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Abstract

This experiment was carried out to evaluate the effect of dietary supplementation of three different tropical seaweed species
on rumen fermentation, methane emission, antioxidant status, immunity and milk production in lactating Murrah buffaloes.
Twenty-four lactating Murrah buffaloes were divided into four groups of six each in an experiment based on randomized
block design (RBD) and were fed to meet their nutrient requirements (ICAR 2013). Animals in control (CON) group were
fed basal diet without any supplemental seaweed, however, Kappaphycus alvarezii (KA), Gracilaria salicornia (GS) and
Turbinaria conoides (TC) were supplemented at 1% of the dietary dry matter in KA, GS and TC groups, respectively. Intake
and apparent digestibility of nutrients, plasma concentrations of selected blood metabolites, and thyroid hormones were
similar among the groups. Supplementation of KA and GS, but not TC increased (P <0.001) the proportion of propionate in
rumen fluid with a concurrent decrease (P <0.001) in acetate: propionate. The enteric methane emission was lower (P <0.05)
in KA, GS groups and the maximum values were observed in groups CON and TC. Total antioxidant capacity (TAC) and
immune response (cell-mediated and humoral) were higher (P <0.001), and MDA was lower (P <0.001) in seaweed-fed
groups as compared to CON; the higher response was observed in group KA, followed by TC and GS. Plasma concentration
of cortisol was lower (P <0.001) in group KA as compared to other groups. Milk yield and the 6% fat-corrected milk (FCM)
yield (kg day~") were higher (P=0.009) in KA, followed GS, corresponding values in group TC were not significantly dif-
ferent than those of group CON. Thus, supplementation of the tropical red seaweed improved antioxidant status, cellular and
humoral immunity, and milk yield; the greater response was obtained when KA was used as feed supplement. It is concluded
that supplementation of K. alvarezii at 1% of dietary DM of lactating Murrah buffaloes would improve antioxidant status,
immunity and milk yield with reduction in enteric methane emission.
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Introduction

Seaweeds are macroscopic algae that grow in the marine
environment and are available in a variety of forms,
sizes, colors, and compositions. Feeding of macro-algae
to ruminants is a common practice in coastal areas due
to their ability to improve lactation yield (Singh et al.
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2017; Sharma et al. 2022), antioxidant (Allen et al. 2001;
Maheswari et al. 2021) and immune status (Anderson
et al. 2023) and reduce enteric methane (CH,) production
(Reyes et al. 2023). However, injudicious use of seaweeds
in the diet may also pose certain negative effects on perfor-
mance of ruminants through decrease in fiber degradabil-
ity in the rumen (Wang et al. 2008) and toxicity of heavy
metals like arsenic and lead (Cabrita et al. 2017). Thus the
potential of seaweeds as a major feed component in rumi-
nant ration may rather be limited. On the other hand, many
species of macroalgae contain a variety of bioactive sub-
stances that have antibacterial, antiviral, antioxidant, and
anti-inflammatory characteristics, all of which improve
productivity, health and welfare of animals (Bach et al.
2008). The good amount of macro and micronutrients and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-024-03344-5&domain=pdf

Journal of Applied Phycology

many biologically active compounds of seaweeds, with
health promoting benefits, indicate that they might be used
as functional nutritional supplements (Makkar et al. 2016).

The red seaweeds, Kappaphycus alvarezii and Graci-
laria salicornia and brown seaweed, Turbinaria conoides
(TC) are the most commonly cultivated species in India
(Maheswari et al. 2021). These seaweeds are mostly used
as sources of phycocolloids, which have got wider applica-
tions in food processing industry (Bixler and Porse 2011)
and also as livestock feed (Sharma et al. 2022). The few
available studies indicate that supplementation of red sea-
weeds such as K. alvarezii improved the growth perfor-
mance (Munde 2018), and lactation yield (Sharma et al.
2022) in ruminants. Although both K. alvarezii and G.
salicornia are high in carrageenan and sulphated polysac-
charides, it was proved that G. salicornia had a stronger
anti-methanogenic effect than K. alvarezii (Munde 2018).
This indicates that functional characteristics of seaweeds
differ by species, dose, habitat and bioactive compound
status. On the other side, T. conoides has functional ben-
efits due to its high amount of phlorotannins, fucoidans,
and alginate and microminerals (Munde et al. 2018; Yeng-
khom et al. 2019; Maheswari et al. 2021). Given the diver-
sity of nutrient make-up and functional qualities of tropi-
cal seaweed, a direct comparison across species would
be desired, and it would be more appropriate to evaluate
three of the most promising Indian seaweed species as
feed supplements for ruminants using lactating Murrah
buffalo as a model. We hypothesized that response of sup-
plementary feeding of tropical seaweeds on performance
of lactating Murrah buffalo may vary according to sea-
weed species. The specific objective of this experiment
was to study the effect of supplementation of three differ-
ent tropical seaweeds on lactation performance, methane
emission, anti-oxidant profile and immunity of lactating
Murrah buffaloes.

Materials and methods

The experiment was conducted at the Livestock Research
Centre, Animal Nutrition Division, ICAR-National Dairy
Research Institute (NDRI), Karnal, Haryana, India. The
experimental protocol was approved by Institutional Animal
Ethics Committee (IAEC) with approval no. 45-IAEC-19-2.
The thrashed seaweed powders were procured from Aquagri
Processing Pvt Ltd, Madurai, Tamil Nadu. Fresh seaweeds
were sun-dried to a moisture content of about 10%, thrashed
by hand on a thrashing bed, and then ground in a hammer
mill to produce the thrashed powder.
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Experimental animals and design

This experiment was conducted following randomized
block design (RBD). Twenty-four lactating Murrah buffa-
loes (547.5+18.58 kg body weight (BW), 23.4 +5.75 days
in milk (DIM), 10.31 +0.18 kg day~" of milk yield) were
selected from the Institute dairy herd. Based upon their milk
yield and body weight, buffaloes were divided into 6 blocks
of four animals each. Four dietary treatments namely, control
(CON), Kappaphycus alvarezii (KA), Gracilaria salicornia
(GS), and Turbinaria conoides (TC) were randomly assigned
to experimental units within a block so that each treatment
appeared within each block.

Before the actual collection started, an adaptation period
of 14-days was followed during which all cows were fed
CON diet and the average output during the period was con-
sidered as base line data (0-day). All the animals were fed to
meet their nutrient requirements as per [CAR (2013). The
animals in CON group were fed a basal diet without any
seaweed, whereas diets of the animals in treatment groups
namely, KA, GS, and TC were supplemented with K. alva-
rezii, G. salicornia and T. conoides at 1% of the dietary dry
matter (DM), respectively. The experiment was conducted
for 90 days.

Diet and shelter management

All experimental animals were fed with roughage (freshly
cut oat fodder and wheat straw) and concentrate mixture to
meet their requirements as per ICAR (2013) standards. The
concentrate mixture was formulated using maize, wheat,
mustard oil cake, groundnut oil cake, de-oiled rice bran
(DORB), molasses, mineral mixture, and urea (Table 1).

Table 1 Ingredient composition of the concentrate mixture fed to
experimental animals (% DM basis)

Ingredient CON KA GS TC
Maize 30 30 30 30
Wheat 5 5 5 5
Mustard oil cake 17 17 17 17
Groundnut oil cake 10 10 10 10
Deoiled rice bran 30 28 28 28
Molasses 4 35 35 35
Mineral mixture and salt 3 3 3 3
Non protein nitrogen sources 1 1 1 1
Kappaphycus alvarezii 2.5 -

Gracilaria salicornia - - 2.5
Turbinaria conoides - - - 2.5

CON: Control, KA: Kappaphycus alvarezii, GS: Gracilaria salicor-
nia, TC: Turbinaria conoides, DM: dry matter
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The red seaweeds K. alvarezii, G. salicornia and T. conoides
were added 2.5% in concentrate mixture of KA, GS and
TC groups respectively by replacing the deoiled rice bran
and molasses in order to make the diets iso-nitrogenous and
iso-caloric. Weighed amount of concentrate and roughage
was offered daily to all the experimental buffaloes based on
their body weight and milk yield. Concentrates were offered
twice daily at 5:30 AM and 17:30 PM, just before milking.
The chaffed oat fodder (1.5 inches) was fed daily at 10.30
AM and chaffed wheat straw (0.5 inches) was offered 20%
in excess of previous days’ intake at 12.00 h and was made
available for remainder of the day. Clean and fresh potable
water was offered at ad libitum to all the animals twice daily
at 9:30 AM and 17:30 PM.

Experimental animals were kept in a cross-ventilated ani-
mal shed (floor space =6.04 m? per animal) with the facili-
ties of individual animal feeding; so that one buffalo did not
have access to feed of other ones. The shed was washed two
times daily to remove feces and dirt. Clean and hygienic
conditions were maintained in the shed. All the animals were
dewormed using Fenbendazole at 10 mg kg™' BW before the
start of the experiment.

Sampling and measurement

A timeline for data recording and sampling of different
parameters studied in this experiment is presented in Fig. 1.

Body weight, body condition score, and dry matter
intake

During the experimental period the fortnightly body weight
changes of all the animals were recorded. After over-
night fasting they were measured on a digital scale (range
0-1000 kg, accuracy 0.1 kg). The body condition score
(BCS) of all the buffaloes were recorded on a scale of 1-5
based on the method of Ferguson et al. (1994). All animals
were offered with measured quantity of feed and residues
left by animals during a 24 h feeding cycle were recorded.
Samples of feed and residues were taken on three consecu-
tive days, dry matter (DM) content was determined to find
average daily DM intake (DMI) of the experimental groups.

Milk yield and milk composition

Milking was done twice daily at 6:00 A.M. and 6:00
P.M. Milk produced from each cow during each milking
was recorded and pooled for a day to determine the milk
yield of an individual cow. Milk samples (about 1/100"
of total yield) were collected at fortnightly interval sepa-
rately from individual animals and composited in equal
volumes for each buffalo on each sampling day. Collected
samples were analyzed for total solids (TS), fat, solid not
fat (SNF), protein and lactose with the help of Automated
Milk Analyzer (Lactostar, Funke Gerber, Berlin). The 6%
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Fig. 1 Diagrammatic representation of experimental design, sampling and measurements of various parameters
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fat corrected milk (FCM) was calculated from the actual
milk yield according to Rice et al. (1970)

G%FCM(kg day’l) = 0.4 x milk yield (kg) + 15 X fat content (kg)/1.3

Metabolism trial

A metabolism trial of 6-day collection period was con-
ducted towards the end of experiment period (day 80-86
of experiment) to determine the intake and digestibility of
nutrients, and nitrogen (N) balance. Animals were weighed
and transferred to metabolism cages 3 days prior to the
start of the trial for proper adaptation. During the collec-
tion period, daily feed offered, residue left, feces, urine
voided and milk yield were recorded and representative
samples were collected and stored for further analysis.
Suitable aliquots of fecal (1/1000th) and urine (1/100th)
samples were preserved in 1:4 H,SO, to prevent the loss
of ammonia and processed for N estimation. Milk samples
were collected twice (morning and evening) on a sam-
pling day in plastic vials and stored at -20 °C for further
analysis. Dry matter (DM) of collected feed and fecal
samples were determined by drying to constant weight at
100+ 2 °C by keeping the samples in hot air oven for 24 h,
and dried samples were ground to fine powder (to pass
through a sieve of 1 mm) and stored in an airtight jar for
further analysis. These samples were subjected for proxi-
mate analyses as per standard method of AOAC (2005).

In order to determine the proportion of consumed
nutrient that was apparently absorbed apparent total tract
digestibility (ATTD) of nutrients was calculated as: ATTD
(%) = [Nutrient intake (g day_') —Fecal output (g day_l)]/
Nutrient intake (g day~') x 100.

The cell wall constituents such as neutral detergent
fiber (NDF), acid detergent fiber (ADF), cellulose, hemi-
cellulose and lignin were estimated as per Van Soest et al.
(1991). Acid detergent and neutral detergent insoluble
nitrogen (ADIN and NDIN) were estimated as per method
of Licitra et al. (1996) and were multiplied by 6.25 to cal-
culate ADICP and NDICP. Different protein fractions of
feed and fodder offered were determined following Cornell
Net Carbohydrate Protein (CNCP) system as per method
of Sniffen et al. (1992) in order to derive metabolizable
protein (MP) content of diet. The total digestible nutrients
(TDN) were calculated from metabolism trial digestibility
data using formula: TDN% = % Digestible crude protein
(%DCP) + [% Digestible ether extract (%DEE)x2.25]1+ %
Digestible crude fibre (%DCF) + % Digestible nitrogen
free extract (%DNFE), and it was used to calculate the
digestible energy (DE) following the formulae given by
NRC (2001):
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DE (Mcal kg™') = 0.0441 x TDN%
ME (Mcal kg™') = 1.01 x (DE Mcal kg™") — 0.45

Preparation of seaweed extract

Exactly 1 g of ground sample was put into an Erlenmeyer
flask and about 40 mL of 70% methanol was added and incu-
bated in a shaker incubator for 24 h. Then the samples were
filtered using Whatman filter paper no. 42 with repeated
washing using methanol; filtrate obtained was concentrated
in rotary evaporator. Finally, crude extract of concentration
1 mg mL~! was prepared using methanol and was stored
in an amber-coloured bottle for further analysis. Total phe-
nolic content (mg GAE g~!) of methanolic extract of sea-
weeds was determined as per the method of Vijayabaskar
and Shiyamala (2012) which is based upon the principle that
Folin—Ciocalteu reagent (FCR) in the presence of pheno-
lics results in the production of molybdenum—tungsten blue
that is measured spectrophotometrically. About 0.2 mL of
crude extract (1 mg mL~") and standards of different con-
centrations were taken in a different test tube and volume
was made to 3 mL with distilled water. Then, 0.5 mL of
Folin- Ciocalteu reagent was added, after incubation for
3 min, 2 mL of 7% sodium carbonate was added to all the
tubes. The reaction mixture was incubated for 90 min in dark
and the absorbance was measured at 720 nm. Total antioxi-
dant activity was measured by FRAP assay of Benzie and
Strain (1999). At low pH, antioxidant present in the sample
causes reduction of ferric tripyridyl triazine complex to fer-
rous form which had an intense blue color. The intensity of
the blue color was measured at 593 nm and the change in
absorbance was therefore directly related to the total reduc-
ing power of the electron-donating antioxidants present in
the samples.

Rumen liquor sampling and analysis

Rumen liquor was collected (50th day) from the experimen-
tal animals at 06:00 A.M. before feeding by using a stomach
tube to estimate rumen fermentation metabolites. Rumen
fluid samples were strained through four layers of cheese-
cloth and pH was determined immediately after collection
using a digital pH meter (Eutech pH tester 30, Thermo
Fisher Sci. Inc., USA; pH range: 1.00-14.00, resolution 0.01
pH, accuracy +0.01 pH). Samples for ammonia nitrogen
(NH;-N) and volatile fatty acid (VFA) analysis were stored
at -20°C after acidifying them with 20% H,SO, and 25%
metaphosphoric acid, respectively. The ruminal ammonia
nitrogen was estimated by the procedure of Weatherburn
(1967). Estimation of VFA was done by using a Nucon-5765
gas chromatograph (AIMIL, India) equipped with a double
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flame ionization detector and the glass column (4ft length
and 1/8-inch diameter) packed with Chromosorb 101 as per
method described by Cottyn and Boucque (1968).

Methane emission

The methane (CH,) emission from each experimental buf-
falo was measured during day 51 to day 56 using sulphur
hexafluoride (SFy) tracer technique. On day 49 a permea-
tion tube (PT) filled with pure SFy gas under liquid nitro-
gen, which can release SFy at a constant rate was inserted
into the rumen through the mouth using stomach tube.
Then, the buffalo was fitted with sampling device to col-
lect air sample from around the mouth and nostrils. The
air sample was then assayed for concentrations of CH, and
SF,. Concentration of SFy in the canisters was analyzed
by gas chromatography (Nucon 5700, Nucon Engineers,
India), fitted with an electron capture detector (250 °C) and
3.3 mm molecular sieve column with an internal diameter of
0.32 mm. Another gas chromatograph instrument was fitted
with a flame-ionization detector (100 °C) and stainless-steel
column packed with Porapak-Q to determine CH, concen-
tration. The column and injector temperatures were 50 and
40°C in both the instruments. All samples were analyzed in
duplicate except standards, which were analyzed in tripli-
cate. Nitrogen was used as the carrier gas. Methane emis-
sion rate was then calculated from the known release rate of
SF, and concentration of CH, and SF; in collected exhaled
air sample using the formula:

Scus — B M
CH,(gday™") = ( SCH4 — BCH“) X (MCH4> X Qgrg X 1000
SF6 SF6 SF6

where, Sy, and By, are methane concentrations in sample
and background canisters (ppm), Sgzs and B, represent the
concentrations of SFy in sample and background’s canister’s
(ppt), M -y, and Mg, are molecular weight of methane and
SF¢ (g), respectively and Q4 represents release rate of SFy
(mg day™").

Sampling and analyses of blood

The blood sample was collected early in the morning before
feeding from the experimental animals via jugular venipunc-
ture on the Oth, 30th, 60th and 90th (monthly interval) day of
the experiment for analyses of blood biochemical, hormonal
and antioxidant parameters. Blood samples (10 mL) were
collected into heparin-coated Vacutainer tubes (Vakli-8,
India) and serum was separated by centrifuging the sam-
ples at 1107 X g for 20 min and then collected and stored
at -20 °C in storage vials for further analysis. In addition,
2 mL of blood was collected separately in Eppendorf tube
with 0.3 mL of acid citrate dextrose (ACD) solution and

centrifuged at 700 X g for 15 min for hemolysate preparation.
The plasma and buffy coat were removed and erythrocytes
were washed with isotonic washing solution (PBS, pH 7.4)
3—4 times and then packed cells were re-suspended in the
same solution to give a 33% erythrocyte suspension.

The blood biochemical parameters glucose (Trinder
1969a), total protein (Doumas 1975), albumin (Doumas
and Watson 1971), globulin (G =total protein - albumin),
triglycerides (Trinder 1969b), cholesterol (Trinder 1969c),
non-esterified fatty acids (Shipe et al. 1980) were estimated
with the help of commercial kits (Span Diagnostics, India).

Superoxide dismutase (SOD) was estimated by the
method described by Madesh and Balasubramanian (1998)
using RBC hemolysate on the same day of collection of
blood. In addition, total antioxidant capacity (TAC) was
measured by FRAP assay of Benzie and Strain (1999) and
malondialdehyde (MDA) which is a biomarker for lipid per-
oxidation was estimated by following the method of Niehaus
and Samuelsson (1968) modified by Kaushal and Kansal
(2012).

Tri-iodothyronine (T;) was assayed in plasma samples
by using bovine T; ELISA kit (Catalog No. E0215Bo), thy-
roxine (T,) was assayed using bovine T, ELISA kit (Cata-
log No. E0216Bo), cortisol was measured by using cortisol
ELISA kit (Catalog No. EO110Bo) of Bioassay Technology
Laboratory, Shanghai, China.

Immune response

Hemagglutination antibody (HA) titer was measured against
the chicken red blood cells (CRBC) to find out the humoral
immune response. For this, buffalos were injected with 1 mL
of 10% CRBC suspension. Then the blood samples were
collected on the Oth (before), 7th, 14th, 21st and 28th day of
post-injection. At the end, HA test was performed with 100
pL serum sample and 100 uL. CRBC in U-bottom HA plate.

At the end of the trial, cell-mediated immune (CMI)
response was assessed by delayed-type hypersensitivity
(DTH) skin test against phytohaemagglutinin-P (PHA-P) as
given by Masucci et al. (2011). One day prior to the injec-
tion, both sides of the neck were shaved. Next day, a 1-cm?
area at the middle the shaved area was marked and the skin
thickness was recorded using a Vernier calliper. After steri-
lization with 70% alcohol, 0.1 mL of 1.5 mg mL~! of PHA-P
(50 pg (100 uL)~! PBS, Sigma Chemical) on one side and
0.1 mL of sterile PBS on the other side of the neck was
injected intra-dermally. The skinfold thickness was meas-
ured before administration of PHA-P (0 h), and thereafter
at 6, 12, 24 and 48 h post-injection with a Vernier caliper.
Finally, the cell-mediated immune response was assessed by
comparing the percent increase in skin thickness to baseline
reading (O h).

@ Springer



Journal of Applied Phycology

Bovine total immunoglobulin assay

Total plasma immunoglobulin was measured using an
ELISA kit (Bioassay Technology Laboratory, China).

Statistical Analysis

Before analysis all data were tested for normality using
the UNIVARIATE procedure (Shapiro—Wilk test). Data
that did not meet the assumptions of homoscedasticity
and normality of residuals were square root transformed.
Regression analysis was done by plotting data on methane
emission (g day~!, g kg~! DMI) on y-axis, and proportion
of propionate (%) and A/P ratio on x-axis.

The data that were collected periodically (BW, DMI, milk
yield and FCM, milk composition biochemical parameters,
plasma hormones, antioxidant activity, and immunoglobu-
lin) were analysed using the general linear model procedure
of Statistical Package for the Social Sciences (SPSS for
Windows, V21.0; SPSS Inc., USA). The following model
was used:

where Y is the dependent variable, u is the overall mean
of the population, T} is the mean effect of the i treatments,
D;;, the the random effect of the i buffalo within treatment,
P, the mean effect of day of sampling with day as a repeated
factor (k=0, 30, 60, 90 and 120 days of dietary treatment),
(Tx P),; is the interaction between effects of treatment and
day of sampling, and e is the unexplained residual element
assumed to be independent and normally distributed. Base
line data (0 day) were included as co-variate in the statistical
analysis using an autoregressive co-variate structure. The
means were compared using least squares means adjusted
by the Tukey’s post-hoc procedure.

Data on other parameters collected during metabolic
trial (intake and digestibility of nutrients and balance of
N), VFA and methane analysis were analysed using one
way analysis of variance (ANOVA) with the following
model:

Yij=pu+T +¢,
where Yij =each observation, u=overall mean, T;=effect of
i™ treatment, &= residual error.

The individual animal was used as the experimental
unit for all data. The pair-wise comparison of means was
carried out using “Tukey’s post-hoc test”. A probabil-
ity value of P <0.05 was considered significant although
mean differences with P <0.10 were considered as trends
and results are reported accordingly.
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Results
Nutrient composition of feed, fodder and seaweed

The chemical composition of oat fodder, wheat straw, con-
centrates, and seaweeds namely K. alvarezii (KA), G. sali-
cornia (GS), and T. conoides (TC) are presented in Table 2.
The crude protein (CP), ether extract (EE), and crude fiber
(CF) contents of KA, GS, and TC were similar, but GS had
a greater amount of total ash (TA) content (74.60 percent
on a DM basis) than other two seaweeds. Total phenolics
content and FRAP-value were higher in TC as compared to
two other seaweeds.

Feed intake, digestibility and nitrogen balance

The consumption of feed (kg DM day™'), dry matter intake
(DMI), and intake of nutrients such as dry matter (DM),
organic matter (OM), crude protein (CP), ether extract (EE),
neutral detergent fiber (NDF), acid detergent fiber (ADF),
total digestible nutrients (TDN), non-fibrous carbohydrates
(NFC), and metabolizable energy (ME) were found to be
comparable among the groups (Table 3). Similarly, there
was no significant variation in the apparent digestibility of
the various nutrients such as OM, CP, EE, and NDF among
the groups. The nitrogen (N) intake (g day~!), faecal outgo
(g day™!), N absorbed (g day™"), urinary N losses (g day™"),
and N retention (g day~!) were found to be similar among
the groups (Table 4). Efficiency of utilization of N for milk
synthesis (either as g N deposited (100 g)~! N absorbed N
or g N deposited (100 g)~'N intake) was also found to be
similar among the groups.

Intake of ME (Mcal day™!), and the portion ME being
utilized for maintenance and gain were similar (P> 0.05)
among the groups. There was a tendency (P=0.072) of
increased portioning of ME towards milk yield in group KA
(Table 4). The ME deposited in the milk in terms of % ME
available and % ME intake were found to be similar among
the groups.

Rumen fermentation and methane emission

The pH and ammonia nitrogen (NH;-N) level of rumen fluid
was found to be similar among the groups (Table 5). The
concentration of VFA in rumen fluid was also not affected by
seaweed supplementation. However, there was an increase
(P= <0.001) in proportion of propionate in rumen fluid
with concurrent decrease (P = <0.001) in A:P ratio on sup-
plementation of KA and GS and the higher response being
observed in KA group. The concentration of acetate tended to
decrease (P=0.084) in all the seaweed-supplemented groups
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Table 2 Chemical composition

of feed, fodder and seaweeds fed Parameters Feed Seaweeds

to experimental animals Wheat straw  Concentrate  Oat fodder KA  GS TC
Dry matter (%) 88.0 91.0 19.5 948 951 944
On % dry matter (DM) basis
Organic matter 88.8 90.6 89.8 63.1 254 66.3
Crude protein 3.94 19.1 8.08 5.60 4.10 5.70
Ether extract 1.70 2.60 4.45 040 0.17 0.63
Total ash 11.20 9.40 10.2 36.1 746 337
Acid insoluble ash 5.50 4.70 5.40 13.1 276 119
Crude fibre 454 28.5 24.1 540 470 5.80
Nitrogen free extract 37.8 40.4 53.1 525 164 542
Neutral detergent fibre 83.1 64.1 25.6 30.1 33.6 225
Acid detergent fibre 55.5 41.0 134 127 178 11.7
NDIN 0.41 0.43 0.56 - - -
ADIN 0.30 0.13 0.17 - - -
Hemicellulose 27.6 23.1 12.2 - - -
Cellulose 33.6 22.8 26.0 - - -
Total digestible nutrients 46.6 76.8 52.4 - - -
Metabolizable protein (100 g)’1 DM) 1.62 11.0 4.17 - - -
Metabolizable energy 1.23 3.08 1.60 - - -
(Mcal kg~! DM)
Functional properties

Total phenolics (mg GAE g™
FRAP value (mg AAE g™

2.60 490 275
- - - 056 186 240

NDIN: Neutral detergent insoluble nitrogen, ADIN: Acid detergent insoluble nitrogen, GAE: Gallic acid
equivalent, FRAP: Ferric reducing antioxidant power assay, AAE: Ascorbic acid equivalents, KA: Kappa-
phycus alvarezii, GS: Gracilaria salicornia, TC: Turbinaria conoides

as compared to CON group whereas, butyrate was unaffected
by any of the supplemented seaweeds. Methane production
expressed either as g day™!, g kg™! milk or g kg™! DMI was
lower (P <0.001) in buffaloes fed supplementary KA and
GS, and the most evident anti-methanogenic activity was
shown by GS as compared to the other groups. The regres-
sion analysis between propionate (%), A/P ratio and methane
emission (g day~!, g kg~' DMI) revealed a negative rela-
tionship (Y =-17.68X +649.7, R>=0.6071, P= <0.0001;
Y =-1.03X +39.50, R>=0.5792, P= <0.0001) between
propionate concentration and methane emission; whereas
a positive relationship (Y =82.28X + 15.60, R%=0.5026,
P=0.0001; Y=5.04X+1.88, R*=0.5314, P= <0.0001)
was observed between A/P ratio and methane emission
(Fig. 2).

Blood biochemical profile

Supplementation of seaweeds did not show any adverse
effect on the blood biochemical parameters such as blood
glucose, total protein, albumin, globulin, triglycerides,
cholesterol and non-esterified fatty acids (NEFA) and all
the estimated parameters were within the normal range

(Table 6). Neither seaweed supplementation nor stages of
lactation did elicit any effect on these parameters.

Antioxidant, hormonal and immune status

There was a tendency (P=0.09) of increased SOD activity
(U mg™! Hb) in groups KA, TC and GS as compared to CON
(Table 6). However, no significant effect of period or period
X treatment interaction was observed. Plasma concentration
of total antioxidant capacity (TAC mmol L~") was signifi-
cantly (P <0.01) higher in seaweed-supplemented groups,
however, there was no species difference among the seaweed
in eliciting their antioxidant activity (Fig. 3). The plasma
concentration of MDA was significantly (P <0.01) lower in
KA and GS group as compared to CON group (Fig. 3).

The plasma concentration of triiodo thyronine (T;) and
thyroxine (T,) was unaffected by seaweed supplementation.
The results of plasma cortisol estimates revealed that corti-
sol level was reduced (P <0.05) in all the seaweed-supple-
mented groups as compared to CON group, however, the
lowest value was reported in KA, followed by GS and TC
(Fig. 4).
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Table 3 Effect of different

. Parameters Dietary treatments’ SEM P value
seaweed supplementation on
intake and digestibility of CON KA GS TC
nutrients in lactating Murrah
buffaloes Feed consumption (kg DM day™!)
Oat fodder 7.50 8.10 8.00 7.70 0.105 0.175
Wheat straw 5.60 5.70 5.80 5.80 0.050 0.479
Concentrates 5.70 6.20 6.10 5.90 0.081 0.175
Forage: concentrate 43.5 44.9 442 43.7 0.723 0.897
Body weight (kg) 584 585 587 584 16.55 0.993
Dry matter intake (DMI)*
DMI (kg day™) 15.2 15.3 15.8 15.0 0.351 0.889
DMI (%BW) 2.60 2.60 2.70 2.60 0.108 0.988
Nutrient intake (g kg~! BW®7 day™!)
Organic matter 119 119 120 118 2.803 0.998
Crude protein 159 16.1 16.2 15.9 0.403 0.989
Ether extract 3.92 3.96 3.99 391 0.091 0.992
Neutral detergent fibre 72.1 71.6 71.6 71.5 1.372 0.999
Acid detergent fibre 429 42.8 434 41.6 0.823 0.896
Non-fibrous carbohydrates 27.3 27.8 28.2 274 0.824 0.982
Metabolizable energy (Mcal) 219 232 238 223 3.301 0.192
Apparent digestibility (%)
Dry matter 63.9 65.0 65.2 64.8 0.314 0.064
Organic matter 65.3 66.6 66.2 66.3 0.701 0.879
Crude protein 53.0 62.3 60.5 60.9 1.752 0.242
Ether extract 76.4 80.1 78.6 80.1 1.264 0.729
Neutral detergent fibre 57.5 59.3 59.1 58.6 0.551 0.681
Acid detergent fibre 49.6 54.0 58.5 56.5 1.343 0.094
Non-fibrous carbohydrates 90.0 85.1 929 86.1 1.091 0.096
Nutritive value (%)
Total digestible nutrients 62.8 63.5 61.2 63.5 0.795 0.727
(g (100 g)~'DM)
Digestible crude protein 6.50 7.64 6.88 7.45 0.205 0.177

(2 (100 g)~'DM)

T Animals in control (CON) group were fed standard rations (ICAR 2013) with no seaweeds, however, the
animals in group KA, GS and TC were supplemented with Kappaphycus alvarezii, Gracilaria salicornia
and Turbinaria conoides at 1% of dietary dry matter

“Data collected during metabolism trial

The absolute skin thickness was greater (P <0.001)
in KA, followed by GS, however, values were similar
between CON and TC group. The highest HA titer in
response to CRBC was seen 14 days after inoculation,
following which it gradually declined. In comparison to
CON group, the humoral immune response assessed as
titer in reaction to chicken RBC was greater (P <0.001)
in KA and GS supplemented groups, indeed the response
was greater in KA. Plasma concentration of immuno-
globulin was higher (P <0.001) in animals fed diet sup-
plemented with KA, followed by GS and TC.

@ Springer

Bodyweight changes and body condition score

From perusals of the data, it is evident that supplemen-
tation of different species of seaweeds did not manifest
any significant impact on fortnightly changes in body
weight and body condition score (BCS) in lactating Mur-
rah buffaloes. All the groups had similar body weight and
BCS at various fortnights; neither the treatment, period,
nor the period X treatment interaction was significant
(Table 7).
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Table 4 Effect of different

. Parameters Dietary treatments’ SEM P value
seaweed supplementation on
nitrogen and energy balance in CON KA GS TC
lactating Murrah buffaloes
Nitrogen balance
Nitrogen intake (g day™!) 304 305 302 303 0.595 0.505
Faecal nitrogen (g day™!) 152 152 153 153 0.292 0.516
Urinary nitrogen (g day™!) 83.6 83.1 83.1 81.2 0.719 0.684
Milk nitrogen (g day™") 58.4 59.2 554 58.8 0.609 0.094
Nitrogen absorbed (g day™!) 151 152 149 149 0.718 0.354
Nitrogen balance (g day ™) 9.50 9.96 10.8 9.33 0.945 0.955
Milk nitrogen
g N deposited (100 g)~' N intake 19.1 194 18.3 194 0.203 0.170
g N deposited (100 g)~! N absorbed 38.5 38.9 37.1 39.4 0.437 0.291
Energy balance
ME intake (Mcal day™") 49.9 493 50.2 48.2 0.548 0.673
ME maintenance (Mcal day’l) 15.7 15.9 16.0 15.9 0.742 0.992
ME gain (Mcal day™") 2.96 3.13 3.10 2.90 0.135 0.927
ME available for milk (Mcal day™") 31.5 30.2 31.0 29.2 0.421 0.584
ME deposited in milk (Mcal day™") 11.9 13.0 12.1 12.4 0.223 0.072
ME deposited in milk
%ME available 39.0 43.5 39.1 429 0.422 0.251
%ME intake 24.5 26.5 24.1 26.0 0.741 0.324

Animals in control (CON) group were fed standard rations (ICAR 2013) with no seaweeds, however, the
animals in group KA, GS and TC were supplemented with Kappaphycus alvarezii, Gracilaria salicornia
and Turbinaria conoides at 1% of dietary dry matter; ME: Metabolizable energy

Table 5 Effect of different

. Parameter Dietary treatments’ SEM P value
seaweed supplementation
on rumen fermentation and CON KA GS TC
methane emission in lactating
Murrah buffaloes pH 6.85 6.75 6.83 6.65 0.062 0.683
NH;-N (mg (100 mL)™") 21.1 18.5 19.7 213 0.531 0.234
Total VFA (mM (100 mL)™") 10.7 10.7 10.8 10.6 0.073 0.941
Volatile fatty acid fractions (% of total VFA)
Acetate 67.2 62.5 64.6 65.7 0.671 0.084
Propionate 19.9* 24.5° 22.2% 20.5 0.501 0.001
Butyrate 10.6 10.1 10.0 10.5 0.123 0.229
AP 3.38° 2.55° 2.93° 3.20° 0.081 <0.001
Methane emission
CH,(g day™) 315° 2422 2208 279 12.38 0.028
CH, (g kg~! milk) 31.5° 243 22.3 27.5% 1.252 0.037
CH, (g kg™! DMI) 20.5° 15.42 14.1# 18.4% 0911 0.042

Animals in control (CON) group were fed standard rations (ICAR 2013) with no seaweeds, however, the
animals in group KA, GS and TC were supplemented with Kappaphycus alvarezii, Gracilaria salicornia
and Turbinaria conoides at 1% of dietary dry matter; NH;-N: Ammonia nitrogen; VFA: Volatile fatty acids

Milk yield and composition

Milk yield and 6% FCM yield were higher (P <0.05) in
KA group followed by GS group as compared to CON and
TC groups (Table 7 and Fig. 5). Average daily milk yield
and FCM increased up to 4th fortnight of the experiment,

and then it gradually declined, a lactation curve that is
typical to Murrah buffalo was observed. The average FCR
(DMI kg~! milk) was found be improved (P <0.01) in KA,
GS groups. The composition of milk (fat, SNF, protein,
lactose and total solids) was not influenced by supplemen-
tation of seaweeds.

@ Springer



Journal of Applied Phycology

Y =-17.68*X + 649.7

Fig. 2 The regressi.on relatior.l— 400- 25.0- Y = -1.03*X + 39.50
ship between volatile fatty acids A R%=0.6071 R%= 0.5792
(VFA) and methane emission of A P=<0.0001 22.5+ o 4 P= <0' 0001
lactating Murrah buffaloes fed 350 g oA -
with tropical seaweeds (black - 0 20.0+
circle: CON, black square: KA, = 300+ ‘75,
black star: GS, black triangle: ° X 17.51
TC) 2 ] k)
o 250 @ 15.0-
< g
B 200 $ 1254
= s "
10.0+
150
75—
100 +—r—T—T—T—— —r—r—r— 15 20 25 30
15 20 25 : Propionate (% of TVFA)
Propionate (% of TVFA)
400 25.04
A
2504 A _ 2257
< 2 20.0-
> 300+ K
3 2 17,51
2 2
2504 -
: Y = 82.28"X + 15.60 0 isbyelrii
< =82.28*X + 15. < 2_
= _ S 12,5+ R*=0.5314
3 200 A R?= 05026 3 ) * P= <0.0001
* P=0.0001 10.04
150+
7.5 T T T T T T 1
100 ——————— 15 20 25 30 35 40 45 50
15 20 25 3.0 35 40 45 5.0 AIP ratio
AJP ratio
Discussion feed intake in lactating Murrah buffalos. This finding was

Chemical composition of feed and seaweed

The chemical composition of oat fodder, wheat straw and
concentrate mixture used in the present study had similar
nutritional compositions that were reported by ICAR (2013).
The nutritional composition of all three seaweeds (CP, EE,
CF, NDF, and ADF %) was found to be identical to earlier
findings (Ahmad et al. 2016; Maheswari et al. 2021). The
total ash (TA) and acid insoluble ash (AIA) levels of all three
seaweeds were found to be greater. GS contained a higher
amount of TA (74.60 percent on DM basis) as compared to
other two seaweeds. This finding corroborates well with pre-
vious studies indicating higher ash content of G. salicornia
(Maheswari et al. 2021; Anderson et al. 2023).

Intake and utilization of nutrients

The present study findings revealed that the supplementa-
tion of KA, GS and TC did not have any adverse effect on

@ Springer

in agreement with several other previous seaweed-supple-
mented studies in ruminants (Singh et al. 2017; Maheswari
et al. 2021; Sharma et al. 2022; Anderson et al. 2023).
Apparent digestibility of nutrients like OM, CP, EE, and
NDF was unaffected by the seaweed supplementation. How-
ever, in this experiment there was an increased tendency
of DM and ADF digestibility in all three seaweed-supple-
mented groups, whereas negative trend on NFC digestibility
was observed in KA and TC supplemented groups. It is fair
to conclude that feeding Kappaphycus, Gracilaria or Turbi-
naria at a lower (% DM) concentration in the diet of lactat-
ing buffaloes in present study didn’t have any adverse effect
on digestibility of nutrients. This is in agreement with previ-
ous findings that indicate no adverse impact of seaweed on
digestibility of nutrients (Antaya et al. 2015, 2019; Belanche
et al. 2016; Singh et al. 2017). The results of present study
revealed that the supplementation of tropical seaweeds did
not cause any significant changes in nitrogen (N) intake,
outgo and balance and the efficiency of converting dietary N
into milk nitrogen in lactating Murrah buffaloes. Similarly,
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Table 6 Effect of different
seaweed supplementation on
blood biochemical profile,

antioxidant, plasma hormone
and immune status in lactating
Murrah buffaloes

Attributes Dietary treatments’ SEM P value
CON KA GS TC T p T*P
General metabolic profile
Glucose (mg dL™") 62.6 632 621 632 1370 0.600 0.006 0.878
Total protein (g dL.™1) 699 7.08 7.07 7.16 0.162 0.530 0.570  0.980
Albumin (g dL™") 3.05 3.07 3.07 308 0153 0970 0990  0.990
Globulin (g dL™") 394 400 4.00 415 0214 0610 0970 0975
Triglycerides (mg dL 1) 202 20.0 202 204 3.823 0.650 <0.001 0.970
Cholesterol (mg dL™h 104 106 103 106 0.451 0.481 0.170 0.990
NEFA (umol L") 250 243 249 247 1121 0730  <0.001 0.890
Plasma hormones
Cortisol (ng mL™") 2.69° 2.40° 2.60° 2.62° 0274 0.001  <0.001 0.990
Triiodo thyronine (ng mL™") 176 177 178 178 0231 0990 0.130  0.990
Thyroxin (ng mL™") 489 49.1 484 471 5382 0950 0550  0.990
Antioxidant activity
SOD (U mg™! Hb) 337 3.67 346 350 0201 0.09 0.020 0.740
TAC (mmol L") 1.79% 2.15° 2.05° 2.12° 0.164 <0.001 <0.001 0.461
MDA (nmol mL™") 2.52° 2.08* 2.09* 247° 0234 <0.001 <0.001 0.015
Immune response
Total Immunoglobulin (mg mL™") 24.5% 27.8° 26.5*° 25.3% 1702 <0.001 <0.001 0.003
Cell-mediated immunity
Absolute skin thickness (mm) 1.36% 1.49° 141° 136* 0.621 <0.001 <0.001 <0.001
Humoral immunity (titre) 238" 3.52° 3.25° 238 0394 <0.001 <0.001 <0.001

T Animals in control (CON) group were fed standard rations (ICAR 2013) with no seaweeds, however, the
animals in group KA, GS and TC were supplemented with Kappaphycus alvarezii, Gracilaria salicornia
and Turbinaria conoides at 1% of dietary dry matter

NEFA: Non-esterified fatty acids; SOD: Superoxide dismutase; TAC: Total antioxidant capacity; MDA:

Malondialdehyde

T: Effect of treatment, P: Effect of period, T*P: Treatment * Period interaction

intake and utilization of ME remained similar among the
groups and all the diets supplied adequate amount of energy
and protein to meet requirements of lactating buffaloes
(ICAR 2013).

Rumen fermentation parameters

In the present experiment, supplementation of seaweeds did
not cause any significant change in the rumen pH, NH;-N
and total volatile fatty acids (TVFA) concentration of lactat-
ing Murrah buffaloes fed different tropical seaweeds. These
results were corroborating well with previous reports (Kin-
ley and Fredeen 2015; Kinley et al. 2020) which indicate
that supplementation of tropical seaweeds did not influence
either of these parameters. However, there are some reports
(Hong et al. 2015; Belanche et al. 2016; Maia et al. 2016;
Giilzari et al. 2019) which indicate that supplementation of
seaweed resulted in decreased rumen fermentation leading
to reduced gas and VFA production. This discrepancy can
be explained on the basis of species and doses of seaweeds.
Most studies indicate that rumen fermentation is inhibited

when seaweeds are supplemented at a higher level (reviewed
by Abbott et al. 2020). In this experiment, proportion of
seaweed in the total ration did not exceed 1%. Results clearly
demonstrate that supplementation of either KA, GS or TC at
1% of the diet would not have any adverse impact on rumen
fermentation. This agrees with the finding of Munde (2018)
who reported that supplementation of either KA or GS at
1% of the diet did not affect rumen fermentation in steers.
Supplementation of KA and GS resulted in increased
proportion of propionate in the rumen fluid leading to a
decreased A/P ratio. Similarly, supplementation of tropical
red seaweed resulted in increased proportion of propionate
in the rumen (Machado et al. 2014, 2016b; Belanche et al.
2016; Stefenoni et al. 2021). Results of the present experi-
ment suggest that supplementation of tropical red seaweeds
may divert part of the hydrogen towards production of pro-
pionate and thereby reducing the amount of hydrogen avail-
able for methanogenesis. However, how tropical red seaweed
shift of rumen fermentation towards propionate is not pre-
cisely known, however, it could link to bromoform content
of tropical red seaweed. Machado et al. (2016b) reported that
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Fig. 3 Effect of different seaweed supplementation on antioxidant status of lactating Murrah buffaloes

when the level of bromoform (CHBr;) was 5 uM it caused
a reduction in production of acetate by 44%. This would be
the possible mechanism by which KA and GS caused a shift
towards propionate production because both these seaweeds
are rich sources of halogenated compounds (Leedham et al.
2013; Keng et al. 2021).

Methane production
In this experiment, supplementation of all three seaweeds
was found to decrease enteric methane emission (g day ™!,

g kg™! milk, g kg~! DMI) and the greater response was
observed in KA and GS group followed by the TC. A similar

@ Springer

reduction in methane emission in several in-vivo experi-
ments with seaweed supplementation in cattle (Machado
et al. 2014; Roque et al. 2019; Katwal et al. 2021; Stefenoni
et al. 2021), and also in many in-vitro experiments (Wang
et al. 2008; Machado et al. 2016a; Ahmed et al. 2022).
In this experiment, we observed a negative relationship
between proportion of propionate and A:P on methane
emission.. The antimethanogenic activity found in our study
could well correlated with the higher proportion of propi-
onic acid that found in ruminal fluid of seaweed-fed groups.
As part of the hydrogen produced in the rumen might be
diverted towards production of propionate in seaweed fed
groups, and thereby net amount of hydrogen available for
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Fig.4 Effect of different seaweed supplementation on cortisol level in
lactating Murrah buffalos

methanogenesis is reduced leading to decreased production
of methane. The decreased methane emission due to feed-
ing of tropical seaweed could also be attributed to presence
of halogenated compounds in red seaweeds (Machado et al.
2016a; Stefenoni et al. 2021). In this experiment, proportion
of seaweed was less than 1% of the diet DM and no decrease
in apparent digestibility or rumen concentration of TVFA
was observed. To date the red seaweed Asparagopsis taxi-
formis has been studied most widely for its anti-methano-
genic activity (Machado et al. 2014; 20164, b; Kinley et al.
2020) and it was also reported to contain several halogenated

compounds like bromoform (1723 pg g~! dry weight), dibro-
mochloromethane (15.8 pg g~! dry weight), bromo chlo-
roacetic acid (9.8 pg g~! dry weight) and dibromo acetic
acid (0.9 pg g~! dry weight) (Machado et al. 2016a). The
two red seaweeds, K. alvarezii and G. salicornia that were
used in this experiment were also reported to be a good
source of bromoforms and emission rates of bromoform
(CHBr;) for Kappaphycus and Gracilaria were 479-558 and
1037-1272 pmol g™! fresh weight h™', respectively (Keng
et al. 2021, 2023). These halogenated compounds exert
their antimethanogenic action via inhibition of vitamin B,
dependent methyl transferase which catalyses the terminal
step in enzymatic pathway of methanogenesis. Additionally,
these halogenated compounds may act as terminal electron
acceptor (Abbott et al. 2020).

In this study, enteric methane emission was reduced by
23, 30 and 11% in groups KA, GS and TC respectively.
The modest response obtained in this experiment could be
explained on the basis of higher content of halogenated com-
pounds in red seaweeds. On the other hand, brown seaweeds
contain a negligible amount of bromoforms, so higher meth-
ane emission in TC group as compared other red seaweed
supplemented groups (KA and GS) was in the expected line.
Among the two tropical red seaweeds, Gracilaria contained
more bromoform content than Kappaphycus (Keng et al.
2021) which might be the reason behind apparently lower
methane emission of animals consuming G. salicornia as
compared to those fed diet containing K. alvarezii.

General metabolic and hormonal profile

In the present experiment, supplementation of seaweeds
showed no significant influence on plasma concentrations
of T; and T, hormones. Similarly, previous studies con-
ducted in buffaloes (Maheswari et al. 2021) and lactating
cattle (Antaya et al. 2015, 2019; Hong et al. 2015; Sorge
et al. 2016) with macro-algal supplementation did not find
any negative impact on thyroid hormones.

In the present study, a reduction in plasma concentration
of cortisol was observed in buffaloes fed diets supplemented
with tropical seaweeds and higher response was evident in the
K. alvarezii fed group. This is in agreement with Maheswari
et al. (2021) who indicated that supplementation of tropical
seaweed-based formulation containing Kappaphycus, Graci-
laria and Turbinaria reduced circulatory concentration of cor-
tisol in lactating Murrah buffalo. In present study, the superi-
ority of Kappaphycus over other two seaweeds in alleviating
stress could be linked to the free radical scavenging ability of
Kappaphycus attributed to its higher levels of carrageenans,
that contained one or more-OH and -SO-H groups (Matanjun
et al. 2010). Thus, supplementation of Kappaphycus alvarezii
can reduce the stress levels in early lactating animals.
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Table 7 Effect of different

. Parameters Dietary treatments’ SEM P value

seaweed supplementation on

milk yield and composition in CON KA GS TC T P T*P

lactating Murrah buffaloes
Body weight (kg) 584 585 587 584 18.21 0.993 0.970  0.990
Body condition score 3.04 3.02 3.03 2.99 0.123  0.270 0.390 0.990
DM intake (kg day~')* 16.3 16.8 16.5 16.5 0.384 0.275 0.001  0.990
Milk yield (kg day™!) 9.98%  11.3° 107%®  10.2° 0.763  0.004 0.001  1.000
6% FCM (kg day™!) 11,58 132°  12.5% 12.0® 0.992  0.007 0.149  0.990
FCR for milk yield 1.68°  1.51° 1.55? 1.65° 0.042  0.002 <0.001 0.998
FCR for 6% FCM 145¢ 130 133 141*  0.024 0.003 <0.001 0.998
Composition (%)
Fat 7.38 7.44 7.47 7.48 0.201 0.770 0.001  1.000
Solid non fat 9.65 9.63 9.66 9.60 0.130 0.784 0.013 0.162
Protein 3.68 3.65 3.62 3.64 0.100  0.770 0.830  0.980
Lactose 5.03 4.99 5.05 5.03 0.102 0.627 0.243  0.996
Total solids 17.0 17.0 17.1 17.0 0.234  0.820 <0.010 0978

T Animals in control (CON) group were fed standard rations (ICAR 2013) with no seaweeds, however, the
animals in group KA, GS and TC were supplemented with Kappaphycus alvarezii, Gracilaria salicornia
and Turbinaria conoides at 1% of dietary dry matter

FCM.: Fat corrected milk; FCR: Feed conversion ratio

T: Effect of treatment, P: Effect of period, T*P: Treatment * Period interaction
"Least square mean of data collected on days 0,15, 30, 45, 60, 75 and 90

Antioxidant activity

In this study antioxidant status of the lactating Murrah
buffaloes were assessed by measuring superoxide dis-
mutase (SOD), lipid peroxidation (LPO) and total anti-
oxidant capacity (TAC). In this study, SOD activity was
similar in all the groups, however a greater tendency of
SOD activity was noticed in seaweed-fed groups. Simi-
larly, an increased activity of SOD was observed on
supplementation of goats with seaweed extract under
transportation stress (Kannan et al. 2007). The red sea-
weeds have the ability to strengthen the antioxidant status
through enhanced activity of SOD was reported earlier
in calves (Anderson et al. 2023) and lactating buffaloes
(Maheswari et al. 2021). Supplementation of brown sea-
weed to the goat kids, improved antioxidant status by
improved SOD activity (Angulo et al. 2020).

In this experiment, supplementation of K. alvarezii
and G. salicornia resulted in reduced plasma MDA
concentration, however, no such positive response was
observed when T. conoides was supplemented. Results
were largely similar to an earlier study (Maheswari et al.
2021) which indicated that supplementation of a tropi-
cal seaweed-based formulation containing Kappaphycus,
Gracilaria and Turbinaria (1:1:1) reduced lipid peroxi-
dation in lactating buffaloes. A comparison of both stud-
ies would indicate that most of these protective actions
were rendered by the two tropical red seaweeds rather
than one brown seaweed. Superiority of the two red
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seaweeds could be linked to their higher content of sul-
phated polysaccharides (Makkar and Chakraborty 2017).
In this experiment, supplementation of 7. conoides did
not cause any significant change in plasma concentration
of MDA. In disagreement with present results, reduced
lipid peroxidation on brown seaweed supplementation
was observed in sheep exposed to prolonged heat stress
(Saker et al. 2004). However, studies on stress-relieving
response of brown seaweeds in livestock pertains mostly
to one temperate brown seaweed species i.e., Ascophyl-
lum nodosum. The discrepancy in response to insult
caused by reactive oxygen species (ROS) was indica-
tive of potential difference between A. nodosum and T.
conoides which need to be studied further with different
brown seaweed species from different habitats.

In this experiment, total antioxidant capacity (TAC)
was increased on seaweed supplementation in Murrah
buffalo diet. Similarly, supplementation of macro-algae
increased the antioxidant capacity of animals exposed to
stress induced by either heat or due to grazing on toxi-
cants (Saker et al. 2001, 2004). Dietary supplementa-
tion of a tropical seaweed-based formulation resulted in
increased TAC in buffaloes (Maheswari et al. 2021). The
antioxidant nature of tropical red seaweeds (K. alvarezii
and G. salicornia) was due to the fact that they contain
good number of sulphated polysaccharides, polyphenolic
compounds, vitamin E, and minerals such as iron (Fe),
manganese (Mn), copper (Cu) and selenium (Se) which
acts as cofactors for some antioxidant enzymes (Kumar
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Fig. 5 Effect of different seaweed supplementation on milk yield and
6% FCM in lactating Murrah buffaloes

et al. 2011). Sulfated polysaccharides such as carrageenan
have the capacity to scavenge free radicals due to the pres-
ence of singular or numerous sulphate groups (Arunkumar
et al. 2021). While red seaweeds are high in sulphated
polysaccharides, they lack phlorotannins, which are found
only in brown seaweeds and acts as an excellent source
of antioxidant defence system (Vijayabaskar et al. 2012).
Other bioactive compounds found in brown seaweeds with
potential antioxidant activity include pigments (fucoxan-
thin, astaxanthin, carotenoids) and polyphenols (phenolic
acid, flavonoids, tannins). Thus, it is evident that red (Kap-
paphycus, Gracilaria) and brown seaweeds (Turbinaria)
used in present study render protection against oxidative
damage through different mechanisms. Irrespective of the
treatment, plasma levels of SOD and TAC increased and
that of MDA decreased with increase of days in milk. Sim-
ilarly, Maheswari et al. (2021) also reported an improved
antioxidant status of lactating Murrah buffaloes with
advancement of lactation.

Immune parameters

In present study, supplementation of both the red sea-
weeds improved the immune response of lactating Murrah
buffaloes, however, supplementation of the brown seaweed 7.
conoides did not have any significant effect on cell-mediated
immunity (CMI) and humoral immune response. Similar to
our results, supplementation of three different brown seaweeds
did not cause any significant change in the phagocytic index in
fish (Thepot et al. 2021). However, other reports indicate posi-
tive response of brown seaweed supplementation on cellular
immunity in livestock (Hwang et al. 2014; Bussy et al. 2019).
Feeding of brown seaweed A. nodosum enhanced phagocytic
activity in calves grazing on endophyte-infected tall fescue
(Allen et al. 2001) and in lambs exposed to chronic heat stress
(Saker et al. 2004). Discrepancy in obtained response could
be due to considerable variation in functional properties of
different species of brown seaweeds, habitat, and may also be
dependent on the physiological status of the animals. In this
experiment, CMI response was improved due to supplemen-
tation of both the red seaweeds, but the greater response was
obtained with K. alvarezii. Present findings corroborate well
with a previous report (Maheswari et al. 2021) which indicate
that supplementation of tropical seaweed-based formulation
(mostly red seaweed based) improved CMI response in lactat-
ing Murrah buffaloes. Similarly, supplementation of K. alva-
rezii improved cellular immune response in hens (Qadri et al.
2019). Both the red seaweeds (K. alvarezii and G. salicornia)
that were studied contained appreciable quantity of bioac-
tive molecules such as sulfated polysaccharides, phenolics,
a-tocopherol, and pigments (Makkar et al. 2016), which are
capable of augmenting cell-mediated immune function (Fike
et al. 2001). Thus, it is logical to assume that supplementary
feeding of red seaweeds would increase supply of antioxidant
bioactive compounds that will increase the power of phago-
cytes to kill pathogens. Further, red seaweed contains sul-
phated polysaccharides that are potent immunological stimu-
lators through the activation of dectin-1 receptors of immune
cells (Magsood et al. 2011). In this study, superior cellular
immune response in red seaweed supplemented buffaloes
was also accompanied by increased plasma concentration of
immunoglobulin, the higher response being observed when
K. alvarezii was used as a supplement.

In this study, supplementation with both res seaweeds
enhanced the humoral immune response in lactating Mur-
rah buffaloes, while the brown seaweed did not cause any
favorable response. Similarly, an improved humoral immunity
was also reported in buffaloes (Maheswari et al. 2021), sheep
(Cabrita et al. 2017) and chicken (Qadri et al. 2019) on sup-
plementation of red seaweed-based formulation. It could be
result of appreciable amount of lectin present in K. alvarezii
which might facilitate enhanced hemagglutination activity
(Hung et al. 2009). The bioactive molecules of seaweeds have
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the ability to stimulate the release of cytokines (IL-2 and IL-4)
and chemokines which show positive effect on humoral and
cellular immune functions (Leonard et al. 2011). The inclu-
sion of Gracilaria spp. at 5% in broiler chicken diet improved
the immunity with enhanced circulatory immunoglobulins
(Al-Khalaifah et al. 2022). In nutshell, supplementation of
K. alvarezii and G. salicornia improved both cellular and
humoral immune response of lactating Murrah buffaloes, the
greater response being observed when K. alvarezii was used
as supplement. The superiority of Kappaphycus over Graci-
laria in boosting immunity can at least be partially explained
on the basis of greater antioxidant activity of K. alvarezii than
G. salicornia (Ganesan et al. 2008).

Milk yield and composition

In the present study, supplementation of Kappaphycus and
Gracilaria shown to improve the milk yield and 6% FCM yield
in Murrah buffaloes. However, the brown seaweed, 7. conoides
supplementation did not have any significant effect on milk
yield. Although, 6% FCM yield was shown improvement in
TC group. The fact is, most of the earlier studies related to
the effect of supplementation of seaweeds on milk production
were focussed on one single species of the temperate brown
seaweed, A. nodosum and the results reported were inconsist-
ent. The majority of the studies indicated that brown seaweed
supplementation eighter had no effect or decreased milk yield
(Antaya et al. 2019; Katwal et al. 2021; Thorsteinsson et al.
2023), but the results of the present experiment were clearly
demonstrated that brown seaweed (7. conoides) may have the
potential to cause some improvement in milk yield, although
response was not robust enough. On the other hand, there are
some reports which indicates an increased milk production on
brown seaweed supplementation (Singh et al. 2017).
Interestingly, supplementation of both of the tropical
red seaweeds caused significant increase in milk yield and
FCM yield. These findings agree well with the study of
Maheswari et al. (2021) indicating that supplementation
of a tropical seaweed-based formulation (mostly K. alva-
rezii and G. salicornia) improved milk and FCM yield in
lactating Murrah buffaloes. The positive response that we
have observed in this study with respect to milk production
in red seaweed supplemented groups could be linked to
improved ruminal concentration of propionate in KA and
GS groups, which acts as a potent precursor for intra-mam-
mary synthesis of lactose (Kleiber et al. 1953). A similar
increase in milk production mediated through increased
concentration of propionate was reported earlier (Xue
et al. 2019). Increased milk yield could also be related to
decreased methane emission in KA and GS supplemented
groups. In general, 2—-12% of the gross energy (GE) intake
will be lost as methane in ruminants, and in particular loss
will be higher than 6% in dairy animals (Tamminga et al.
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2007). Thus, it would be logical to assume that the reduced
CH, emission due to feeding of red seaweeds might have
contributed to improved milk yield. Along with these,
improved antioxidant and immune status of buffaloes fed
red seaweeds (KA and GS) have improved overall welfare
and which might have enabled the buffaloes to divert more
energy and nutrients towards milk production.

During early lactation, high energy demand causes physi-
ological imbalances leading to disruption of endocrine
homeostasis and balance of pro-oxidants and anti-oxidants.
Oxidative stress-induced inflammatory changes in dairy cat-
tle often associated with rise in circulatory concentrations of
pro-inflammatory cytokines, which may adversely affect the
energy partitioning and lactational performance (Kuhla 2020).
Under such conditions, there will be shift in energy partitioning
towards maintenance than production. Both the red seaweeds
namely K. alvarezii (Paul et al. 2021; Zhang et al. 2022) and
Gracilaria spp. (Antony and Chakraborty 2020) can strengthen
the immune system by reducing circulatory concentration of
pro-inflammatory cytokines. Thus, they can reverse some
of the adverse changes associated with nutrient partitioning
observed during early lactation. An improved immune system
as observed during the present study would ensure that a lesser
amount of energy and nutrients are diverted towards mainte-
nance and more is available for milk production.

In this experiment the greater response with respect to
milk yield was obtained when KA was supplemented, which
is clearly evident on direct comparison between the two red
seaweeds that the immune response (humoral immunity
and cell-mediated immunity), and plasma concentration
of immunoglobulin was higher, and that of cortisol was
lower in buffaloes fed KA as compared to those fed with
GS. Improved immune function and ability to combat stress
might have resulted in enhanced milk production in buffaloes
fed KA as compared to GS. In this experiment, composi-
tion of milk was uninfluenced by feeding of any of the three
tropical seaweeds. On the contrary, Bendary et al. (2013)
reported that supplementation of seaweed to lactating HF
cows increased fat, lactose, SNF and total solid contents
of milk. However, results of present experiment show that
incorporation of tropical seaweeds at 2.5% of the concentrate
mixture in lactating Murrah buffaloes would have no adverse
impact on milk composition. This agrees well with several
previous reports (Karatzia et al. 2012; Antaya et al. 2015,
2019; Roque et al. 2019; Maheswari et al. 2021).

Conclusion

Supplementation of Turbinaria conoides improved antioxidant
status, and reduced methane emission and stress with an appar-
ent increase in 6% FCM milk yield, however, the responses
were not as pronounced as in animals fed supplementary
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Kappaphycus alvarezii and Gracilaria salicornia. Supplemen-
tation of both the tropical red seaweeds significantly increased
the proportion of propionate, decreased enteric methane emis-
sion, improved antioxidant, immunity status and reduced the
stress level by lowering cortisol, that resulted in increased
milk and 6% FCM yield. The results clearly demonstrate the
superiority of the two tropical red seaweeds over the brown
seaweed as a feed supplement for lactating Murrah buffalo. A
comparison between the two seaweeds indicates that antioxi-
dant status was similar between the groups, however, immune
response was higher and plasma level of cortisol was lower in
buffaloes fed K. alvarezii as compared to those fed G. salicor-
nia. Buffaloes fed K. alvarezii produced more milk and FCM
with improved FCR as compared those fed G. salicornia. It is
concluded that supplementation of K. alvarezii at 1% of dietary
DM of lactating Murrah buffaloes would be beneficial in terms
of improved antioxidant and immune status, and milk yield
with a reduction in enteric methane emission.
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