the relationship between milk conductivity and SCS at test-day.

Regression Parameter AIC Marginal Conditional

EC mean during 5 days before milk recording 18,542 0.247 0.371
EC 3 days before milk recording 18,584 0.240 0.367

EC at milk recording 18,555 0.246 0.365
EC standard deviation during 5 days before milk recording 18,575 0.243 0.364

According to AIC and to both Marginal and Conditional R2, the best results were
obtained when the regression parameter was the ECmean, followed by the model that fitted
a regression on ECday3, on ECday0 and on ECsd, respectively.

4. Discussion

The electrical conductivity of milk was introduced as an indicator parameter of mas-
titis and subsequently used in many species, attaining different aims [29–32]. Indeed,
Paudyal et al. [32] carried out a study in Holstein cows and observed that differences in EC
and MY characteristic temporal patterns due to particular pathogen groups may provide
indications for differentiate groups of mastitis-causing pathogens. Other authors [29–31],
instead showed that EC measurement in sheep and donkeys is a useful way to identify
animals with high SSC levels and with potentially unhealthy mammary glands, thus saving
time and money, reducing the cost of other analysis (e.g., bacteriological analyses). Unlike
other parameters, such as bacterial culturing-based detection of pathogens, that is still
considered a gold standard [33,34] or molecular biological tools, the EC has the advantage
of being automatically measured during milking, through electrodes inserted in the milk-
ing system. The EC measurement can be converted into a computer-readable signal and
therefore this method is easily applicable to on-line automatic udder health monitoring and
easily installed in the milking machine [35]. As specified above, an alteration of EC is ob-
served when an alteration of the concentration of some ions is recorded in the milk [13,14].
This feature would allow the breeder to monitor in real-time the udder health of the herd
and foresee the onset of problems.

Nowadays, only limited information is available on the usefulness of EC in buffalo
species and no previous study investigated EC reference ranges in Mediterranean Buffaloes.
The standard range suggested for EC of normal milk in dairy cattle is 4.0–5.5 mS/cm [21].
The mean values of EC for healthy, subclinical and clinical mastitis milk suggested by
Norberg et al. [15] are 4.87 mS/cm, 5.37 mS/cm and 6.44 mS/cm, respectively. Overall,
we have observed a direct relationship between EC and SCS, which agreed with previous
findings in Bos Taurus, Bos Indicus and Bubalus bubalis [36–39]. However, it is the relationship
magnitude depended on parity, being larger for first and fourth parity cows followed by
second, third and fifth parity. Observed EC values were higher than those reported by other
authors in goats [40–42], ewes [43], dairy cattle [38,44,45] or buffaloes [39,46] but similar to
those reported in Holstein cows by Paudyal et al. [32].

Parity and SOL were associated with different EC values, as observed in previous
studies [32,35,39]. Higher EC values were recorded at both the beginning and the end
of lactation, contrary to what was observed in sheep, where the increase was observed
only at the beginning of lactation [43]. In particular, in this study [43] a strong increase
of EC at the beginning of lactation and only a slight, not significant increase at the end
was observed. It is likely that variations in milk composition may have affected these
results, since the authors recorded that the milk composition (and particularly the fat
concentration) explained high variance in EC. It can be hypothesized that the differences in
fat composition may explain our results. In a recent study carried out in cows [45], an EC
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increase was recorded independently of parity. Interestingly, in our study EC remained
almost unchanged throughout lactation only in primiparous buffaloes, whereas a rise was
observed in pluriparous counterparts. In particular, for each unit increase in EC, daily milk
reduces by a minimum of −0.43 ± 0.082 kg in parity two to a maximum of −0.62 ± 0.080 kg
in parity 5+. This relationship between EC trend and parity has also been recorded in
other species such as cows [32], sheep [43] and goats [17]. Moreover, the magnitude of the
differences due to parity is similar to those previously observed in other studies [32,41]. It
cannot be ruled out that this pattern is due to the increased susceptibility of pluriparous to
udder damages caused by repeated automatic milking or by some mastitis events [47–49].

Regarding milk composition, significant changes in PP were observed in relation to
EC with a similar unfavorable effect in 3rd and 5th + parity. This disagrees with previous
studies carried out in cattle [50] and sheep [31], where EC was positively associated with
milk protein content. According to them, casein would influence the milk conductivity
through the insoluble salts that can be linked to the micelles in the colloidal phase. Indeed,
casein shows a very low conductance compared to the milk salts. Sometimes, these micelles
break down and the salts are released, causing an increase in EC. A possible explanation of
the observed unfavorable relationship between EC and PP could be found in the decrease
in milk protein content caused by mastitis [39,51]. Indeed, in such a situation a high
proteolytic enzymatic activity is observed that eventually damages milk caseins in the
mammary gland. It cannot be ruled out that both the higher protein content and the
different casein profile recorded in buffalo milk may account for the different results. In
this study, no significant relationships were observed between EC and FP, although several
authors observed a negative correlation between FP and EC in dairy cows [38], and in
goats [40] and ewes [30,43]. According to them, fat globules increase the real distance
during ion migration and interfere with the electrodes when measurements of EC are done.
Thus, EC is expected to decrease in proportion to FP. Buffalo milk shows about 8% fat
content with large variability from 6% to 12% [52] that is more than double compared to
cow milk. It is likely that the high fat content and the large variability of fat percentage may
have partially affected its relationship with EC. Further studies are needed to investigate
this interesting aspect.

Since conductivity is a relatively simple and inexpensive inline detection technique [53],
previous researchers have studied EC for the diagnosis of mastitis. Results were controver-
sial and in most of them it was suggested that EC alone cannot be used for this purpose,
not being a useful method to determine udder health [18,38]. For this reason, the second
aim of the present work was to evaluate the relationship between EC collected 1 (ECday1),
3 (ECday3) and 5 (ECday5) days before official milk recording and SCS at official milk record-
ing (ECday0), to eventually develop a prediction model for the detection of the disease.
Although no cross-validation models were applied, our results suggest that using data
collected at different time points works better than a single data point and that their mean
is the best parameter to be included in a possible prediction model. Interestingly, a param-
eter such as ECslope, which is supposed to be more informative being related to a change
in EC across the observed period [54], was not significant in relation to SCS. A possible
explanation of this result might be related to the reduced observed time period (i.e., 5 days
before milk recording) used to estimate ECslope. Indeed, fitting a linear regression in such
a short period and with only 4 data-points could have shrunk toward zero the estimate
of the regression coefficient (i.e., ECslope), which eventually was not significant. A similar
approach, based on the assessment of electrical conductivity across several days, was also
used by Kathun [55]. In this study, a logistic mixed model was used but results showed
that for the early detection of mastitis, multiple EC measurements were more informative
than a single record. Moreover, Bobbo et al. [56], in a recent study about the prediction of
somatic cell count at the subsequent test-day record in the Italian Mediterranean Buffaloes,
showed that EC was the 3rd most important source of variation, following SCC-traits
recorded at the previous test-day and before other traits as milk production, parity and
stage of lactation.
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5. Conclusions

This is the first study that investigated the electrical conductivity of milk in the
Mediterranean Buffalo using data from commercial farm. We can conclude that in buffalo,
as in other species, there is a strong relationship between EC and somatic cells. This
relationship can be possibly used together with additional parameters for the early detection
of mastitis. Indeed, even if EC recording is a simple and low-cost methodology that can
also be implemented on large scale, using it as a single predictor may not represent a useful
method for determining the health of the udder, since it could be influenced by factors
other than mastitis such as parity and/or stage of lactation. However, we observed that
if the objective is to have an additional and informative parameter for early detection of
mastitis frequent EC recording, possibly performed over a longer period of time, is more
effective than recording EC only a few times. This is especially important in buffalo where
the incidence of subclinical mastitis is particularly high. Although these are encouraging
results, further studies are needed in order to validate them and developing a reliable
udder disease prediction model. Finally, our results could establish a reference range or a
threshold for EC in the Italian Mediterranean Buffalo. This information may be particularly
useful for buffalo breeders for an early recognition of mastitis by the collection of EC that is
calculated automatically and in real-time in modern milking machines and could be also
inserted in the milk recording procedure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani12172225/s1, Figure S1: Box-Plot Summary of EC data across SCS and within parity;
Table S1: Number of cows and records per Parity level, Table S2: Number of records per Stage of
lactation level.

Author Contributions: Conceptualization, G.N. and S.B.; methodology, R.M. and G.D.V.; software,
A.C. and S.B.; validation, D.D. and R.C.; formal analysis, A.S.; investigation, R.M. and A.S.; resources,
A.C. and G.D.V.; data curation, R.C and D.D.; writing—original draft preparation, R.M. and A.C.;
writing—review and editing, G.D.V. and A.S.; visualization, S.B.; supervision, G.N.; project adminis-
tration, R.C. and D.D.; funding acquisition, G.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Italian Ministry of Agriculture (MIPAAF—DISR 07)—Programma
di Sviluppo Rurale Nazionale 2014/2020. Caratterizzazione delle risorse genetiche animali di inter-
esse zootecnico e salvaguardia della biodiversità. Sottomisura: 10.2—Sostegno per la conservazione,
l’uso e lo sviluppo sostenibili delle risorse genetiche in agricoltura. Project: ‘Bufala Mediterranea
Italiana—tecnologie innovative per il miglioramento Genetico—BIG’ Prot. N. 0215513 11/05/2021.
CUP ANASB: J29J21003720005; CUP UNINA: J69J21003020005. This research was funded by Campa-
nia Region, PSR REGIONE CAMPANIA 2014–2020—misura 16.1.2 (Project STRABUF—Strategie per
il miglioramento della redditività dell’allevamento bufalino. CUP: B68H19005200009).

Institutional Review Board Statement: Ethical review and approval were waived for this study
because data came from pre-existing databases.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Azionale Allevatori Bufalini (ANASB). Available online: https://www.anasb.it/statistiche/ (accessed on 23 June 2022).
2. Fagiolo, A.; Lai, O. Mastitis in Buffalo. Ital. J. Anim. Sci. 2007, 6, 200–206. [CrossRef]
3. Salzano, A.; Manganiello, G.; Neglia, G.; Vinale, F.; De Nicola, D.; D’Occhio, M.; Campanile, G. A Preliminary Study on

Metabolome Profiles of Buffalo Milk and Corresponding Mozzarella Cheese: Safeguarding the Authenticity and Traceability of
Protected Status Buffalo Dairy Products. Molecules 2020, 25, 304. [CrossRef]

https://www.mdpi.com/article/10.3390/ani12172225/s1
https://www.mdpi.com/article/10.3390/ani12172225/s1
https://www.anasb.it/statistiche/
http://doi.org/10.4081/ijas.2007.s2.200
http://doi.org/10.3390/molecules25020304


Animals 2022, 12, 2225 10 of 11

4. Manuelian, C.L.; Visentin, G.; Boselli, C.; Giangolini, G.; Cassandro, M.; De Marchi, M. Short Communication: Prediction of Milk
Coagulation and Acidity Traits in Mediterranean Buffalo Milk Using Fourier-Transform Mid-Infrared Spectroscopy. J. Dairy Sci.
2017, 100, 7083–7087. [CrossRef] [PubMed]

5. Stevens, M.; Piepers, S.; De Vliegher, S. The Effect of Mastitis Management Input and Implementation of Mastitis Management on
Udder Health, Milk Quality, and Antimicrobial Consumption in Dairy Herds. J. Dairy Sci. 2019, 102, 2401–2415. [CrossRef]

6. Franzoi, M.; Manuelian, C.L.; Penasa, M.; De Marchi, M. Effects of Somatic Cell Score on Milk Yield and Mid-Infrared Predicted
Composition and Technological Traits of Brown Swiss, Holstein Friesian, and Simmental Cattle Breeds. J. Dairy Sci. 2020, 103,
791–804. [CrossRef] [PubMed]

7. Costa, A.; Neglia, G.; Campanile, G.; De Marchi, M. Milk Somatic Cell Count and Its Relationship with Milk Yield and Quality
Traits in Italian Water Buffaloes. J. Dairy Sci. 2020, 103, 5485–5494. [CrossRef]

8. Sharma, N.; Pandey, V.; Sudhan, N.A. Comparison of some indirect screening tests for detection of subclinical mastitis in dairy
cows. Bulg. J. Vet. Med. 2010, 1, 13.

9. Costa, A.; Bovenhuis, H.; Penasa, M. Changes in Milk Lactose Content as Indicators for Longevity and Udder Health in Holstein
Cows. J. Dairy Sci. 2020, 103, 11574–11584. [CrossRef]

10. Bobbo, T.; Penasa, M.; Cassandro, M. Combining Total and Differential Somatic Cell Count to Better Assess the Association
of Udder Health Status with Milk Yield, Composition and Coagulation Properties in Cattle. Ital. J. Anim. Sci. 2020, 19,
697–703. [CrossRef]

11. Schwarz, D.; Santschi, D.E.; Durocher, J.; Lefebvre, D.M. Evaluation of the New Differential Somatic Cell Count Parameter as a
Rapid and Inexpensive Supplementary Tool for Udder Health Management through Regular Milk Recording. Prev. Vet. Med.
2020, 181, 105079. [CrossRef]

12. Bonestroo, J.; van der Voort, M.; Fall, N.; Emanuelson, U.; Klaas, I.C.; Hogeveen, H. Estimating the Nonlinear Association of
Online Somatic Cell Count, Lactate Dehydrogenase, and Electrical Conductivity with Milk Yield. J. Dairy Sci. 2022, 105, 3518–3529.
[CrossRef] [PubMed]

13. Zhao, X.; Lacasse, P. Mammary Tissue Damage during Bovine Mastitis: Causes and Control1. J. Anim. Sci. 2008, 86, 57–65.
[CrossRef] [PubMed]

14. Kitchen, B.J. Bovine Mastitis: Milk Compositional Changes and Related Diagnostic Tests. J. Dairy Res. 1981, 48, 167–188.
[CrossRef] [PubMed]

15. Norberg, E.; Hogeveen, H.; Korsgaard, I.R.; Friggens, N.C.; Sloth, K.H.M.N.; Løvendahl, P. Electrical Conductivity of Milk: Ability
to Predict Mastitis Status. J. Dairy Sci. 2004, 87, 1099–1107. [CrossRef]

16. Milner, P.; Page, K.L.; Walton, A.W.; Hillerton, J.E. Detection of Clinical Mastitis by Changes in Electrical Conductivity of Foremilk
Before Visible Changes in Milk. J. Dairy Sci. 1996, 79, 83–86. [CrossRef]

17. Díaz, J.R.; Romero, G.; Muelas, R.; Alejandro, M.; Peris, C. Effect of Intramammary Infection on Milk Electrical Conductivity in
Murciano-Granadina Goats. J. Dairy Sci. 2012, 95, 718–726. [CrossRef]

18. Khatun, M.; Clark, C.E.F.; Lyons, N.A.; Thomson, P.C.; Kerrisk, K.L.; García, S.C. Early Detection of Clinical Mastitis from
Electrical Conductivity Data in an Automatic Milking System. Anim. Prod. Sci. 2017, 57, 1226. [CrossRef]

19. Inzaghi, V.; Zucali, M.; Thompson, P.D.; Penry, J.F.; Reinemann, D.J. Changes in Electrical Conductivity, Milk Production Rate and
Milk Flow Rate Prior to Clinical Mastitis Confirmation. Ital. J. Anim. Sci. 2021, 20, 1554–1561. [CrossRef]

20. Moroni, P.; Sgoifo Rossi, C.; Pisoni, G.; Bronzo, V.; Castiglioni, B.; Boettcher, P.J. Relationships Between Somatic Cell Count and
Intramammary Infection in Buffaloes. J. Dairy Sci. 2006, 89, 998–1003. [CrossRef]

21. Špakauskas, V.; Klimien, I.; Matuseviius, A. A Comparison of Indirect Methods for Diagnosis of Subclinical Mastitis in Lactating
Dairy Cows. Vet. Arhiv 2006, 76, 101–109.

22. Ali, A.K.A.; Shook, G.E. An Optimum Transformation for Somatic Cell Concentration in Milk. J. Dairy Sci. 1980, 63, 487–490. [CrossRef]
23. Pinheiro, J.; Douglas, B.; Deepayan, S.; R Core Team. nlme: Linear and Nonlinear Mixed Effects Models. 2020. Available online:

https://CRAN.R-project.org/package=nlme (accessed on 20 May 2022).
24. R Core Team. R—A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2018.
25. James, G.; Witten, D.; Hastie, T.; Tibshirani, R. An Introduction to Statistical Learning: With Applications in R; Springer Texts in

Statistics; Springer: New York, NY, USA, 2013.
26. Nakagawa, S.; Schielzeth, H. A General and Simple Method for Obtaining R2 from Generalized Linear Mixed-Effects Models.

Methods Ecol. Evol. 2013, 4, 133–142. [CrossRef]
27. Lenth, R.V.; Buerkner, P.; Herve, M.; Love, J.; Miguez, F.; Riebl, H.; Singmann, H. emmeans: Estimated Marginal Means, Aka

Least-Squares Means; R package version 1.8.0. Available online: https://CRAN.R-project.org/package=emmeans (accessed on
23 May 2022).

28. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
29. Finocchiaro, A.; Conte, F. Conductivity of Donkey Milk. Ital. J. Food Saf. 2009, 1, 65. [CrossRef]
30. Caria, M.; Chessa, G.; Murgia, L.; Todde, G.; Pazzona, A. Development and Test of a Portable Device to Monitor the Health Status

of Sarda Breed Sheep by the Measurement of the Milk Electrical Conductivity. Ital. J. Anim. Sci. 2016, 15, 275–282. [CrossRef]
31. Gelasakis, A.I.; Giannakou, R.; Valergakis, G.E.; Fortomaris, P.; Kominakis, A.; Arsenos, G. Prediction of Sheep Milk Chemical Com-

position Using Milk Yield, PH, Electrical Conductivity and Refractive Index. J. Dairy Res. 2018, 85, 78–82. [CrossRef] [PubMed]

http://doi.org/10.3168/jds.2017-12707
http://www.ncbi.nlm.nih.gov/pubmed/28668534
http://doi.org/10.3168/jds.2018-15237
http://doi.org/10.3168/jds.2019-16916
http://www.ncbi.nlm.nih.gov/pubmed/31733847
http://doi.org/10.3168/jds.2019-18009
http://doi.org/10.3168/jds.2020-18615
http://doi.org/10.1080/1828051X.2020.1784804
http://doi.org/10.1016/j.prevetmed.2020.105079
http://doi.org/10.3168/jds.2021-21351
http://www.ncbi.nlm.nih.gov/pubmed/35094852
http://doi.org/10.2527/jas.2007-0302
http://www.ncbi.nlm.nih.gov/pubmed/17785603
http://doi.org/10.1017/S0022029900021580
http://www.ncbi.nlm.nih.gov/pubmed/7021617
http://doi.org/10.3168/jds.S0022-0302(04)73256-7
http://doi.org/10.3168/jds.S0022-0302(96)76337-3
http://doi.org/10.3168/jds.2011-4698
http://doi.org/10.1071/AN16707
http://doi.org/10.1080/1828051X.2021.1984852
http://doi.org/10.3168/jds.S0022-0302(06)72165-8
http://doi.org/10.3168/jds.S0022-0302(80)82959-6
https://CRAN.R-project.org/package=nlme
http://doi.org/10.1111/j.2041-210x.2012.00261.x
https://CRAN.R-project.org/package=emmeans
http://doi.org/10.4081/ijfs.2008.4.65
http://doi.org/10.1080/1828051X.2016.1149742
http://doi.org/10.1017/S0022029917000772
http://www.ncbi.nlm.nih.gov/pubmed/29468993


Animals 2022, 12, 2225 11 of 11

32. Paudyal, S.; Melendez, P.; Manriquez, D.; Velasquez-Munoz, A.; Pena, G.; Roman-Muniz, I.N.; Pinedo, P.J. Use of Milk Electrical
Conductivity for the Differentiation of Mastitis Causing Pathogens in Holstein Cows. Animal 2020, 14, 588–596. [CrossRef]

33. Hogan, J.S.; Bogacz, V.L.; Thompson, L.M.; Romig, S.; Schoenberger, P.S.; Weiss, W.P.; Smith, K.L. Bacterial Counts Associated
with Sawdust and Recycled Manure Bedding Treated with Commercial Conditioners. J. Dairy Sci. 1999, 82, 1690–1695. [CrossRef]

34. Amiri, P.; Fallah Rad, A.H.; Heidarpour, M.; Azizzadeh, M.; Khoramian, B. Diagnostic Accuracy of Milk Oxidation Markers for
Detection of Subclinical Mastitis in Early Lactation Dairy Cows. Comp. Clin. Pathol. 2020, 29, 95–101. [CrossRef]

35. Pyörälä, S. Indicators of Inflammation in the Diagnosis of Mastitis. Vet. Res. 2003, 34, 565–578. [CrossRef]
36. Nielen, M.; Deluyker, H.; Schukken, Y.H.; Brand, A. Electrical Conductivity of Milk: Measurement, Modifiers, and Meta Analysis

of Mastitis Detection Performance. J. Dairy Sci. 1992, 75, 606–614. [CrossRef]
37. Kasikçi, G.; Çetin, Ö.; Bingöl, E.B.; Gündüz, M.C. Relations between electrical conductivity, somatic cell count, California mastitis

test and some quality parameters in the diagnosis of subclinical mastitis in dairy cows. Turk. J. Vet. Anim. Sci. 2012, 36, 49–55.
38. Vilas Boas, D.F.; Vercesi Filho, A.E.; Pereira, M.A.; Roma Junior, L.C.; El Faro, L. Association between Electrical Conductivity and

Milk Production Traits in Dairy Gyr Cows. J. Appl. Anim. Res. 2017, 45, 227–233. [CrossRef]
39. Sadoon, A.S. Clinical and Subclinical Mastitis in Buffalue in Mosul Area, Iraq. Iraqi J. Vet. Sci. 2021, 36, 177–186. [CrossRef]
40. Diaz, J.R.; Romero, G.; Muelas, R.; Sendra, E.; Pantoja, J.C.F.; Paredes, C. Analysis of the Influence of Variation Factors on Electrical

Conductivity of Milk in Murciano-Granadina Goats. J. Dairy Sci. 2011, 94, 3885–3894. [CrossRef]
41. Romero, G.; Pantoja, J.C.F.; Sendra, E.; Peris, C.; Díaz, J.R. Analysis of the Electrical Conductivity in Milking Fractions as a Mean

for Detecting and Characterizing Mastitis in Goats. Small Rum. Res. 2012, 107, 157–163. [CrossRef]
42. Tangorra, F.M.; Zaninelli, M.; Costa, A.; Agazzi, A.; Savoini, G. Milk Electrical Conductivity and Mastitis Status in Dairy Goats:

Results from a Pilot Study. Small Rum. Res. 2010, 90, 109–113. [CrossRef]
43. Romero, G.; Roca, A.; Alejandro, M.; Muelas, R.; Díaz, J.R. Relationship of Mammary Gland Health Status and Other Noninfectious

Factors with Electrical Conductivity of Milk in Manchega Ewes. J. Dairy Sci. 2017, 100, 1555–1567. [CrossRef]
44. Galfi, A.; Radinovic, M.; Milanov, D.; Bobos, S.; Pajic, M.; Savic, S.; Davidov, I. Electrical Conductivity of Milk and Bacteriological

Findings in Cows with Subclinical Mastitis. Biotehnol. Anim. Husb. 2015, 31, 533–541. [CrossRef]
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