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Summary

Effects of saponins from fresh and ensiled alfalfaedicago sativa L) on enteric methane

emission and biohydrogenation in dairy cows

Among the sources of anthropogenic origimminant animals kept under production
conditions are the leading producers of greenhouse gases, including methane. Animal
production must meet the growing demand for food while limiting the negative impact
ontheenvironment. Methane is one of the greard®gases primarily responsible for climate
change. It is formed in the rumen by the action of microorganisms during fermentation
processes. For many years, dietary components have been searched for, which, when used
inther umi nant s 6 di avs,sill affectthe pdpylatiath afimicrporganisms living
in the rumen and, as a result, reduce the amount of methane produced. Because
of thebanontheuse of antibiotic growth promoters in animal nutrition in the European Union,
feed components contaimjiiologically active compounds affecting ruminal microorganisms,
e.g., secondary plant metabolites, swaght. Alfalfa Medicago sativa l).is a popular legume
grown widely in temperate climates. Alfalfa is a rich source of plant secondary metabolites,
primarily saponins, with the potential to modulate rumen fermentation while reducing methane
production andammonia concentration by decreasing the population of rumen microbes,

mainly protozoa.

As part of the research, an analysis of the content aniieppbaponins wasarried
out in ten varieties of fresh and ensiled alfalfa. The structural changeshith saponins
aresubjected during the ensilage process were also determanaglUPLC. Two varieties
of alfalfa with the highest content of sapasiwere selected fofurtherin vitro andin vivo
studies. The in vitro studies consisted of three experiments performed using two short
termtechniqgues for rumen fluid fermentation: batch culture and Hohenheim

gastest,andthelong-term technique, the soalled artificial rumen (RUmen Simulation



TEChnique RUSITEQ. In vivo studies were also carried out with cannulated dairy cows
anddairy cows under commercial farm conditions. In the collected rumen fluid samples
(invitro and in vivo), the parameters characterizing the fermentation processes were
determined; moreover, in the in vivo tests, the fatty acids profitaénrumen fluid and milk,

and the basic parameters of milk, were determined.

As a result of the research, it was foundattithe ensiling process increases
theconcentration of saponins threefold and changes their profile in ensiled alfalfa compared
to fresh material. Moreover, it has been confirmed that saponins, due to their antiprotozoal,
antimethanogenic and antibacterabperties, modulate rumen processes, causing changes
in the volatile fatty acid composition and fatty acid profile and reducing methane production.
Additionally, saponins show different effectiveness dependindheir source. The addition
of alfalfa slage to the diet for dairy cows has a positive effect on the basic parameters of milk
and the milk fatty acids profile. It has been shown that the most promising results were obtained
with the use of Kometa alfalfa silage tlrediet. To conclude, the Korte alfalfa silage
asasource of saponins céresuccessfully used as a valuable component of dairy cows' diets,

reducing methane emissions.
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1. Introduction

Animal productionfacesa significantchallenge to meet the growing demandféard
while reducing emissions of harmful greenhouse gases. Redingngmission of methane,
carbon dioxide, and other pollutions is a severe challenge in the dairy industoysthaogety's
growing expectationsThere is als@ need to providedequatenutrition for animals taking
into account theleficiency of proteirrich dietary materials [1]JRuminants are considered
theprimarygreenhousegas producers, with tremount estimated to be around 80% of the total
emissions from enteric fermentation and about 14.5% of total anthropogenic greenhouse gas
emissions [2]. For this reason, it €ssentialto maximize the performance of dairy cows

anduseresources responsib]g].

Methane is producedy Archaea mainly with hydrogen and carbon dioxide
in theprocess of methanogenesis. Methane is one dé#uenggreenhouse gases responsible
for planetary heating and is causing climate change [4]. The mitigatiorethianogenesis
is also beneficiafor increasing the dietary energy efficiency usedairy c o wraitétion [5].
For this reason, the mitigationmiethaneemissions hagained scientific attention over tpast
few decades due to itmdverseeffectsontheenvironment and animal productio6].[ These
mitigation strategies includenodulation of rumen fermentatiorthrough various means
of modification of rumen microbial diversity7]. Dietary manipulation is directly related
to changes irthe rumen fanentation pattern and types of end products. Previously, antibiotics
were used extensively as a dietary supplement for ruminants to modulate rumen fermentation
andreduce methane emissions. In 2003, the European Commission banagebtfihehemical
supplenents in the nutrition of ruminants (Directive 1831/2003EE) because the excessive
use of antibioticdeadsto developingoacteriadrug resistance, endangering human he@lth [
Since then, animal nutrition scientists have focusagsorgnatural products such ascondary

plant metabolites, bioactive compouradglantsorigin as an environmentally safe alternative
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to synthetic chemicals in the ruminant feed rat@nRPlants ad their plant extracts have been
extensively studied for their content of precursors and their influencenten fermentation

through changes in ruminal microbial populations [10].

Alfalfa (Medicago sativa L), also known as lucerne, is a popular legurpkant
commonly cultivated imtemperate climate, also in Poland. It is characterized by high nutritive
value, reasonable protein qualitgnd high protein contentnaking it a suitable plant
for usein animal diets, including higproducing dairy cows1[1,12]. Due to its high protein
content is an excellent pasture for ruminants, which can be used as green alfalfa grazing feed
or as hay or pelletsHowever, in moist climates where field dryingdificult, alfalfa
is possessethto silage instead of diyg fresh material I3]. The process is quite complex
in thecase of alfalfa due to the low carbohydrate conégaithe risk ofdegrading the crude
protein to destructible neprotein nitrogen duringnsiling[14,15. Furthermore, alfalfa is rich

in secomary metabolites, especially saponins.

The saponins in alfalfa are pentacyclic triterpenes. These compounds occur in the form
of glycosides of several aglycons, including medicagenic acid, zanhic acid, soyasapogenol
andhederagenin [, 17]. Saponins caexistin three forms depending dhe number of sugar
chains attached to the aglycone: monodesmosidic, bisdesmasidicdesmosidic form.
Thebiological activity of saponinsrelies on the aglycone structureand the length
andcompositionof carbohydrate side chains8]1 Saponins areharacterized by foaming,
hemolytic and antimicrobial properties, irritating the throat and modulating the permeability
of the intestinal membrane. Saponins have antiprotozoal propetidsare indirectly
artimethanogenic because about 25% of methanogamesassociatedwith protozoa
in therumen [B, 20]. The most active alfalfa saponins anedicagenic acid glycosides, and
monodesmosides are more active than bisdesmosides. On the other hand, zanhioadglyc

show little activity in this respect, while soyasapogenol glycosides are inactiveEHrlier



studies have shown that alfalfa saponins are biologically active and modulate ruminal
fermentation 21]. To understand the interactions between saponinsramihal microbial
populations, knowledge of the relationship between chemical structure and activity of saponins
is required. It was noted that plant materials used in amatationshould beassessed ir@rms
of the content of saponins due to the wide varietystaficturesand actions of saponins.
It is especially worth paying attention to forages produced by the compacianommaterial,
such as the ensilage process, because in such , casgsificart increases

in theconcentratiorof saponin and other antutritional components may occur.

For this reason, the first step in the studyatfblfa saponins was to investigate
thechanges in the level and composition of saponins during fermentation. The results allowed
us to select two alfalfa cultivars, Kometa and Verko, for further experiments doe highest
concentration of saponins. Then, the influence of total and indivd@dgpanins on the methane
production and total microbiapopulations in rumen fluidwasexamined. Theeffect
of the 2- fold and 4fold increased dietary concentrationsafponins on theumen parameters
was also investigated. These studies allowed aenclude that saponins have differing effects
depending on their sources (aerial anot parts of plants) and concentration. Alfalfa root
saponins were shown to have thest visible effects. It has been found that all mixes
of individual saponins (aeriakoot, and all individual saponins) have a mitigating effect
onmethane production. Thesults ofthe total of all individual saponins did not differ much
from the results ofthe mix with the root saponins only. For this reasomasdecided that
theresearchusing the artificial rumen, theRUSITEC system, would bearried outusing
aspreviously mentioneddue to the highest concentrationsajponins, Kometa and Verko
alfalfa silags. In this case, it was also decided to use a saponin extract tp wlether
a4- fold increase in saponin content in the diet will significantly affect the results. However

inin vivo studies after analyzing the data from thRUSITEC system experiments,
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it wasdecided only to compare the alfalfa silage from the Kometa/arkb cultivars without

the addition of saponin extracts.

Every year, the enthusiasm faroducinghealthpromoting, enriched animal products
grows In the case of ruminants, the main focus pa@®n milk. Interest in milk, which contains
increased amounts of acids such as9¢itrans11 C18:2 ¢onjugated linoleic acidCLA),
and18:3n-3, isconstantly growingFor this reason, plants that replaeegrimarycompounds
in the diet of ruminants aimed at reducing methane emissions are also tesited fifects
onmilk and meat. It has been shown thatddition to limiting the action omicrobiota in the
rumen, secondarglant metabolitesincludng saponinsalso could improve milk nutritional
quality by enhancing the content of fatty aci#® 23,24. Theresearch heshown that saponins
derived fromYucca schidigerded to dairy cowsreducedthe content ofmilk saturated fatty
acids such a€6:0, C8:0 25. Milk from cows fed a diet supplemented wiBaponaria
officinalis root, rich in triterpenoid and saponins, had a higbentent of cis9 18:1,
trans 11C18:1, cis9, cis12 C182 andcis-9, transll CLA [26]. Theseshowed thaalfalfa
containing high levels of saponin adairy ¢ o wdiescouldpositively modify the fattyacid
composition in milk. Inaddition, replacing grass with legumes may result in highemartyer
consumption, increademilk yield, and increaskmilk fat and protein content due to a higher
dietary protein content [2, 28, 29|. For this reasonthelast experiment was carried
outto investigatethe effect of the addition of alfalfa silage containing saponins to the diet
of high-producing dairy cows on the basrilk parameters anithe composition ofmilk fatty
acids. The composition of fatty acids in theminal fluid collected from cannulated cows
wasalso analyzed to verify the rumen biohydrogenation pramegshe trasformation of fatty

acids in the rumen and milk.



2. Hypotheses

there is a higher content of saponiims ensiled alfalfathan in fresh material
dueto the processes taking place during ensiling,

theprocess of ensilingoes not significantlaffect thenutrient compositionf alfalfa,

in in vitro study, fresh and ensiled Verko and Komeitzh in saponinsalfalfa varieties
mitigate methane productioby reducing ruminal microbial populationsmostly
protozoa and methanogens

different varieties and parts of the alfalfa (aerial, rpotsmixture) contain disparate
individual saponins constitiniy the basis for the effectivenessméthanemitigation

in vitro,

replacing grass silageith alfalfa silage can inflect rumen microbial environment,
mitigate methane production and enhance milk fatty acids composition, to some extent
due to the saponin content in alfalfa silage vitro andin vivo experiments

more promising response would be expected with Kometa alfalfa silage,

dueto the higher saponin content

3. Research objectives:

T

T

T

to assess structural changes in alfalfa saponins during ensiling through analysis
of saponins in both fresh anensiled alfalfa, using ultrahigh performance liquid
chromatography coupled with mass spectrometry

to examineif changes in saponin content were associated with changes in the basic
nutrient composition of ensiled alfalfa,

to investigate the effect of total saponins obtained from two alfalfa varieties, fresh
andensiled, onruminal fermentation parametersleterminedwith the Hohenheim

gastest
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1 to explore thanfluenceof individual saponins extracted from alfalfa the methane
production and total microbial populatignsingin vitro batch culturesystem

1 to survey thempactof partial replacemertf grass silage by Kometa or Verhktfalfa
silage in a higHorage diet containing maize silage on ruminal fermentation parameters
usingRUSITECsystem,

1 to examineeffect ofalfalfa silage inthe diet onin vivo ruminal fermentation, ruminal
fatty acids composition, dry matter intake, @othHract digestibilityin experiments
with rumencannulated cows

1 to survey the effecbf saponis in alfalfa silage on milk production performance

andmilk fatty acid composition in dairy covkept under commercial farm conditions
4. Materials and methods
4.1 Plant material and ensiling process

Tenvarieties of alfalfa (Verko, Kometa, Hunter River, Ever, Pomposa, Eugenia, Pieven,
Radius, La Bella Campagnola and Santiiéiye beegrown on plots of 100 &for each variety
intheexpement al fields of the University of Life
was harvested at about 10% of the bloom stage in June and choppedemigparicldength.

Then, separately 50 kg of alfalfa were placed in a plastic container and tmigedsolidate

the herbages. Samples were taken from the prepared material for chemical analysis.
Theremaining parof the alfalfa harvest was left thefield for 14 hours to witheThen about

2.6 kg of alfalfa were ensiled in separate, six microsilos (15 cm x 49 cnv, pldstic drums)

which were sealed with inner apndter caps and stored for 8weeksat3% A C t emper a
Immediately before placing the materials into the sidfg|fa was treated with the biological

additive Agricol Sil (Microferm Ltd, UK) Onegram(1 g) of the additivecontained 18 CFU

of lactic acid bacterialactobacillus plantarumDSMZ 16627, Pediococcus acidilactici
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NCIMB 30005 and contained the enzymeducing strairLactobacillus paraasei NCIMB
30151. The additive was prepared on the day of ingsélccording to the manufacturer's
recommendation,e.,0.01 g per 1 kg of fresh material (1 kg per ton), whichtbdmk dissolved
in the amount of 100 g per 20 | of water before Ase¢he endof theensilingperiod, the silos

were opened and samples were takeriuidher chemical analysis.
4. 2. Saponinextraction

The aerial and root parts of alfalfa (fresh and ensiled) were separately lyophilized using
a Christ Gamma LSC freezkier (Martin Christ, Osterode am 220 Harz, Germany). Samples
weight 100 mg were blended with diatomaceous earth (ASE Prepibfgx, Sunnyvale, CA)
and degreased with chl oroform wusing a Soxh
Subsequently, samples were extracted with 80% MeOH carried out with an accelerated solvent
extraction system (ASE 200, Dionex, Sunnyvale, CA) undeduaed pressure
of I0MPaandat4 0 AC. The ext r evapbration taalmos dryndss, Weree r i n ¢
purified using soligphase extractiomn a short glass column filled with the A8 bed,
previously dissolving them in 40% MeOH. Samples weuntedlwith 80% methanol and were
evaporated as before under lpressure until the methanol was completely removed. The final

product wadyophilized using a Christ Gamma LSC freairger and storedab 0 A C.

For quantitative analysis and determinatiothef saponins, the samples after extraction
were dried to dryness under reduced pressure conditions, then dissolvedhamol
andpurified by solid phase extraction. The samples were then diluted with ten volumes
of distilled water and addet Waters SejPak Classic columns (360 mg, Waters, Milford,
MA). The columns were washed with 4 rof distilled water and then eluted with 3.raf 80%

MeOH. The eluate was evaporatediryness, dissolved in pure methanol and storezi @ A C .
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4.3. In vitro experiments
4.3.1. Preparation of inoculum and incubation

For the Hohenheim gas test technicared he batch culture experimemtiminal fluid
was obtained from nine Polish Holsteini Friesian dairy cows, that were
fed 20 kg of DM of a600:400 forage: concentrate per damilar toin vitro experiment diet.
Fresh ruminal fluid wastrainedthrough a foulayered cheesecloth into two Schott Diran
bottles (Sbott North America, Elmsford, NY, USA) under anaerobic condition
andat39A @emperature. Schott Duran bottles were immediately transported
tothel aboratory, where they were placed in a wa
fluid from eachcow (three cows in each treatmewntere mixed ad diluted with an artificial
buffer solution (480 mg KkPQs, 480 mg (NH)-SQ4, 480 mg NaCl, 100 mg MgSA  ;OH
64 mg CaGIA D0 mL of 8% NaCOs, and 600 mg cysteine hydrochloride per liter buffer).
The buffered rumen fluid was exposedctrbon dioxidegas for several minutes before being

trarsferred to the experimental vessels.

For the rumen simulation technique experim@itSITEC) thefresh rumen inoculum
was collected from the top, bottom, and ntédparts of theumen 3hoursafter the morning
feeding from three rumecannulated multiparous Polish Holstéiniesian dairy cows
in thefourth month of lactation. All cows were fed a TMR (at 24.4 k@bf/d) similar tothe
control diet presented iRublication 3, table 1.Mixed rumen contenfapproximately 600 g)
wastransferred through four layers of cheesecloth, pour in a bottle purified with nitrogen gas,

and instantly transported ulabmtoryanaerobic co
4.3.2. Hohenheim gas test

The Hohenheim gas test techniquas conducte@ccording to Menke anSteingass

[30], with some modification€ach time the experiment lasted 48 hours and was repeated three



times. Each group (control experimental) consisted of five Hohenheim 100 mL glass syringes
(H2berl e LABORTECHNI KEtGnbeH stcTi&aei§ign ihid&ojara e
groups and experimental groups theHohenheim gas tesexperimentwas presented

in Publication 2, table 2.
4.3.3. Batch culture experiment

The batch culture experimentas conducted in the following manneBriefly,
20mL of inoculum was poured into heated incubation vessels already containing
0.2g of substrate. The experiment was carried oatriaerobic conditions at pH 6.5aBd® A C.
The incubation flasks were closed with rubber stoppers and aluminum caps, placed
in theincubator for 24 hours and mixed periodicalife preparation of eleven treatments were

shown inPublication 2, paragraph "Batch fermentation culture experiment".
4.3.4. The rumen simulation technique(RUSITEC) experiment

The RJSITEC system consisted of three eliter fermenters. Botlexperiments were
performed in three incubation cycles. Each cycle consisted of five adaptation days and five
sampling days. On the first day of each treatment, 720 mL of pooled strained ruminal fluid
and100 mL of prewarmed artificial saliva were pouretbieach fermenter. Then, 11 g DM
of pooled ruminal solids and 11 g DM of experimental feed were added into perforated feed
container inside of vessel in two individua
Benet ex, P o z n a (B dayPba@$ comaihgd.pooledhruntinal solids was replaced
by bags with feed substrate. Each time after 48 hoursafeith feed substrate was replaced
with a new onetill the end ofthe run. After removing bag was rinsed with 50 mL artificial
saliva to recover # microorganisms attached to the feed particles and artificial saliva
waspoured back to the fermentefBheentirefermenterwas kept i n a water

the constant stirring speed was rpm using an impeller stirrer, and 99% pugtrbon dioxide
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gas was used tmaintain anaerobiconditions. The artificial saliva was fed at a constant

rateof 0.347mL/min by an electronic peristaltic pump (Miniplus 3; Gilson, Middleton, WI,

USA) toeachfermenter In the effluent vessels, the 10 mL of 10 lyS& waspoured tostop
fermentation after replatng feed bag the vessel has been subpkcto nitrogen
gasfor 3 minutes at 3 L/min each tim&he description of the individuaxperimental groups

andcontrols was provided inPublication 3, paragraph 2.1.1.In vitro experiments

(Experimentsland2)Al | t he forages used in the gegxperi

milled to less than Inm diameter to facilitate thejection of fine particles lost through

thepores of the nylon bagnd totally mixed based on the dry matter basis amounts shown

in Publication 3,table 1.
4.5. In vivo experiments
45.1. Rumen-cannulateddairy ¢ o wexp@riment

An experiment using six multiparous lactating Polish Holskgiasian cows fitted with
rumen cannulas (2 C4-inch, Bar Diamond, Parma239 Idaho, USA) wasonducted
inareplicated 3 1 3 Latin S g u a r2éday dperisds.g Thaliets i used
in theexperiment are presentedRuablication 3, table 1.Cow were housed in individuék-
stalls, bedded with woodhavings,if necessary, with access fresh waterad libitum
andfedtwice a day at ®0 am and 60 pm. Cows were milked twice daily

at5:30amand5:30pm. The sampling period w&2-26 days.
45.2. Commercial dairy cowexperiment

The experiment using fiftjour multiparous lactating Polish Holstefriesiandairy
cows were prepared in a complete randomized detigimg 26-day period. Thediets used

in the experiment are presentedRublication 3, table 1. Cows were milked twice daily
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at5:30am and 5:30 pm arféd at 600 am and 80 pm. Access tdresh water waad libitum

The sampling period was the last 5 days of the experiment.
4.6. Sample analysis
4.6.1 Chemical analysis

Lyophilized samples of fresh amdhsiledalfalfa and feed for further experiments were
analyzed following AOAC methodsfor dry matter (method no. 934.01), dshethod
no.942.05), crude protein (method no. 976.05, Hjeks Automatic 16210 analyzer, Foss
El ectric, Hiller 3d, Denmar k) and et her e xt
HTanal yzer ; Foss El e c [31].i ©rganiHH matterwasddrsideredd e n ma r
asdifferences between dry matter and ash. Additionallyhé@ctaseof alfalfa samples, crude
fiber was analyzed (method no. 978.10; Teca
Denmark), and in the case of feedsh freeadjusted neutral detergernbdér was determined
using heastable U-amylase andodium sulfite (Fibertech 1020 Analyzer, Foss., Analytical

AB,H°® gan2s, Sweden).
4.6.2. Saponin determination

Immediately prior to analysis, the samples were diluted 4 times with deionized
anddi still ed water containing the internal S
for 15 minutes. The analysis was performed on a Waters Aquity UPLC system equipped with
a triple quadruple mass spectrometer (Waters TQD, Milford, MA, USA)adMdters
BEHC18 column (100 T 2.1 mm, 1.7 Om). The an
ti mes, injecting one Olochargeadiios bfisapenins afetsloowno b s e r
in Publication 1, table 1. Analysis of the standards and plant extracts was e
onaDionex Ultimate 3000RS chromatography system coupled to a Bruker Impact Il HD

(Bruker, Billerica, MA, USA) QTOF mass spectrometer. $pectral processing

22



wasperformed with Bruker Data Analysis 4.4 software. Thkulated ionic formulas
andtheobserved retention times were matchedhtspectral library developed-imouse as

well asthe Bruker Sumner MetaboBASE Plant Libraries version 1.0. A detailed description
of thepreparation of the analysis chafound in Publication 1, paragraph "Saponin

determination™ .
4.6.3. Rumen fluid sample analysis

The pH was measured using a pH meter (Elmetronl@R Zabrze, Poland)
immediately after receiving the sampl® the Ilaboratory. Ammonia concentration
wasdetermined using theolorimetric Nessler method he volatile fatty acidqVFA) were
analyzedusing a gas chromatograph (Varian CP 3380; Sugarland, TX, USA) with an injector
at 120 ACcC, a flame i1 onization detector at
Agilent HP-Innowax, 19091MNL33, Agilent Technologies, Santa Clara, CA, USA) mounted
[26]. For identifcation of VFA peaks external standards (Fluka, Sigma Aldrich, MO, USA)
were used. MS Work Station 5.0 was used for data procesHimggligestible dry matter
concentation was defined as the difference in dry weighheffeed substrate before and after
incubation after correction given residue theblank control.Protozoa were counted under
al i ght mi croscope (Primo Star no.los, 1PDedi ses,
of buffered rumen fluidMethanogens and all bacteria were quantified by fluoresdarsitu
hybridization (FISH). Three probes were used for their determinatiorArSB0915aA-20
for all methanogens and two  ordgpecific  probes: SO  Mmit200aA-21
for Methanobacteriales SFMbac 0310aA-22 for Methanobacteriales and DAPI
(40,6diamidin2-phenylindole) for total bacteria count. The Axio Imager M2 microscope
(CarlZass Iberia, Madrid, Spain) was used for the visualization. A full description
of theanalysis is provided irPublication 3, paragraph Ruminal microbial population.

Forin vitro experiments, a gas chromatograph (SRI PeakSiBple Alltech, PA, USA)



containing a thermal conductivity detector and a Carboxen 1000 column (grid side 60/80,
I5F T 1 1.8 | NS. S; S u pnad used26]. Biethe lexpériment esing US A)
cannulateddairy cows, the concentration of methane releases theoretically calculated
asthefermentation balance for the measured molar fraction of volatile fatty acidsgautic

matter. In anin vivo experiment with production animals, methane emission was measured
continuously with infrared methane analy¢8ervomex 4000 Series, Servomex, Jarvis Brook,

UK) and employing 1210 Gfx modules using the gas filter correlation technique which

is described irPublication 3, paragraph Methane measurementsMethane concentrations

were recorded at 2 s intervals on amputer through the R332 port using software with
adatabase system ( An BoGmeasuriny\theofatty acit profilé o lfeach d ) .
andin theruminalfluid the gaschromatograph (45&C, Bruker, USA) equipped with a flame
ionizationdetector and 400-m fusedsilica capillary column was used (0.25 mm id; coated
with 0.25 Om Agilent HP; Chrompack CP7420:;: A
[26]. The peaks were identified by comparison with the retention times of the corregpondi
FAME standards (37 FAME Mix, Sigma Aldrich, PA, USA) using Galaxie Work Station 10.1

(Varian, CA, USA). Fatty acid compositions were expressed as g / 100 g total FA.
4.6.4. Milk analysis

Daily milk yields were recorded while sampling using a milk m@é8 Ezi-Test Meter
33 kg; TrueTest, Manukau, New Zealand). Milk basic parameters were immediately analyzed
by infrared analysis (Mil koScan Zhe fttyAdidS N,

profile was analyzed in the same way as for the feedwndn fluid trials.
4.7. Statistical analysis

In Publication 1, IBM SPSS Statistics 22 was used for analysis and Duncan‘bgost

test was used based on amay ANOVA. A completely randomized design with six
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replications per treatment was usBifferences were considered significanPad0.05. The

PROC CORR SAS procedure was used to correlate the saponin content and the chemical
composition of fresh alfalfa and silage. Gmay correlations were found for P <0.10.
Thestepwise PROC REG optionaw then used to identify tiwariables in this list that
contributed significantly to the parameter prediction. fidsults for the individual alfalfa
silages were compared by calculating the Pearson correlation coefficients between
theconcentration of genins and the chemical composition of each of the alfalfa samples.
Statisticalanalysis of data of Hohenheim gast were based on a randomized complete block
design proceed on the model showRublication 2, paragraph "statistical analysis". Next,

data were examined usingveo-way ANOVA with Tukey's range test. In the case of batch
culture experiment atlata wee analyzed using a oiweay ANOVA. In the last in vitro
experiments, thdatafrom the RUSITEC were examinedusing a model which contained
treatment fixeffect, and two random effects: an incubation run effect (block) and a fermenter
effect. In in vivo experiment using cannulatedairy cow data from intake, digestibility,
andruminal fatty acid composition were analyzed with the model which as fixed effects
incorporated treatment and period and square and cow within square as the random effects.
Theruminal fermentation characteristic data wersaminedas reproducible measures using

the model above, witexcept that sampling time (i.e., hour) ahdr e at ment [ sampl
were fixed effectdData from an experiment using commercial dairy cows were zathlysing

a model that considered the fixed effectretment and the random &dt of the cow within

the treatmentln Hohenheim gagest and both in vivo experiments, the sums of squares

for treatment effects were further separated into single degree of freedom comparisons to test
the significance of preplanned contrasts: the eféédhe experimental diet in comparison

to thecontrols andheexperimental diets among themselvédl in vitro analyses were

performed using SAS software (version 9.3; SAS Institute Inc., Cary, NC, USAh ativb



analyses were carried out using PROC MIXED of SAS (SAS 9.2; SAS Institute, Cary,
NC, USA). Values significantly different (R 0.05) were labeled in ltdes within rows with

different lowercase letters.

5. Results

The concentration of OM, ash, CP, CBF and CF differed slightly betwedresine
varieties Publication 1, table 2. The concentration of DM, OMand CF increased with
theexception of the Sanditi variety in the ensiled material, while the asbn@~ZFR remained
atthe same level as in the fresh materRllflication 1, table 3. These data show that
mostof the chemical parameters of bayipesof plants materials are similar to those presented
in other publications. This shows that the angilprocesshas proceedeih a standard
way. There were significant differences in the CP content between the cultivars in the fresh
material (P <0.033), wbh was not observed in the case of the ensiled material. A comparison
of DM in fresh and ensiled alfalfa cultivars shows that the concentration was on average
25%higher in the ensiled material, @ptfor Pieven and Sanditi cultivars, where the increase
in DM was about 10% comparedftesh material. Pearson's correlation coefficients between
the saponin content (mg DM) and the chemical composition of alfalfa silage and fresh
material shows strong correlation was observed between the CP contéma sayoonin content
in fresh alfalfa varietiesRublication 1, table 4) Ensiling alfalfaresulted in a significant
increase irthemeasurement of total saponin content in each ensiled alfalfa variety compared
to fresh material Rublication 1, figure 2). The lower the initial concentration of saponins
in thefresh material of alfalfa variety, the higher the concentration of total saportimngirin
ensiled versionIn this study, we also observed changes in individual saponins during
theensiling process intalfalfa (Publication 1, figure 3). Three of the zanhic acid glycosides
(ZATA, ZATB, ZAU) were almost completely degraded during this process. On the other hand,

the other two, ZAGA andAG, significantly increased their concentration by ensiling.
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Of theseven medicagenic acid glycosides tested, two of them (MAGA and MAG1) practically
ceased to appear thesamples of ensiled material, while the remaining medicagenic acid
glycosides remained practically unchangedhbxase of glycosides of soyasgeool B, their
behavior waglifferent. The glycoside SSI content decreased as the glycoside SSII content
increased irthe ensiled alfalfa material. Nerf the purposes was to investigate the effect

of total saponins obtained from two disparate alfalfdeti@s, fresh and ensiled, on rumen
fermentation parameters study sing the Hohenheim gas test proved the limiting effect

of saponins omicrobial population anduminal fluid parameters Experiment with fresh
Kometa and/erko alfalfa shown a linear radtion of total protozoa and methanogens count
(Publication 2, table 2 and 4. More promising results, decrease in protozoa levels
andin all methanogen counts, were obtained by adding the ensiled Verko and Kometa alfalfa
(Publication 2, table 4 and §. In the case of bacterithere has been an increase in their
populationHowever, the ensiled Kometa alfalfa had the strongest effect on methane production
after 24hoursand 48hoursafterincubation and total gas emissidPuplication 2, table §.

Forthis reason, Komatalfalfa was used fdratch culture experimenAlmost every individual
saponin has been shown to have methane production limiting propBrlagation 2, table

8). The best results were obtained in samples of extrastgmnins from the roots:

3- Glc,28 Glc Ma, medicagenic,-&lu Ma. All root saponins antivo out of four alfalfa leaf
saponins had statistically significant antiprotozoal, antibacterial and antimethanogenic effects
(Publication 2,table 9and 10). Replacim grass silage with alfalfa silage in a hifginage diet
containing maize silage diwbt significantly affect total gas producti@andruminal microbial

count. Theassumption wasconfirmed for the decreases in the pH level and methane
concentration and for the increases in digestible dry matter with Kometa alfalfa silage treatment
(Publication 3, table 3. However, it led to an increase in ammonia ehdngé the ratio

of acetatepropionatg(A:P) and individualolatile fatty acids irboth experiments iRUSITEC
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fermenters Rublication 3, table 2 and 3. The addition of alfalfa silage ithe diets

of therumen cannulated dairy cows influenced positively theiminal fermentation
characteristicasexpected. Both alfalfa varieties decreased the total bacteria, total protozoa
(includingHolotricha andEntodiniomorpla), and the total methanogemdoreover, there was

a decrease in methane production and the total dt#¥entration, but there was an increase
in ammonia in both experimental grouguplication 3, table 4. Alfalfa silage increases
theconcentration ofinsaturated fatty acids such as C12:0, C14:0, and @i@ubninal fluid
(Publication 3, table 5. Despite this, Kometa alfa silage decreasdtieconcentration of total
saturatedfatty acidsin therumen and increased monounsaturated and polyunsattiatiyed
acids However,the concentration of C18:@ecreaseds the effecbf experimental diets.
Increase imuminal C14:1¢cis-9, cis12 C18:2 andrans10, cis12 C18:2wasshown in alfalfa
silage replaced diet. THegher response wasbservedvhen Komea alfalfa silagewasused
Theresponse t&Kometaalfalfa silage diet was greater than the responsetko alfalfa silage
diet in milk production and methane production in the lactating dairy cBwiliation 3,
table 6). Theincrease in milk protein yield, milk lactose content, and the decreasdhamae
emissions caused by the action of alfalfa silage have been piidweresults show that alfalfa
silage diet led to increadeconcentration o£12:0, C14:0, and C16:0, but decreh€:8:0

in milk (Publication 3, table 7). Replacing grass silageith alfalfa silage increased C14:1
andC16:1. The milk fat content of e8C118:1 trans10C18:1 trans11 C18:], cis9, cis12
C18:2andtrans10,cis-12 C18:2decreased whattiet included alfalfa silage. The experimental
diets ledtodecreased milk fat concentrations of total monounsaturated fatty acids
andpolyunsaturated fatty acids, when the total saturated fatty aorsentratiorincreased

in the milk, where theespones were lower in Kometa alfalfa silage.
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6. Discussion

The correlation between the saponin content and the chemical composktiosiled
and fresh alfalfa material confirmed that the engiprocessaffectsthe final saponin content
and protein concentration the plant materiaRublication 1, table 3. An increase in saponins
has also been demonstrated in each of the ten alfalfa cultRaldiqation 1, figure 2).
Ourresults differ from the previouslyuplished studies oalfalfa silage, where a decrease
in the concentration of saponins in the ensiled plant material was red8&jedhe authors
of cited publication concluded that enzymatic hydrolysicursduring the ensihg process,
butthey were unable to detect medicagenic acid or zahnic acid aglyddmegsuggested that
thechanges in saponins during #esiling could be better explained with thdvancement
of technology in chemical analysis. There are two possible explanatiosactordifferent
results. The first may be the loss of biomass in alfalfa during ensiling, usually in the form
of gases and effluen{83]. In this study, therevere no waste effluenfsandthedry matter
increased in all alfalfa varietiedue to the ensiling process. Another explanation could
bethebetter availability of chemicals in ensiled alfalfa. Saponins shatroag affinity
toplant, animal andfungal cell membranes, forming complexes wiiterols [34].
Theenzymatic reactions during thensiling process can break these bonds rmiafte
thesaponins more accessibarlier studies have shown that the most importastpbnin
from the point of view of animal nutrition and the mbgilogically active saponin of alfalfa
areglycosides of medicagenic adidig]. Therefore, it was important to identify antkasue
the concentration of these substances in ensiled varieties of affatiication 1, figure 3).
Our results show that mogilycosides of medicagenic acid have undergone chemical
transformation (hydrolyzed or oxidized) in various wayshmensiling process. The same
wasthe case with glycosides of zanhic acid, where most of them were completely hydrolyzed

during ensiling. Theexceptions are ZAGA andAG, which significantly increased their



concentration in ensiled alfalfa. i#suspected that carbon C18 in two glycosides

of medicagenic acid (MAGA an®lAG1l) is oxidized during theensiling process
andtheformation of ZAGA andZAG, respectively.Changes in two soyasapogenol B
derivatives were also observed during ¢nsilingof alfalfa. Namely, the concentration of SSI
decreases during this process, while the concentration of SSIl increases. It is suspected that
SSlconverts t&SSlI during ensiling, because these compounds differ only in one carbohydrate
residue.The effect @ the basicuminalparameters of individual saponins from ensiled alfalfa
wasinvestigated in later publicationsAccording to the results of the experiment
(Publication 2, table 26) using the Hohenheim gas test, émsiledKometa alfalfa, vasmore
effective in reducing methane production and reducing the protozoanethdnogens
populations Thesecan be explained by the increased concentratiGapdnins in the ensiled

form of alfalfa (Publication 2, table 1. The antiprotozoal activity of saposinaffects
theproduction of methane in two ways. By limiting thepulation of protozoa, it reduces
theamount of hydrogen in the rumen neededtifi@production of methane by methanogens
[35]. Additionally, there are methanogens that forsymbiotic relationship with the protozoa
(protozoaassociated methanogénthat convert malate to hydrogen. About 15% of protozoa
contain methanogens in their cells, so the destruction of their cell membranes by saponins
by causing cell lysisvould also educe the population of methanogens, and thus the production
of methane 36, 37]. The increased bacterial population could be due to the reduced number
of protozoa that are natural predation to bacte3&. [Another explanation could be the fact

that somef saponingouldstimulategrowth of amount ofellulolytic bacterigoopulation39].
However, later studies exclude this theory because of the smaller bacterial content
in experimental groups vitro andin vivo experimentsA study using individual saponins
asexperimental trials showetat thereduction in total protozoa, badg total methanogesn

Entodiniomorpha Methanobacteriales and Methanomicrobialescounts Publication 2,
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table 9 and 10 wasaccompanied by decreased methane productionreBugts proved that
saponins extracted from the alfalfa root had the strongest antiprotozoal effect, and thus
antimehanogenic and limiting the production of methane. The different responses of individual
sgponins may have been due to a different structure. Saponins consist of a hydrophobic
aglycone backbone linked to hydrophilic sugar cha#t}. [Another sugar moiety may lead

to amore or less potent saponin effegjt For example, monodesmoside saponiresgenerally

more active than bidesmoside sapon#f.[Steroid saponins have a better effect in limiting
methane production than triterpenoid saponB&.[ Summarizing, the presence of various
substituents isaponins, as well as differences in the number of bonds and the amount of sugar
chains are responsible for the different bioactivity of these substa#2esThe increase

in digestible dry matter mayawe been caused by an increase in the crude protein content
in thediet with the addition of alfalfa silage, thereby causing an increase in the total degraded
dry matter fraction RPublication 3, table 2 [11]. A lower A:P ratio maybeassociated with
alower neutral detergent fiber (NDF)content [43]. The increase iammonia

in theexperimental groups resulted in a decrease in pH, and then inhibition
of theuseof ammonia by the rumen microorganisrsiflication 3, table 23) [44]. In astudy

using RUSITEC fermenters, a significantly lower population of rumen microorganisms
wasobserved than in previousn vitro and in vivo studies. Onefthereasons

for thismaybetheexposure of the fermenter to atmospheric oxygen tladorocess

of scrubbing frediving microorganisms45]. The increase in propionate and butyrate in alfalfa
groups could beue to a shift of hydrogen from the methane production pathway
andis, therefore, available for propane productidg][ In addition, the lowered pH created
favorable conditions fopropanoatgroducing bacteria that inhibited populations of other
microbes, thereby reducing the A: P ratio as confirmestilgies on rumenannulatediairy

cows Publication 3, table 4 [47]. In the publication 3, the research confirmed, as in the case
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of in vitro studies, that theeplacement of grass silage by alfalfa silage in the daoywdied
through thdimiting effect of saponins on the population of protoasaociatednethanogens,
which areresponsible for as much as 37% rumen methane, reduces methane prod8aftion [
Feeding a diet containing Verko alfalfa silage led to a decrease in fat contdat yalti,
which may have been due to the decreased NDF contens afi¢hi thereby reducing chewing
activity, resulting in lowering the pH, which may result in increasing the risk of milk
fat depressionRublication 3, table § [49]. However, no such results wesbserved in the diet
replacing grass silage with Kometa alfalfa silage. The limiting effect of alfalfa silage in diet
of commercial dairy coson methane emission was also foundhere a stronger response
wasnoted withKometa alfalfa silage. As expecteitieexperimental groups had a positive
effect on the amount of eB cis12 C18:2andtrans10 cis12 C18:2acids in theuminalfluid
(Publication 3, table 5. A morepromigngfatty acid composition in milk was found in groups
containing Kometa alfalfa silage as an additive to dairy éalets Publication 3, table 7.

It should be noted that the fatty acid profile in the rumen does not reflect that of the fatty acids
in milk, that thecomposition of acids is not identical to that of the duodenum, which is the main
site for fatty acid absorption into the blodf]. In addition, the process of biohydrogenation

of vaccenic acid to C18:0 limited the formation of polyunsatardatty acids in ruminant
products such as milk $0]. The modification in the fatty acid profile is also influenced
by changes in theni ¢ r o o r gaepualatienchi@daly involved in the biohydrogenation
process26]. Attempts to improve the fatty acid profile in milk therefore require understanding
the relationship between the supply of dietary lipids, rumen fermentation and metabolic changes

in the blood, liver, and finally in the mammary glapgg].
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7.Conclusion

The ensiling alfalfaprocess increases the content of bioactive compousdponins
and changes the composition of individual saponins in the plant matehasbiken shown
that saponins, due to their antiprotoz@atimethanogen@ndantibacteriapropertiesmodulate
the processes taking place in thminalfluid, thus changing the volatile fatty acid composition,
the profile of fatty acidsand limiting theproduction of methane. Theclusionin the diet the
alfalfa silage coniaing saponins also affects thalk fatty acid profile. Theabove statements
are confirmed by studies conducteitherin vitro or in vivo. It has been shown that ensiled
Kometa alfalfahasthe strongesipotential to mitigatanethaneemission bothin vitro andin
Vvivo in experiments with highhproductive dairy cows, without negatively affectingninal
fermentation. Additionally, ensiled Kometa alfalfa had a more favorable efféaeaonlk fatty
acid profile. In summary, the Kometa alfatfidage as a source saponins can be successfully
used as a valuable component of the dairy éowsthateadlditionallyredu@ rumenmethane

emission.
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Abstract

BACKGROUND: Alfalfa (Medicago sativa) is an important legume used in animal feed. The primary objective of the present study
was to analyze and trace the individual saponins in fresh and ensiled alfalfa of ten varieties, with the aim of evaluating the
structural changes that saponins undergo during ensiling. A secondary objective was to examine whether any of the changesin
saponin content were associated with changes in the basic nutrient composition of the ensiled alfalfa.

RESULTS: The total saponin concentration increased when the fresh alfalfa was processed into silage. Three of the zanhic acid gly-
cosides were degraded substantially, whereas the other two increased in all the tested varieties. Five of the seven medicagenic
acid glycosides were not changed, whereas the remaining saponins completely disappeared. Finally, two glycosides of soyasa-
pogenol B displayed an inverse relationship to each other.

CONCLUSION: The nutrient content of fresh material and silages remained relatively constant, with some variations in the crude
protein content of the selected alfalfa varieties. The total concentration of saponins increased two- to three-fold after ensilation
over the levels present in fresh alfalfa material. The increases in saponin concentration showed a negative linear relationship
between protein on a dry matter basis and saponin content. These findings are significant because no known published data

have shown this transformation in the ensiling of alfalfa.
© 2018 Society of Chemical Industry

Keywords: alfalfa; silage; saponin; ensilation; liquid chromatography; glycosides
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INTRODUCTION

Medicago sativa, commonly known as alfalfa and lucerne, is one
of the most valuable legume plants that can be widely grown
in a temperate climate. As a result of its high protein content,
it provides excellent pasture for ruminants and, accordingly, it is
utilized in the form of green alfalfa feed (AF) for grazing or as
hay or pellets. However, in moist climates where field drying is
challenging and risky, farmers instead process it into alfalfa silage
(AS)." This process is rather complex in the case of alfalfa because
of the low carbohydrate contents of the plant, as well as its high
buffering capacity, which makes ensiling resistantto adrop in pH.2
Furthermore, a large proportion of the crude protein in alfalfa can
be degraded to soluble non-protein nitrogen (N) in the course of
ensiling? In case of monogastric animals, there is some evidence
that their performance is rather weak when fed with alfalfa pasture.

Alfalfa saponins (SA) are pentacyclic triterpenes. These com-
pounds occur as glycosides of several aglycones, including
medicagenic acid (MA), zanhic acid (ZA), hederagenin (H), and
soyasapogenol (SS).** Saponins can occur in a monodesmo-
sidic form (with one sugar chain attached to the aglycone), a
bisdesmosidic form (with two attached sugar chains) or even a
tridesmosidic form (with three sugar chains attached). Saponins
present differential biological activity, depending on the aglycone

structure and the length and composition of the carbohydrate
side-chains. The activities that are most important from the
nutritional point of view are foaming properties, hemolytic and
antimicrobial properties, throat-irritating effects, and modula-
tory effects on the permeability of the intestinal membrane. The
hemolytic and antimicrobial activities of SA strongly depend
on the aglycone and sugar chain structures.® The most active
of all AS are the glycosides of MA, and the monodesmosides
show higher activity than bisdesmosides. ZA glycosides show
mild activity in this respect, whereas the glycosides of SS are
inactive. Throat irritation has been shown to be the main feature
of ZA glycosides,® and this may help explain why some animals
avoid saponin-containing sources of pasture. Some studies have
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reported that alfalfa saponins are biologically active and may
inhibit microbial fermentation and rumen synthesis.” However,
to understand the interactions between saponins and microbial
populations, knowledge of the relationship between the chemical
structure and activity of the saponins is required. This would allow
the fermentation processes in the rumen to proceed properly.®

Additionally, given the broad diversity of structures and activities
of saponins, the plant materials used for animal feed should be
evaluated for their saponin contents. In particular, feeds produced
by compacting plant material should be carefully investigated
because, in such cases, significant enrichment of the feed with
saponins and other antinutritional components may occur. On this
basis, we hypothesize that there is a higher saponin content in
ensiled alfalfa than in fresh material as a result of the processes
occurring during ensiling. The present study therefore focuses on
analyzing SA in both AF and AS, using ultra high-performance
liquid chromatography combined with mass spectrometry (MS)
to evaluate structural changes in SA during ensiling. In addition,
because of the potentially high nutritional value of both fresh and
ensiled alfalfa, a secondary objective was to examine whether any
changes in saponin content were associated with changes in the
basic nutrient composition in ensiled alfalfa.

MATERIALS AND METHODS

Plant material

Seeds of ten varieties of alfalfa Verko (German), Kometa (Polish),
Hunter River (Australia), Ever (unknown origin), Pomposa (Italian),
Eugenia (Italian), Pieven (unknown origin), Radius (Polish), La Bella
Campagnola (Italian) and Sanditi (Dutch) were purchased from a
local market in Poland. The plants were grown in plots of 100 m?
for each variety in experimental fields at Poznan University of Life
Sciences in 2014. Plants were harvested during the second year of
cultivation at the first cut in June. Alfalfa was harvested at about
the 10% bloom stage and chopped to a particle length of 1.5 cm.
Approximately 50kg of each variety from a different part of the
experimental plot was collected separately, placed in a plastic con-
tainer and mixed to consolidate the herbages. Six independent
samples of fresh alfalfa were taken from the prepared material
for further chemical analysis. The remaining harvested alfalfa was
wilted for 14 h on the plot. After wilting, the alfalfa was ensiled in
six microsilos (plastic drums of 4 dm? each, diameter 15 cm, height
49 cm) treated with the biological additive Agricol Sil. One gram
of the additive contained 10'' colony-forming units of lactic acid
bacteria namely, Lactobacillus plantarum DSMZ 16627 and Pedio-
coccus acidilactici NCIMB 30005, as well as an enzyme-producing
strain, Lactobacillus paracasei NCIMB 3015. The additive was pre-
pared on the day of ensiling, applied in solution (i.e. diluted with
water, 100 g per 20L) at 0.01 g per 1 kg (1 kg per 100 tons) of fresh
weight. Before being packed into the silos, the additive was spread
on the chopped forage in 50-kg plastic containers and thoroughly
mixed. Approximately 2.6 kg of chopped fresh alfalfa was imme-
diately packed into plastic laboratory silos, sealed with two screw
tops (internal and external) and stored at ambient temperature
(29-36 °C) for 8 weeks. At the end of the ensiling period, the silos
were opened and samples were taken for chemical analysis. In
total, 120 samples were collected: 60 fresh alfalfa and 60 ensiled.
Six replicates of each variety were used for further chemical analy-
sis. Ammonia, pH, volatile fatty acids, and lactic acid were analyzed
in the alfalfa silage, in accordance with AOAC methods.® Samples
of the silage were collected and lyophilized for saponin analysis
from each silo, for each variety.

Chemical analysis

Lyophilized samples of fresh and ensilaged alfalfa were analyzed
in accordance with AOAC methods® for dry matter (DM) (method
no. 934.01) and ash (method no. 942.05). Crude protein (CP)
was determined with a Kjel-Foss Automatic 16210 analyzer (Foss
Electric, Hillered, Denmark) (method no. 976.05); ether extract
(EE) with a Soxhlet System HT analyzer (FOSS, Hillered, Denmark)
(method no. 973.18); and crude fiber (CF) using a Tecator Fibertec
System | (FOSS, Hillerad, Denmark) (method no. 978.10). Organic
matter (OM) was calculated from the difference between DM
and ash.

Saponin extraction

Quantitative analysis of the saponins was based on previous
protocols.’'" Briefly, 100 mg (dry weight) samples of lyophilized
plant material were mixed with diatomaceous earth (ASE Prep DE,
Dionex, Sunnyvale, CA, USA) and extracted with 80% MeOH in the
stainless steel extraction cells of an accelerated solvent extraction
system (ASE 200; Dionex). Extraction was carried out at an oper-
ating pressure of 10 MPa and at 40 °C. After evaporation to dry-
ness under reduced pressure, samples were dissolved in methanol
and purified using solid phase extraction. The samples were then
diluted with ten volumes of distilled water and added to Sep-Pak
Classic columns (360 mg; Waters, Milford, MA, USA). The columns
were washed with distilled water (5 mL) and subsequently eluted
with 80% MeOH (5 mL). The eluate was evaporated to dryness, dis-
solved in pure methanol and stored at —20 °C.

Saponin determination

Immediately prior to analysis, the samples were diluted four
times with distilled, deionized water containing an internal stan-
dard (digoxin, final concentration: 2 nguL~") and centrifuged at
23000 x g for 15 min. Analysis was performed on a Aquity UPLC
system (Waters) equipped with a triple quadruple mass spectrom-
eter (TQD; Waters). The mobile phase was composed of solvent
A (0.1% formic acid in distilled and deionized water) and sol-
vent B (liquid chromatography-MS grade acetonitrile containing
0.1% formic acid). A binary gradient pump (Waters) delivered the
mobile phase at 0.3 mLmin~' onto a BEH C18 column (Waters)
(100 % 2.1 mm, 1.7 pm) held at 50 °C. Initial mobile phase condi-
tions for the gradient were 75% of solvent A and 25% of solvent
B. One minute after the injection, the concentration of solvent B
was ramped concavely to 55% over 23 min. Finally, the column was
washed for 2 min with 100% of phase B and re-equilibrated with
25% phase B for 4 min.

One microliter was injected from each sample and the analysis of
each sample was repeated three times. The column’s effluent was
introduced into the electrospray ion source of the mass spectrom-
eter, operating in negative ion mode. The ion source parameters
were: capillary voltage at 3.1 kV, extractor at 3 V, RF lens at 100 mV,
source temperature of 140 °C, desolvation temperature of 350 °C,
desolvation gas flow of 700 Lh~' and cone gas flow of 50 Lh~'. The
collision cell entrance was set to —2 and the exit to 0.5 arbitrary
units. The collision energy used was 5 eV, to minimize fragmenta-
tion of deprotonated ions and achieve sufficient sensitivity in the
single ion monitoring mode. The observed mass-to-charge (m/z)
ratios of the saponins are shown in Table 1. The final dwell time
was 0.02 s, allowing for 10-25 data points per average chromato-
graphic peak. Data acquisition and processing were performed
using MassLynx 4.1 SCN 849 software (Waters).
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Table 1. Chromatographic characteristics of analyzed saponins

No. RT(min) m/z[M-H]~ Cone voltage (V) Compound ID Calibrationstandard
ZATA 4.2 1545 130 3-GlcGlcGlc,28-AraRhaApiXyl zanhic ZATA
ZATB 4.6 1545 130 3-GlcGlcGlc,23-Ara,28-AraRhaXyl zanhic acid ZATB
ZAGA 5.6 1103 105 3-GlcA,28-AraRhaXyl zanhic acid MAG1
ZAU 6.1 1221 120 3-Glc,28-AraRhaAraXyl zanhic acid MAG1
ZAG 6.7 1089 100 3-Glc,28-AraRhaAraXyl zanhic acid ZATA
IS 7.6 779 65 digoxin (internal standard)

MAA 8.9 1529 120 3-GlcGlcGlc, 28-AraRhaApiXyl medicagenic acid ZATA
MAB 9.3 1529 120 3-GlcGlcGlc, 28-AraRhaAraRha medicagenic acid ZATB
MAC 10.6 1219 120 3-GlcA, 28-AraRhaApiXyl medicagenic acid ZATA
MAGA 1.1 1087 100 3-GlcA,28-AraRhaXyl medicagenic acid MAGA
MAG2 11.2 1235 120 3-GlcGlc,28-AraRhaXyl medicagenic acid MAG1
MAG1 11.9 1073 100 3-Glc,28-AraRhaXyl medicagenic acid MAG1
MAMG 15.7 911 92 28-AraRhaXyl medicagenic acid MAG1
Ssi 183 911 92 3-GlcAXylRha soyasapogenol B Ssil
Ssli 18.4 941 92 3-GlcAGalRha soyasapogenol B SSil

Saponins were identified based on their high-resolution MS
and MS/MS spectra. Analysis of the standards and plant extracts
was carried out on an Ultimate 3000RS chromatographic system
(Dionex) coupled with an Impact Il HD (Bruker, Billerica, MA, USA)
quadrupole time of flight mass spectrometer. Chromatographic
conditions were as described above. The mass spectrometer oper-
ated in negative ion electrospray mode. Linear (centroid) spectra
were acquired over a mass range from m/z 150 to m/z 2000. The
mass spectrometer parameters were: a capillary voltage of 3 kV;
dry gas flow at 6 L min~"; dry gas temperature of 200 °C; nebulizer
pressure of 0.7 bar; collision RF at 600 V; transfer time of 70 ps; and
prepulse storage of 7.0 ps. The collision energy was set automati-
cally from 20 to 120 eV, depending on the m/z of the fragmented
ion. The data were calibrated internally with a 5 mmol L' sodium
formate solution (in 50% 2-propanol) introduced to the ion source
via a 20-pL loop at the beginning of each separation. Spectral pro-
cessing was performed using DataAnalysis, version 4.4 (Bruker).
The calculated ion formulas and observed retention times were
matched against a spectral library developed in-house and Sum-
ner MetaboBASE Plant Libraries, version 1.0 (Bruker) (Table 1).

Statistical analysis

SPSS, version 22 (IBM Corp., Armink, NY, USA) was used for analysis
and Duncan’s post-hoc test was employed based on one-way anal-
ysis of variance. P < 0.05 was considered statistically significant. A
completely randomized design with six replicates per treatment
was employed. The saponin content in plants was considered
appropriate for studying factors associated with nutrient contents
in the fresh and ensiled alfalfa. The PROC CORR procedure of
SAS (SAS Institute Inc., Cary, NC, USA) was used to correlate the
saponin content and chemical composition of alfalfa fresh and
silage, including organic matter, ash, protein, fiber, fat, pH, ammo-
nia, lactic acid, acetic acid and butyric acid contents. Single-factor
correlations were reported for P < 0.10. The stepwise option of
PROC REG was then used to identify the variables from this list
that significantly contributed to predicting the parameters. The
results for individual alfalfa silages were compared by calculating
Pearson’s correlation coefficients between the saponin concentra-
tion and the chemical composition of the fresh and ensiled alfalfa
of each variety.

RESULTS

Chemical composition of raw and ensilaged alfalfa

The chemical composition of the AF fresh material is presented
in Table 2. The concentration of DM in the varieties ranged from
242 to 2784. The concentration of OM, ash, CP, EE, and CF dif-
fered slightly between varieties, although these differences were
generally not high. The chemical composition of the alfalfa silages
is given in Table 3. The concentration of DM, OM, ash, and EE
increased, while CP, and CF remained at the same level as in the
fresh material.

Overall, the nutrient content of the fresh material and silages
was relatively constant; however, the CP content of AF was more
variable (P < 0.033) than that for AS. The protein content of the
individual varieties showed similar tendencies in AF and AS. For
unexpected reasons, the level of ammonia-N in AS increased by
up to 10.3% of the total N in the Sanditi variety. These data show
that most of the chemical parameters of AF and AS are similar
to those reported previously, indicating that the ensiling process
was a standard one. There were significant differences in CP
content between varieties in AF, whereas such differences were not
significant in AS. The varieties also differed (not significantly in the
case of DM content). Comparing DM in AF and AS indicates that, on
average, this concentration was 25% higher in AS, except for the
Pieven and Sanditi varieties, for which this increase was only 10%.

Pearson correlation coefficients between saponin content
(mgg~' DM) and the chemical composition of the alfalfa silages
and fresh material are presented in Table 4. There was a strong
correlation between CP and saponin content in the AF. The regres-
sion was described as protein (g kg~' DM) = 239.9-4.82 x saponin
(mgg~' DM; r? =0.613; P = 0.007) (Fig. 1).

Total saponin concentration
The results for total saponins ranged from 0.7 mgg~' DM in
Eugenia to 3.3 mgg~' DM in Kometa and Hunter River varieties.
The total saponin concentration (TS) in fresh alfalfa samples and
in the equivalent ensilaged samples is presented in Fig. 2. The TS
increased in AS over its value in the AF. This increase depended on
the variety, ranging from 1.7 times for Hunter River to 4.4-fold for
Eugenia.

Ensiling alfalfa resulted in a substantial increase in the measured
saponin content in all ten varieties. The saponin concentration in

JSciFood Agric 2019; 99: 2243-2250
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Values within rows with different lowercase letters are significantly different (P < 0.05).

Table2. Chemical composition of alfalfa fresh material

LaBella
Items Verko Kometa HunterRiver Ever Pomposa Eugenia Pieven Radius Campagnola Sanditi SEM  P-value
DM (g kg"] 242 268 242 237 266 252 279 244 272 256 6.723 0929
OM(gkg™' DM) 807 808 801 802 804 803 800 799 812 828 3613 0879
Ash(gkg_' DM) 118 19 17 116 115 19 115 114 110 112 1.06  0.601
CP(gkg™' DM} 210abc 220abc 202 be 198 ¢ 211 abc 224 ab 230a  226a 208 abc 203bc 2,631 0.033
CF(gkg™' DM) 265 253 276 288 281 269 276 278 290 295 4094 0513
EE (gkg ' DM) 14.9 14.1 14.2 129 13.4 1.7 13.6 129 128 19 0.264 0.117
DM, dry matter; OM, organic matter; CP, crude protein; CF, crude fiber; EE, ether extract.

SPSS, version 22 (IBM Corp.) was used for analysis and Duncan’s post-hoc test was used based on the one-way analysis of variance,

Table3. Chemical composition of alfalfa silages
La Bella
Items Verko Kometa HunterRiver Ever Pomposa Eugenia Pieven Radius Camp Sanditi SEM  P-value
DM (gkg™") 346 336 350 336 364 358 307 325 367 294  17.297 0998
OM (gkg™' DM) 867 874 865 868 863 870 872 872 878 876 2193 0926
Ash (g kg" DM) 108 123 126 124 126 122 121 119 115 129 2834 093
CP (gkg™' DM) 21 213 207 212 n 226 228 216 215 213 2088 0515
CF (g kg" DM) 259 254 265 273 271 264 263 273 282 275 6.092 0998
EE (g |<g'1 DM) 21.2 19.8 21 188 19.1 179 211 20.8 196 231 0759 0.963
pH 4.56 4.59 4.5 4.6 4.61 4.44 4.82 4.73 4.63 4.76 0.047 0841
Ammonia-N 595bc  5.34bc 6.23 be 572bc 477 ¢ 737b 716bc  632bc  548bc 10.3a 0335 0002
(% of total N)
Lactic acid 281 30.2 237 319 513 M7 61.6 445 36.2 576 2202 0173
(gkg™' DM)
Acetic acid 251 21.8 223 271 185 323 325 326 29.1 491 4512 0404
(gkg™' DM)
Butyric acid 2.90 7.58 7.90 8.52 8.77 8.29 13.8 13.7 125 742 2001 0873
(gkg™' DM)

DM, dry matter; OM, organic matter; CP, crude protein; CF, crude fiber; EE, ether extract.
Values within rows with different lowercase letters are significantly different (P < 0.05).
SPSS, version 22 (IBM Corp.) was used for analysis and Duncan’s post-hoc test was used based on the one-way analysis of variance.

AS ranged from 3.1 mgg~' DM in Eugenia to 6.5mgg~' DM in

Kometa. The average increase for the ten varieties was 2.7-fold,

although this differed markedly for other varieties. The greatest

Table 4. Pearson correlation coefficients between saponin content
(mgg~' DM) and chemical composition of fresh material and alfalfa S 251
silages a
o
Fresh Silage ; 220
Parameters r P r P £
g 215
Organic matter (gkg~") -0.199 0.582 -0.269 0.452 o
Ash (gkg™ DM) 0.431 0.214 0.437 0.206 3
Protein (gkg~' DM) -04 0.252 -0.783 0.007 3 210
Fiber (gkg™' DM) ~0413 0235 -0.181 0617 Oy e e
Fat (gkg~' DM) 0.817 0004  -0042  0.908 3 s 8
pH - - 0139  0.702 ) ) B
Ammonia (mmol L) - - -0.629 0.051 Silage Saponin (mg g DM)
Lactic acid (mmol L~") - - -0503 0139 Figure 1. Linear relationship between protein (gkg™' DM) and saponin
Acetic acid (mmol L") - - —-0.563 0.090 content (mgg~' DM); each data point represents one silage (protein
Butyric acid (mmol L~1) - . —0.448 0194 (gkg™' DM = 239.9-4.82 x saponin (mgg~' DM).

increase (4.4-fold) was seen in Eugenia, which also had the lowest
saponin concentration in the fresh sample. In general, varieties
with alower saponin concentration in fresh sampleslead to greater
increases in saponin content through ensiling.

|
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Figure 2. Total saponin content in AF (form of green feed for grazing) and AS (ensiled alfalfa).

Changes in saponin composition during ensiling

In the present study, we monitored five zanhic acid glycosides
in AF and AS (Fig. 3). Three of these, ZATA, ZATB and ZAU, degraded
substantially during ensiling. The other two (ZAGA and ZAG) dra-
matically increased in all varieties after ensiling. Of the seven
medicagenic acid glycosides that could be identified based on the
available standards, the concentration of five of these (MAA,
MAB, MAC, MAG2 and MAMG) did not substantially change after
ensiling, whereas the other two (MAGA and MAG1) almost totally
disappeared in the silaged samples. Two glycosides of soyas-
apogenol B behaved differently: the glycoside SSI decreased,
whereas SSll increased at the same time.

Another important group of alfalfa saponins are the glycosides
of zanhic acid; five ZA glycosides were identified, including bis-
desmosidic and tridesmosidic forms. The concentrations of the
two soyasapogenol B derivatives observed in AF (SSI and SSII) were
altered in different ways during ensiling. The total concentration of
saponins increased two- to three-fold after ensiling compared to
the fresh alfalfa material.

DISCUSSION

Chemical composition of raw and ensilaged alfalfa

Ensiling of alfalfa alone is typically avoided because of processing
problems,' including the low water-soluble carbohydrate content,
high buffer capacity, low pH? and extensive proteolysis during
ensiling, which lowers the quality of the resulting silage. Thus,
ensiling alfalfa with other plant species, such as corn'? or sweet
sorghum,' is a reasonable strategy for producing good quality
silage with increased CP content. Nevertheless, for the present
study, it was decided to ensile alfalfa alone to trace the fate of
the saponins during the ensiling process. However, to ensure that
the ensiling process was performed properly, we analyzed the
chemical composition of both AF and AS. The results obtained
for DM (294-364gkg™') and CP (207-228 gkg™') are in line with

those reported previously,'"'® and confirm the dynamic pattern
of fermentation and the microbial characteristics of alfalfa silage.

Higher concentrations of ammonia (approximately 5% to 7% of
total N) were observed in the ensiled alfalfa. This may be caused
by the rate of proteolysis after harvesting and silage storage.'”
Increased proteolysisincreases the concentration ofammonia-N.'®
However, other factors, such as the additives used, may also affect
this.'??° Our results are fairly high but nonetheless are in line with
those of previous studies.?"?

We calculated the Pearson correlation coefficients between the
saponin content (mgg~' DM) and the chemical compositions of
the silages and fresh material, confirming that the processes occur-
ringduring ensiling change both saponin content and protein con-
centration.

Total saponin concentration
The concentration of saponins in the aerial parts of alfalfa has been
extensively researched. Depending on the method of determi-
nation, the alfalfa variety, the sampling date, the season, and the
environmental conditions, the results have varied greatly.” Bio-
logical assay methods based on hemolysis or Trichoderma viride
tests have usually resulted in a higher saponin concentration,
ranging between 5 and 15 mg g~' DM. Analytical methods based
on liquid chromatography usually give lower values, probably as a
result of incomplete extraction with solvents or differences in the
biological activity of individual saponins.?* One study found the
saponin concentration of the Hodoninka and Palava varieties to be
1.68 mg g~' DM and 2.41 mgg~' DM, respectively.'" Similarly, the
concentration of saponins measured by liquid chromatography
with a mass detector in three subspecies of Medicago truncatula
ranged between 1.53 and 2.23 mgg~' DM. These results corre-
spond well with the concentrations of saponins obtained from the
samples of alfalfa in the present study.

The findings of present study are in apparent disagreement with
the data obtained by Kalac etal.,** who reported a decrease in

JSciFood Agric 2019; 99: 2243-2250
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Figure 3. Changes in individual saponins during alfalfa ensiling. AF: form of green feed for grazing. AS: ensiled alfalfa.

saponin content in two alfalfa varieties during ensiling; however,  ensiling will only be possible with further advances in analytical
the losses were not the same for structurally different individ- methodology.

ual saponins. It was concluded that enzymatic hydrolysis takes However, reported abnormal increases in saponin content were
place duringensiling, although Kalac et al.,** were unableto detect  also reported during a prolonged (7-30 days) ensiling processes.
any MA or ZA aglycones in the samples. Moreover, it is sug- Two different hypotheses might explain this: the first is related
gested that progress in understanding saponin behavior during  to the loss of biomass during the ensiling process®*; in 30 days

e ... . ... . ... —— — —— —— ]
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of alfalfa ensiling, over 12% of its DM is lost, %27 typically in the
form of effluents and gases. In our case, there were no efflu-
ents, although the DM of AS increased substantially in all ten
varieties.”® 3% A second explanation for the substantial increase in
AS saponin content could be the better availability of chemicals
in the ensiled samples. Saponins have an affinity to plant and
animal membranes. They can form quite stable complexes with
membrane sterols and are not easily extractable with organic
solvents. Enzymatic activities during ensiling may release these
bindings and make saponins more readily available.

Changes in saponin composition during ensiling

Although the total saponin content has been used as a param-
eter indicating the quality of forage, because of the different
biological activities expressed,®?>3 few studies have been per-
formed on pure individual compounds, on account of the extreme
difficulties in separating these highly polar compounds.?*> Our
previous studies of individual compounds have found large differ-
ences between individual saponins, depending on their chemical
structures. These studies have revealed that the most important
of these from the nutritional perspective, as well as the most
biologically active, are the glycosides of medicagenic acid.*®

Because of our results, it was of great interest to determine
the fate of MA glycosides during ensiling, considering that the
research of Kalac et al.?* reported that the dominant compound
of this group present in AF was almost completely degraded over
90 days. The standards available to use and the use of mass spec-
trometry data made it possible in the present study to identify
at least seven MA glycosides in AF and AS (Fig. 3). Our results
show that the majority of glycosides were chemically restructured
(hydrolyzed or oxidized) in different ways. It is worth noting the
structural similarities of MAGA and MAG1, which possess identical
sugar-chains at position C28 on medicagenic acid, with the only
difference being the substitution of glucuronic acid at C3 in MAGA
and glucose in MAG1.

The glycosides of zanhic acid, another important group of
saponins, remained undetected in alfalfa for along time. The most
abundant glycosides are very polar and were not seen with classi-
cal analytical methods. Because they are less active in traditional
biological tests (T. viride and hemolysis), they were not recognized
as crucial for fodder quality.> However, as shown with human vol-
unteers, they are the most bitter and most throat-irritating com-
pounds of all the tested alfalfa saponins. If the taste reaction in
animals is similar, the palatability of an alfalfa-based diet may
be lowered and may adversely affect feed intake.*> Feed intake
is the primary mechanism by which legume saponins exert their
growth-depressing effects.?> Once swallowed, ZA glycosides can
cause intestinal discomfort, especially in monogastric animals. For
this reason, ZA glycosides in AF and AS should also be carefully
considered. Inthe present study, five ZA glycosides were identified,
including bisdesmosidic and tridesmosidic forms. Again, similar to
MA glycosides, three of these compounds (ZATA, ZATB and ZAU)
were hydrolyzed during ensiling, and some were found in trace
amounts in AS at the end of the experiment. This result agrees
with studies reporting a progressive decrease in ZA tridesmoside
level during alfalfa ensiling. However, our results show that, at the
same time, the concentration of bisdesmosidic forms (ZAGA and
ZAG) increased from trace levels in AF to relatively large amounts
in AS. Because these compounds were not previously isolated in
pure form, no conclusions can be made about their nutritional sig-
nificance. ZAG is found in a significant amount in AS, with ZAGA

found in a lower concentration, although both these compounds
need to be isolated from AS so that their biological activities can
be determined. It appears that these particular structures are very
resistant to the enzymatic processes that occur during ensiling,
and more attention should be paid to their nutritional significance.
Itis worth noting the similarities between the pairs of compounds,
MAGA versus ZAGA and ZAG versus MAGT; they possess identical
sugar chains in the saponin moiety and differ in their aglycone
structures with respect to medicagenic acid in MAGA and MAG1,
as well as zanhic acid in ZAGA and ZAG. If we consider that the dif-
ference between MA and ZA is only the substitution at carbon C18
hydrogen in MA and a hydroxyl group in ZA, it is highly probable
that, during ensiling, MAGA and MAG1 are oxidized at carbon C18
to form ZAGA and ZAG. For this reason, MAGA and MAG1 disap-
pear during ensiling, whereas ZAGA and ZAG increase; however,
this mechanism needs to be demonstrated.

The third group of saponins includes two glycosides of soyas-
apogenol B that widely occur in legumes.?3° In many biological
tests, these glycosides do not show significant activity and do not
appear to be very important from a nutritional point of view. Inter-
estingly, the concentrations of the two soyasapogenol B deriva-
tives observed in AF (SSI and SSII) change in different ways during
ensiling. These two compounds differed only in one carbohydrate
residue (SSII has galactose, whereas SSI has xylose in the middle
of the trisaccharide side-chain). It was surprising to find that SSI
substantially dominates in AF, whereas, in AS, SSIis found only in
trace amounts and SSll is present in very high amounts. This con-
version of SSI to SSII during ensiling is difficult to interpret at the
moment but, to our knowledge, no such transformation has previ-
ously been described.

In conclusion, it should be emphasized that the ensiling process
offodder crops containing saponins must be researched with great
care. The simple determination of the saponins for which analytical
standards are available is not sufficient to fully characterize silage
quality. These compounds, similar to others (such as phenolics),
undergo chemical transformation; to obtain a full understanding
of their content and structural diversity, careful analysis with
sophisticated analytical procedures must be employed.

Chemical analysis of AF and AS indicates that the total concen-
tration of saponins increases two- to three-fold after ensiling com-
pared to fresh alfalfa material. These changes are associated with
a linear relationship between protein (gkg~' DM) and saponin
levels. Also, the transformation processes that occur during ensil-
ing involve the transformation of some compounds to others that
were either absent from the fresh material or occurred only in
trace amounts. Isolating these compounds and investigating their
biological activities is fundamental to determining the quality of
alfalfa-derived silage feedstuff.
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The effect of total and individual alfalfa
saponins on rumen methane production
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Abstract

BACKGROUND: Ten varieties of alfalfa (Medicago sativa L.) were evaluated for saponin content. Two of the most promising vari-
eties were chosen so that their effect on rumen fermentation and methane production could be studied. Initially, four Hohen-
heim gas tests (HGT) were performed to test the effect of increased levels of total saponin extracted from the two alfalfa
cultivars (Kometa and Verko) - either as fresh material or ensiled - on the total bacteria, total protozoa, methane emission,
and selected methanogenic population. Afterwards, seven particular saponins were extracted from fresh alfalfa of the Kometa
variety and tested in 24 h batch fermentation culture experiments.

RESULTS: The ensiled forms of both the Verko and Kometa alfalfa varieties seem to be good sources of saponin, capable of
reducing methane production (P < 0.05) without negatively affecting the basic fermentation parameters. Of the two evaluated
varieties, Kometa was the most effective, and the saponins extracted from its roots 3-Glc,28-Glc Ma, medicagenic saponin, and
3-Glu Ma showed the most evident effect (P = 0.0001). The most promising aerial alfalfa saponin in mitigating methane produc-
tion was soysaponin | K salt (P = 0.0001). Three mixtures of saponins were tested and all were found to mitigate methane pro-
duction; however, one mixture (MIX 1) did so only to a very small extent.

CONCLUSION: Saponins have been observed to have differing effects depending on their source; however, the mode of action
of saponins depends on their direct or probable indirect effect on the microorganisms involved in methane production.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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production and ammonia concentration, by modulating ruminal
microbial populations, especially, of protozoa.*® Saponins act
against protozoa by reducing the integrity of their cell mem-
branes.”® Saponin extracts, whether from tropical plants (like
Yucca schidigera, Quillaja saponaria, Sapindus saponaria, Garcinia
mangostana, Gliricidia sepium, Enterolobium cyclocarpum, and

INTRODUCTION

Methane and carbon dioxide are natural gases produced in the
rumen during fermentation by the microbial community. Meth-
ane emission is a key factor in climate change, as it exerts a global
warming potential 28 times greater than that of CO,." Further-
more, methane produced by ruminant digestion results in signif-
icant dietary energy loss.> Developing strategies to mitigate
methane production in dairy cows is a challenge in both environ-
mental and economic terms. Antibiotics have been widely used as

* Correspondence to: M Szumacher-Strabel, Department of Animal Nutrition,

a supplement in the ruminant diet; their ability to modulate
rumen fermentation and mitigate methane emission has been
known for years.> However, in 2003, the European Commission
banned the use of chemical supplements in ruminant nutrition
(Directive 1831/2003/CEE), as excessive use of antibiotics could
lead to bacteria developing resistance to the drugs, threatening
human health.? This radical change in the law resulted in intense
research into effective natural compounds that can inhibit enteric
greenhouse gas production.

Saponins, which are plant secondary metabolites, have the abil-
ity to modulate rumen fermentation while reducing methane
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Hedara helix) or from plants not previously used in ruminant nutri-
tion have been widely used in research.>*'°

Alfalfa (Medicago sativa L.) is rich in secondary metabolites,
especially saponins. It also has high nutritive value, reasonable
protein quality and high protein content, which makes it good for-
age for high-producing dairy cows.'"' This plant has increasingly
been used in regions other than Europe. In Asia, alfalfa has
recently been employed to address the shortage of crude protein
in feed and to meet the production requirements for growing and
lactating ruminants.'® Ensiling alfalfa and by-products of alfalfa
processing is also currently increasingly popular worldwide.'*'*
However, the effect of saponin extract powder from fresh and
ensiled alfalfa on methane production has not been explored
previously.

We hypothesize that saponins from different alfalfa varieties
inhibit ruminal microbial populations, mostly protozoa, and thus
reduce methane production. We also hypothesize that the source
(different varieties) and the type (aerial, roots, or mixture) of indi-
vidual saponins determine their effectiveness in methane
mitigation.

The objectives of the present study were to explore the
effect of total saponins extracted from two different alfalfa
varieties, in fresh and ensiled form, on methane production
and total microbial populations (as determined with the
Hohenheim gas test), as well as the effect of individual sapo-
nins extracted from one alfalfa variety on the methane pro-
duction and total microbial populations (using a batch
culture in vitro model).

MATERIAL AND METHODS

The chemical compositions of the 10 varieties of alfalfa tested in
this study has been described by Szumacher-Strabel et al.'®
who analyzed the levels of individual saponins in fresh and
ensiled alfalfa. In the present study, 10 alfalfa varieties (Verko,
Kometa, Hunter River, Ever, Pomposa, Eugenia, Pieven, Radius,
La Bella Campagnola, and Sanditi), in fresh and ensiled forms,
were analyzed for their total saponins content (Table 1), with the
aim of selecting the two varieties with the highest total saponins.

Four Hohenheim gas tests (HGT) were then performed to deter-
mine the effect of total saponins supplemented at different doses
from the two selected alfalfa cultivars (Kometa and Verko). We
tested the effects of dried fresh and ensiled alfalfa (the control
groups) and of dried fresh and ensiled alfalfa, with two to four

times the amount of saponin content as in the control groups,
on rumen fermentation characteristics and methane production
(Table 2).

Afterwards, a batch culture fermentation experiment was con-
ducted. Fresh Kometa alfalfa was chosen for this experiment
because of the very promising effect on methane mitigation shown
in the HGT experiments (four times the amount of saponin content
present in fresh Kometa alfalfa; 4.84 mg 400 g~' DM; Table 2). We
tested the effects of seven particular saponins extracted from the
aerial and root parts of fresh Kometa alfalfa, administered individu-
ally or as a mixture (MIX1: saponins from leaves; MIX2: saponins
from roots; MIX3: total saponins), on the microbial population,
rumen fermentation, and methane production.

Collection and preparation of alfalfa varieties

As described in Szumacher-Strabel et al,,'® seeds of 10 alfalfa vari-
eties were purchased at a local market in Poland. A 100 m? plot of
each variety was grown in experimental fields at Poznan Univer-
sity of Life Sciences in 2014. All details of the preparation of the
alfalfa have been described in Szumacher-Strabel et al.'®

Saponin extraction

Extraction of total and individual saponins from alfalfa aerial

and root parts

The aerial and root parts of the fresh and ensiled alfalfa were
lyophilized using a Christ Gamma 2-16 LSC freeze-drier (Martin
Christ GmbH, Osterode am Harz, DE), and then ground and
defatted with chloroform using a Soxhlet extractor (FOSS,
Hillered, DK). Quantitative analysis and determination of the sapo-
nins were performed on an Aquity UPLC system (Waters, Milford,
MA, USA) equipped with a triple quadruple mass spectrometer
(TQD, Waters, Milford, MA, USA), as described by Szumacher-
Strabel et al."®

Experimental design and management

Hohenheim gas test

Four Hohenheim gas test (HGT) experiments were conducted,
following Cieslak et al.'® The control substrate consisted of
400 mg of dried fresh (Exp. 1 with Verko variety, Exp. 3 with
Kometa variety) or ensiled (Exp. 2 with Verko variety, Exp. 4 with
Kometa variety) alfalfa on a DM basis; the experimental group
consisted of dried fresh or ensiled alfalfa enriched with total
saponin extract powder to obtain two or four times higher
saponin levels than in the dried fresh or ensiled alfalfa. Each

Table 1. Saponin content of different varieties of fresh and ensiled alfalfa
Saponin content (mg g~' DM)

Variety Silage (S) Fresh (F) Differences S:F ratio
Verko 104 330 7.1 32
Kometa 103 3.02 7.3 34
Hunter River 8.90 3.26 5.6 2.7
Ever 9.12 254 6.6 36
Pomposa 943 252 6.9 37
Eugenia 450 0.71 3.8 6.3
Pieven 6.23 1.28 5.0 49
Radius 9.03 1.94 2: 47
La Bella Campagnola 873 1.46 7.3 6.0
Sanditi 861 1.44 12 6.0

wileyonlinelibrary.com/jsfa

© 2019 Society of Chemical Industry

J Sci Food Agric 2020

52






