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Abstract

Carbohydrates in forages constitute an important part of the feed ration for all horses. The aim of the present study was to investigate the effect
of harvest time on carbohydrate composition and digestion of various grass species. The experiment was divided into three parts 1) charac-
terization of the chemical composition of experimental feeds (6 grass species: meadow fescue [MF], cocksfoot [CF], perennial ryegrass [PR],
smooth bromegrass [SB], tall fescue [TF], and timothy [Tl], and 3 harvest times: early, medium, and late first cut), 2) measurements of the in
vitro digestion of selected experimental feeds (the 6 grass species, and 2 harvest times [early and late]) measured by in vitro gas production,
and 3) in vivo digestion of selected experimental feeds (2 grass species: CF and PR, 2 harvest times [early and late]) measured by the mobile
bag technique using caecum cannulated horses. An experimental field was established with plots containing each of the grass species in three
replicate blocks. Grass samples were cut between 1200 and 1400 h at 4th of June (early first cut), 17th of June (medium first cut), and 1st of
July (late first cut) and analyzed for crude protein (CP), neutral detergent fiber with heat stable amylase and free of residual ash (aNDFom) and
water-soluble carbohydrates (WSC). The in vitro fermentation was investigated using the ANKOM RF gas production technique, where feeds
were incubated for 48 h using horse caecal fluid as an inoculum. Gas production was modeled, and maximum gas production (MGP) was used
to evaluate the potential digestibility of the feeds. Based on the chemical analyses and the in vitro experiment, early and late harvested CF
and PR were selected for the in vivo experiment, which was conducted as a randomized 4 x 4 Latin square design including four periods, four
horses and four feeds. In general, the CP content decreased whereas the aNDFom content increased as the grasses matured. The content
of WSC increased in SB and Tl, but decreased in CF, and fructans increased in SB, Tl, PR, and TF as they matured. The in vitro MGP showed a
clearer difference between harvest times than between grass species. Harvest time had larger effect on digestibility than grass species, and a
high precaecal disappearance of the WSC fraction was measured by the mobile bag technique. Cocksfoot was identified as a grass species with
potentially low digestibility and low WSC content and could potentially be used more for horses.

Lay Summary

Feedstuffs contain different carbohydrate fractions that are digested in different parts of the gastrointestinal tract of horses. Grass for grazing
or harvesting contains variable amounts of structural carbohydrates such as cellulose and hemi-cellulose (named fibres) and nonstructural car
bohydrates which in temperate grass species include sugars and fructans (named water soluble carbohydrates (WSC)). This study quantified
carbohydrate composition and digestion of six grass species (perennial ryegrass, timothy, smooth bromegrass, tall fescue, cocksfoot, and
meadow fescue) harvested at three different times (early, medium, and late) and preserved as hay. In general, fiber content increased as the
grasses matured, whereas WSC content varied to a large extent. In vitro fermentation using horse caecal fluid was used to quantify digestion
of early and late cut grass samples of all species. Harvest time (early vs. late) had a larger effect on in vitro fermentation compared to the effect
of grass species. Early and late harvested perennial ryegrass and cocksfoot were further selected for detailed studies of precaecal digestion in
Vivo as these species had highest and lowest WSC content. In general, cocksfoot was identified as grass species with low digestibility and low
WSC concentration compared to the other species investigated.

Key words: equine, fructans, grass species, in situ, sugar, water-soluble carbohydrates

Abbreviations: A, asymptotic gas production (mL/g DM); B, time after incubation at which half of the maximum gas production is reached; C, constant related
to the shape of the curve; CF, cocksfoot; CP, crude protein; G, gas produced (mL/g DM); MGP, maximum gas production; MF, meadow fescue; Mi, bags found at
the ith time as a fraction of the total number of bags found; NDF, neutral detergent fibre; aNDFom, NDF assayed with heat-stable amylase and expressed without
residual ash; NSC, Non-structural carbohydrates; PR, perennial ryegrass; SB, smooth bromegrass; TF, tall fescue; t, time (h); t.,, time elapsed from intubation to
the midpoint of the ith time; Tl, timothy; t_ , time (h) for maximum rate of digestion; WSC, water-soluble carbohydrates
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Introduction

Carbohydrates in forage grasses are divided into structural
(mainly cellulose, hemicelluloses, and pectin) and non-
structural (sugars and starch). In cool-season C3-grasses,
the non-structural carbohydrates (NSC) consist mainly of
glucose, fructose, sucrose and fructans, together termed
water-soluble carbohydrates (WSC). Grasses produce simple
sugars from photosynthesis, and when produced in excess of
the energy requirements of the plant for growth and devel-
opment, sugars are converted to storage carbohydrates in the
plant (Longland and Byrd, 2006). Fructan is the primary stor-
age carbohydrate of cool-season C3-grasses. Fructans consist
of a terminal glucose with additional fructose units linked
together in branched or non-branched structures of various
lengths; different grass species having different types (Pollock
and Cairns, 1991).

The carbohydrates constitute a large proportion of the for-
age and are important energy sources for all horses. The struc-
tural carbohydrates are fermented by hindgut microbes to
short-chained fatty acids (SCFA) providing the largest energy
source for the horse (Janis, 1976), and the WSC are mainly
digested and absorbed as glucose and fructose in the small
intestine (Dyer et al., 2002; Merediz et al., 2004). Currently
it is not clearly known how and where fructans are digested
within the equine gastro-intestinal tract. It is assumed that
fructans cannot be digested in the small intestine because
horses lack the enzymes that break the linkages between the
fructose molecules in fructans. Nevertheless, preliminary
studies have shown that part of fructans might be digested
in the stomach of the horse (Coenen et al., 2006), probably
through acid hydrolysis from the acidic environment in the
lower part of the stomach. Fructans have also been linked
to development of laminitis in horses (Longland and Byrd,
2006), and it has also been reported that high doses (10 g/kg
body weight) of nongrass fructans resulted in hindgut acido-
sis and laminitis in horses (Van Eps and Pollitt, 2006). Hence,
more research is needed to understand the in vivo digestion
of grass fructans in horses. Sugars causing a glucose and insu-
lin response are also of interest in equine nutrition, especially
for horses with insulin dysregulation (Frank et al., 2010;
Lindase et al., 2016), pituitary pars intermedia dysfunction
(McGowan, 2008) or polysaccharide storage myopathy
(Firshman et al., 2003; Borgia et al., 2011). These horses’ risk
severe health problems with high intake of NSC and should
therefore ideally be fed a diet containing less than 10% NSC
of dry matter (DM), preferably lower (Borgia et al., 2011;
Lindase et al., 2018). Recommendations on how to produce
forage with NSC (or WSC) concentrations below 10% of DM
are currently lacking, as most of the research performed on
forages and their composition and nutritive values have been
focusing on ruminants where a high NSC content is desired
(Humphreys et al., 2006; Shewmaker et al., 2006). Different
grass species may differ in their capability to produce forages
with less than 10% NSC of DM (King et al., 2012; Jensen et
al., 2014) and more information is needed on how different
grass species respond to different plant maturity at harvest in
their NSC concentration and composition.

The structural carbohydrates and fiber digestibility
should be considered when selecting grass species for for-
ages for different types of horses. As fiber content increases
digestibility decreases, and it has a major impact on the
digestible energy value of the forage which decreases as
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the grass matures (Ragnarsson and Lindberg, 2008, 2010;
Miiller, 2012). Horses with high energy requirements there-
fore benefit from highly digestible early harvested forage
(Ringmark et al., 2013), whereas horses with comparably
low energy requirements benefit from a late harvested for-
age with a low digestibility (Harris et al., 2017). However,
the grass species can affect both fiber content and digest-
ibility despite being harvested in the same plant maturity
(Sarkijarvi et al., 2012). This knowledge could be used to
a higher degree in equine nutrition, but more information
about differences in fiber digestibility between grass species
is needed, especially for harvest times that are relevant for
horse requirements.

Various in vitro and in vivo techniques can be used to
quantify digestion of forages in horses, each with different
advantages and disadvantages. One technique commonly
used is the in vitro gas production technique (IVGPT) where
a positive correlation between the produced gas and digest-
ibility has been found when using fecal contents or digesta
as inoculum (Lowman et al., 1999). A disadvantage of the
IVGPT is that it cannot quantify where in the gastrointesti-
nal tract of the horse the different carbohydrate fractions are
digested. As this is of interest particularly for fructans, other
techniques are required. The mobile bag technique (MBT) in
caecum-cannulated horses can be used to quantify the precae-
cal digestibility of feedstuffs and its components, even if most
research using this technique has focused on starch digestion
of grains (Philippeau et al., 2014; Thorringer et al., 2020)
or fiber digestion (Moore-Colyer et al., 2002; Thorringer et
al., 2022). It is possible to use the MBT also for digestibility
studies of WSC, but as of today it is not known what the
optimal pore size of mobile bags should be and how it affects
the results.

The aim of the present study was therefore to quantify
carbohydrate composition of various grass species har-
vested at different times and their digestion in horses using
IVGPT and MBT, the latter with different pore sizes of
bags. The hypotheses were 1) carbohydrate composition is
affected by grass species and harvest time (fiber content
increases and WSC decreases as the plants mature), 2) in
vitro digestion is affected more by stage of maturity than
grass species, 3) the in vivo digestion of glucose, fructose
and sucrose but not fructans is complete in the small intes-
tine of the horse, and 4) a mobile bag pore size of 36 pm
will results in higher loss of nutrients than a pore size of
15 pm.

Materials and Methods

Experimental design

All housing, management, and experimental procedures fol-
lowed the laws and regulations for experimental animals in
Norway (i.e., Regulations on the Use of Animals in Experi-
ments, July 2015), and the experiment was approved by the
Norwegian Food Safety Authority (FOTS ID 22251). The
experiment was divided into three parts 1) characterization
of the chemical composition of experimental feeds (6 grass
species, 3 plant maturities), 2) in vitro digestion of selected
experimental feeds (6 grass species, 2 plant maturities) mea-
sured by the IVGPT, and 3) in vivo digestion of selected exper-
imental feeds (2 grass species, 2 plant maturities) measured by
the MBT using caecum cannulated horses.
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Experimental feeds

The grass species used for the experiments were grown
at the Norwegian University of Life Sciences, As, Nor-
way (59°39742.5”N 10°44’56.0”E, 82 m above sea level,
weather data is presented in Supplementary Figure S1). The
species sown were meadow fescue (MF, Festuca pratensis,
cv. Minto), cocksfoot (CF, Dactylis glomerata, cv. Laban),
perennial ryegrass (PR, Lolium perenne, cv. Figgjo), smooth
bromegrass (SB, Bromus inermis, cv. Leif), tall fescue (TF,
Festuca arundinacea, cv. Swaj), and timothy (TIL, Phleum
pratense, cv. Grindstad). An experimental field was estab-
lished with a total of 36 plots divided into three blocks,
each block containing two randomly placed replicates of
each grass species. The grasses were sown at the end of May
2018 with barley (Hordeum vulgare, cv. Salome) as a cover
crop at a seed rate of 180 kg/ha and irrigated during the
summer 2018. The plots were fertilized with a compound
fertilizer at a rate of 80, 30, and 100 kg N ha-! prior to
sowing, after harvesting the cover crop, and in spring 2019,
respectively. The grasses were cut with a Haldrup plot har-
vester at approximately 7 cm height in autumn 2018, and
in 2019 the grasses were cut between 1200 and 1400 h at
4th of June (early first cut), 17th of June (medium first cut),
and 1st of July (late first cut). One of the two replicate plots
within a block was used for the early cut, while the other
replicate plot was divided in two: one half for the middle
cut and one half for the late cut. This resulted in three rep-
licate samples of each grass species for each of the three
harvest times. The biomass from each plot was mixed, and
approximately 1 kg of the sample was oven-dried at 50 °C
for 3 d, then milled to pass a 1-mm screen (cutting mill SM
200, Retch GmbH, Haan, Germany) and stored for later
analysis.

Animals and diets

Five caecum cannulated, 14- to 26-yr-old Norwegian Cold-
blood trotter geldings with an average initial BW of 575 kg
(range 545 to 631 kg) were used for the in vitro and in vivo
experiments. The horses were fitted with a permanent polyvi-
nyl chloride cannula (length ~ 15 cm; 40 mm o.d., and 30 mm
i.d.) at the base of the caecum close to the ileo-caecal junc-
tion more than 10 yr before the experiment. The horses were
housed in an unheated barn in 3 x 3 m individual box stalls
with rubber mats and wood shavings as bedding-material.
They were allowed access to a gravel paddock for approx-
imately 6 h per day, except for days with in vivo measure-
ments where the horses were allowed access to the paddock
for approximately two hours after the measurements. The
horses received 9 to 12 kg hay as-fed (timothy-meadow fes-
cue) divided into three equal meals fed at 0600, 1400, and
1930 h (the morning meal was fed between 0700 and 0745 h
on test days in the in vivo experiment). The morning meal
also included 30 g/d sodium chloride and 100 g/d of a com-
mercial mineral and vitamin supplement (Champion Mul-
titilskudd, Felleskjopet Forutvikling, Trondheim, Norway)
consisting, per kg original matter, of Ca, 100 g; P, 70 g; Mg,
32 g; Cu, 840 mg; NaCl, 50 g; Zn, 2830 mg; Mn, 1530 mg;
Fe, 2460 mg; 1, 18 mg; Co, 6 mg; Se, 10.2 mg vitamin A,
107,000 1.U.; vitamin D, 11,300 1.U.; vitamin E, 9,600 mg;
vitamin B1, 260 mg; vitamin B2, 120 mg; vitamin B6, 100
mg: vitamin B12, 0,8 mg; niacin, 270 mg; folic acid, 150 mg;
biotine, 15 mg, and vitamin C, 270 mg. Water was available

ad libitum from automatic water troughs in the individual
box stalls, and from buckets in the gravel paddock.

In vitro experiment

One of the three replicates of the early and late harvested grass
samples (MF, CF, PR, SB, TE, and TI) were randomly selected
for the in vitro experiment. The ANKOM RF gas production
system (Version 9.8.3, ANKOM Technology, Macedon, NY,
USA) was used to measure the in vitro digestibility accord-
ing to the recommendations from the company (ANKOM,
2022). In brief, three replicates of each of the 12 grass sam-
ples (6 grass species and 2 plant maturities), three replicates
without feedstuffs (blanks), and three replicates with an inter-
nal standard (sugar beet pulp) were incubated using caecal
inoculum (42 bottles in total). Approximately 1.1 g of each
feedstuff was weighed into 250 mL incubation bottles. A final
buffer solution was prepared by mixing 875 mL macro min-
eral-, 875 mL buffer-, 0.44 mL micro mineral-, and 4.4 mL
resazurin-solution in addition to 1,750 mL distilled water
according to Goering and Van Soest (1970) omitting the addi-
tion of trypticase. The final buffer solution was flushed with
CO,, kept in a heated water bath at 39 °C, and 183 mL reduc-
ing solution was added to the final buffer solution. The final
buffer solution was flushed with CO, and a reducing solution
was added, and the color changed from purple to clear, indi-
cating that the solution was saturated with CO,. Each bottle
with feed samples and the three blanks were filled with 66 mL
of the final buffer solution and placed in a heating oven at 38
°C while caecal fluid inoculum was prepared.

Caecal inoculum was collected from three horses through
their caecal cannula approximately five hours after the morn-
ing meal and stored in preheated thermos bottles for the
two-minute transportation between the stable and the labo-
ratory. The inoculum was strained through a precision woven
synthetic monofilament fabric with a pore size of 200 um
(Nitex 03-200/47, SEFAR, Heiden, Switzerland) into a bottle
placed in a heated water bath at 39 °C. Then 34 mL inoculum
was filled into each bottle containing feed samples and final
buffer solution, the headspace of the bottles was flushed with
CO, and then closed with the head module. The bottles were
placed in an incubator (B 8420, TERMAKS, Bergen, Norway)
at 39 °C on two separate shakers (Gyro rocker SSL3, STU-
ART, Staffordshire, United Kingdom) rotating at 11 rounds
per minute, and measurements started. The ANKOM RF gas
production system was set to record every 10 minutes and to
release gas when the pressure in the bottles exceeded 0.75 psi.
After 48 h the incubation was terminated, and the pH of each
bottle was measured (pH 3310, Xylem Analytics, Weilheim,
Germany). The content of each bottle was poured into pre-
weighed polyester bags (Saatifil PES 12/6, Saati S.p.A., Appi-
ano Gentile, Italy) with a pore size of 12 um and a surface
area of approximately 200 cm?. During this process, the filled
bags were kept in water at 5-10 °C, after which all bags were
washed for 35 min using the cold-water wool-programme
with no final spin in a domestic washing machine (Avantixx
7 VarioPerfect, BOSCH, Gerlingen Schillerhéhe, Germany).
Bags were dried in a heating oven (TS 8430, TERMAKS, Ber-
gen, Norway) at 45 °C for 48 h after which each bag was
weighed.

Mobile bag experiment

The in vivo experiment was conducted as a random-
ized 4 x4 Latin square design over a four-week period
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including four horses and four feed samples. The feed sam-
ples included were the early and late harvests of PR and
CF. In addition to the different feed samples, two different
pore sizes of the mobile bags were used (15 and 36 um). In
total, 352 mobile bags were used, with 40 replicates of each
grass x harvest x pore size combination, and 4 replicates of
each combination, which were used to determine the wash-
ing loss of nutrients from the bags. The size of the mobile
bags was 1 x 2 x 12 cm and they were prepared as described
by Thorringer et al. (2020) from a precision woven synthetic
monofilament fabric with a pore size of either 15 pm (Nitex
03-15/10, SEFAR, Heiden, Switzerland) or 36 pm (Nitex
03-36/28, SEFAR, Heiden, Switzerland). A steel washer with
a diameter of 10 mm was heat sealed into one end of each
bag, except for bags used to determine washing loss. Each
mobile bag was weighed, marked for identification, and
filled with 0.5 g of feed, ensuring a feed to surface area (FSA)
of 21 mg/cm?.

The mobile bags were intubated each week between 0700
and 0745 h before the morning meal. The bags (20 bags
per horse per period) were soaked in cold tap water before
they were administered into the stomach with a nasogastric
tube flushed with approximately 2 L of tap water. To cap-
ture the mobile bags, a 50 cm long nylon tube containing
a double-sided magnet with a diameter of 2 cm was intro-
duced into the caecum through the cannula. The magnet was
withdrawn every hour until 10 h post intubation, and bags
not recovered at this time were collected in feces two to four
times per day until all bags had been recovered. After collec-
tion bags were quickly rinsed with tap water and then stored
at =20 °C. The mobile bags were thawed at room tempera-
ture, placed in a washing bag (35 x 28 c¢m, pore size approx-
imately 1 mm), and washed for 35 min using the cold-water
wool-programme with no final spin in the same domestic
washing machine as described previously. Each washing bag
contained mobile bags collected from the caecum of one
horse (12-20 bags), and two washing bags were washed at
the same time. Washing loss from mobile bags that had not
been intubated was done in a similar way. Bags were then
dried in a heating oven (TS 8430, TERMAKS, Bergen, Nor-
way) at 45 °C for 48 h after which each bag was weighed. To
ensure enough feed residue for chemical analysis, the mobile
bags were pooled by each grass species x harvest time x pore
size combination in addition to the three time-intervals
where bags were found in the caecum (1-3, 4-6, and 7-10 h
after bags were administered into the stomach) before fur-
ther chemical analysis.

Chemical analysis

The experimental feeds and feed residues from the in vitro
and in vivo experiments were analyzed for dry matter (DM)
content by drying to a constant weight for 24 h at 103 °C
(feeds) or for 48 h at 45 °C (feeds and feed residues), and
samples were incinerated at 550 °C for 16 h for ash determi-
nation (feeds). The content of NDF was determined using an
ANKOM200 Fibre Analyzer (ANKOM Technology, Mace-
don, New York, USA) using heat-stable amylase followed by
combustion at 550 °C and expressed without residual ash
(aNDFom). Nitrogen was determined using a Kjeltec TM
8400 (FOSS, Hillered, Demark) and crude protein (CP) con-
tent was calculated as N x 6.25. Analysis of WSC, glucose,
fructose, sucrose, and fructans were performed using an enzy-
matic-spectrophotometric method described by Udén (2006).
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Calculations and statistical analysis
Calculations for the in vitro experiment

The cumulative gas production measurements were converted
from psi to moles by the ideal gas law:

n=px

R-T

where 7 is the gas produced (moles), p is the pressure (kPa),
V is the head-space volume in the bottles (L), R is the gas
constant of 8.314472 (L - kPa - K-' - mol'), and T is the tem-
perature (°K). Gas produced was then converted from moles
to mL by the following formula:

Gas produced (mL) =7 x 22,400 mL/mole

where 7 is the gas produced (moles) and 1 mole of gas will
occupy 22,400 mL at standard conditions (273.15 °K and
101.325 kPa). The gas produced in mL was then corrected
for the DM content in the bottle and fitted to the monophasic
model by Groot et al. (1996) using the NLIN procedure in SAS
(version 9.4, SAS Institute Inc., Cary, North Carolina, USA):

n

A;

G= G

i
5

i=1 1+

i

where G is the gas produced (mL/g DM), A is the asymptotic
gas production (mL/g DM) referred to as maximum gas pro-
duction (MGP), B is the time (h) after incubation at which half
of the MGP is reached, C is a constant related to the shape of
the curve, and # is the time (h) after incubation. Furthermore,
the time for the maximum rate of digestion (z,,) and thereby
gas production was calculated by the following formula:

Ol=

l’RM:BX(Cfl)'

where ¢, is the time (h) for maximum rate of digestion, B
is the time (h) after incubation at which half of the MGP is
reached, and C is a constant related to the shape of the asso-
ciated gas production curve. The disappearance of DM after
incubation was calculated as:

Disappearance( % ) =
Feed in bottle (g) — feed residue after incubation (g)

Feed in bottle (g) x 100

Calculations for the mobile bag experiment

The transit time of the mobile bags from stomach to recovery
in the caecum was calculated using the following equation by
Faichney (1975):

n
Transit time = Z t; x M;
i=1

where ¢, is the time elapsed from intubation to the midpoint
of the ith time, and ith is the number of bags found at the
ith time as a fraction of the total number of bags found. The
recovery rate of mobile bags found in the caecum during the
10 h collection period was calculated as:

€202 UoIB 0€ UO Jasn auieon [eydoH Aq 019¥969/227OBNS/SEI/E60 L 01/10p/0iME/SEl 00 dNODILSPED.)/:SA)Y WO} POPEOJUMO(



Lindskov Stang et al.

number of bags found in caecum

R =
ecovery rate (% ) total number of bags intubated

The DM or nutrient disappearance was calculated as:

Disappearance( % ) =

Feed in bag (g) — feed residue after collection of bag (g)

100
Feed in bag (g) X

Statistical analysis

All statistical analyses were performed using MIXED proce-
dure in SAS (Version 9.4). Differences in chemical compo-
sition was analyzed in a model comprising the fixed effects
of harvest time (early, medium, and late), grass species (SB,
ME, CE, PR, TF, and TI), and their interaction. The parameters
derived from the in vitro measurements (dDM, pH, A, B, C,
and t,,,) were analyzed in a model comprising the fixed effects
of harvest time (early and late), grass species (SB, MF, CE, PR,
TFE and TI), and their interaction. Dry matter disappearance
from individual mobile bags were plotted against time, and
the slope and intercept from the linear regressions were ana-
lyzed in a model comprising the fixed effects of harvest time
(early and late), grass species (CF and PR), and pore size (15
and 36 pm), no interactions were tested. The disappearance of
nutrients from the mobile bags were analyzed in a model com-
prising the fixed effects of harvest time (early and late), grass
species (CF and PR), pore size (15 and 36 pm), and time (1-3,
4-6, and 7-10 h), no interactions were tested. Finally, the loss
of nutrients from the mobile bags when washed was analyzed
in a model comprising the fixed effects of harvest time (early
and late), grass species (CF and PR), and pore size (15 and 36
pm), no interactions were tested. Horse was not included in
any of the models as inoculum used in the in vitro experiment
was pooled from different horses, and residue from mobile
bags were pooled by each grass species x harvest time x pore
size combination in addition to the three time-intervals where
bags were found in the caecum (1-3, 4-6, and 7-10 h after
bags were administered into the stomach). Results are pre-
sented as least square means with standard error of the mean
(SEM) as a measure of variance. Effects were considered sta-
tistically different if P < 0.05.

Results

Experimental feeds

The chemical composition was affected by grass species and
harvest time as shown in Figure 1. Interactions between
grass species and harvest time (P < 0.001) were present for
all nutrient fractions analyzed (CP, NDF, total WSC, glu-
cose, fructose, sucrose, and fructans). Crude protein content
decreased in all grasses with increasing harvest time (Figure
1). Content of NDF increased with increasing harvesting time
for all species except SB where the NDF content decreased
and TT where the NDF content was similar between harvests
(Figure 1). Total WSC increased for SB and TI, decreased
for CF or did not change with increasing harvest time for
ME, PR, and TF. In general, higher concentrations of WSC
were measured for PR than for the other grass species but
late harvested SB had the same WSC concentrations as PR.

x 100

The lowest concentration of WSC across all harvests were
present in MF and CF. Glucose concentration decreased in
all grass species from early to late harvest time, and this
was also the case for fructose in CF and PR. Furthermore,
PR had higher levels of glucose and fructose than the other
grass species. Sucrose levels were higher in SB and PR than
the other grass species and in SB the level increased with
increasing harvest time, while the opposite was measured
for CF. Fructan levels were higher in the late harvest com-
pared to the early and medium harvest in SB, PR, TF, and TI,
while in MF and CF, the fructan levels did stay the same at
all harvest times.

In vitro experiment

The early and late harvested samples were selected for in
vitro analysis based on the effect of harvest time on the
chemical composition. In vitro DM digestibility parame-
ters are presented in Table 1. The in vitro DM digestibility
after 48 h of incubation was higher (P < 0.001) for early
harvested grass than for late harvested grass. The pH after
48 h of incubation was affected by grass species (P < 0.001)
and harvest time (P < 0.001), where PR had the lowest pH
and CF the highest pH. Grass harvested early had lower pH
after 48 h of incubation compared to late harvested grass.
There was an interaction between grass species and harvest
time for A (P <0.001), B (P <0.001), and C (P=0.012)
parameters as well as the t,,, (P < 0.001). In general, the A
parameter was higher for early compared to late harvest.
The A parameter was higher for MF, PR, TE, and TI than SB
and CF in the early harvest, and at the late harvest SB and
TF had the highest A value and CF the lowest. Parameter
B was higher for late harvested SB, MF and CF, similar for
TF, and lower for PR and TI compared to early harvest. In
general, parameter C was highest for the early compared to
the late harvest.

Mobile bag experiment

Two grass species (CF and PR) were selected for the mobile bag
experiment based on their clear differences in chemical com-
position (Figure 1) and in vitro fermentation characteristics
(Figure 2). The average transit time of the mobile bags were
4.7 + 1.7 h, and the recovery of bags in the caecum was 78%
and in total 97% of the bags were found (Supplementary Table
S1). The DM disappearance from the mobile bags increased
over time at the same rate (slope of lines: 0.608) but the inter-
cept was affected by grass species and harvest time (Table 2;
Figure 3) and the intercept was higher (P < 0.001) for the early
than the late harvest time within each of the two grass spe-
cies. Disappearance of DM, CP, WSC, glucose, fructose, and
fructans from the mobile bags were higher (P < 0.01) for PR
than for CF (Table 3). Late harvest time increased (P = 0.014)
the disappearance of WSC and fructose compared to early
harvest time. Disappearance of NDF, CP, WSC, and fructose
was higher (P < 0.05) in bags with pore size 36 compared to
15 pm (Table 3). Nutrients were lost from the mobile bags by
washing (Supplementary Table S2). Washing loss of DM, CP,
WSC, glucose, fructose, and fructans was higher (P < 0.01) in
PR than in CE Harvest time affected (P < 0.05) the washing
loss of aNDFom, WSC, and fructose, with the early harvest
having lower loss than late harvest, despite the loss was close
to 0 (Supplementary Table S2). Pore size affected (P < 0.05) the
loss of CP, WSC, and fructose with greater loss from bags with
36 pm compared to 15 pm (Supplementary Table S2).
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Figure 1. The effect of grass species (meadow fescue (MF), cocksfoot (CF), perennial ryegrass (PR), smooth bromegrass (SB), tall fescue (TF), and
timothy (Tl)) harvested at three different plant maturities (early, middle, and late first cut) on nutrient content. Values are presented as means + SEM.
Letters indicate statistical difference between harvest time (early, medium, and late harvest) within grass species.

Discussion It was demonstrated that harvesting time affected chemical
composition of grasses and their digestibility in different

This study aimed t tif bohydrat iti d . .
8 study aumed to quantity carbolycrate composition an ways, but also that different grass species harvested at the

digestion of various grass species harvested at different times.
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Table 1. The dry matter disappearance (dDM) and pH after 48 h of in vitro incubation and the model parameters A (the asymptotic gas production, mL/g
DM), B (the time (h) after incubation at which half of A is reached), C (constant related to the shape of the curve), and t,,, (time for maximum rate of
digestion) of six different grass species (meadow fescue (MF), cocksfoot (CF), perennial ryegrass (PR), smooth bromegrass (SB), tall fescue (TF) and

timothy (T1)) harvested at two different harvesting times (early and late)

Grass species Harvest P-values
SB MF CF PR TF TI Early SEM Late SEM G H GxH
dDM 64.4 63.8 62.3 62.2 60.8 59.8 70.1*  0.75 544> 0.70 0.091 <0.001 0.088
pH 6.59% 6.60P 6.65° 6.56° 6.61° 6.59% 6.57° 0.01  6.63* 0.01 <0.001 <0.001 NS
A Early 164.5% 185.5° 163.1° 181.8° 178.22 173.0° <0.001 <0.001 <0.001
Late 151.8° 140.2% 112.3¢ 133.5¢ 142.02*  136.9¢
SEM 3.8 10.2 11.5 11.0 8.7 9.1
B Early 9.7abx 9.0b 8.4bx 8.3bx 10.5%x 9.6 <0.001 <0.001 <0.001
Late 10.2b 12,1 12.0 7.6%¢ 10.5bx 9.4by
SEM 0.34 0.71 0.89 0.21 0.43 0.27
C Early 1.80%~ 1.723bx 1.95%x 1.62bx 1.38¢ 1.792x <0.001 <0.001 0.012
Late 1.40b 1.44b 1.882 1.45by 1.24< 1.35by
SEM 0.10 0.07 0.06 0.04 0.04 0.11
tont Early 8.60 7.38bx 8.08x 6.17 5.11dx 8.43x <0.001 <0.001 <0.001
Late 519 6.820 11.022 4.36% 3.27¢ 4254
SEM 0.87 0.24 0.66 0.42 0.44 1.04

Values are presented as means = SEM. G, grass species; H, harvest time; G x H, interaction effects of grass species x harvest time.

sbedValues within a row are different if superscript differs (P < 0.05).
*YValues within a column are different if superscript differs (P < 0.05).

same date had different digestibility. A later harvest time of
the different grass species clearly reduced the digestibility as
shown using the IVGPT. Furthermore, the precaecal digest-
ibility of the WSC fraction of PR and CF was high when
quantified using the MBT. The methodological possibilities
and limitations as well as practical application of the results
are discussed in the following.

Experimental feeds

The CP content decreased in all grass species and the aND-
Fom content increased in MF, CF, PR, and TF with later har-
vesting, which is in accordance with results from other studies
performed in comparable climates (Ragnarsson and Lind-
berg, 2008, 2010; Miiller, 2012). In the late harvested SB, the
grass had lodged, making it difficult to harvest the lower fiber
rich parts of the grass and this may explain the decrease in
aNDFom from early to late harvest time (Griggs et al., 2007).
The content of WSC, especially glucose and sucrose, in grass
is of relevance for horses with insulin dysregulation (Frank et
al., 2010; Lindése et al., 2016), pituitary pars intermedia dys-
function (McGowan, 2008), or polysaccharide storage myop-
athy (Firshman et al., 2003; Borgia et al., 2011). Furthermore,
experimentally induced hindgut acidosis using large amounts
of fructans has resulted in development of laminitis (Van Eps
and Pollitt, 2006), although the fructan used in that study was
not of grass origin. In general, WSC was higher for PR than
the other grass species, and fructans increased in SB, PR, TF
and TI at the late harvest but not in MF and CF. In a more
southern location (Utah, USA), Jensen et al. (2014) found PR
to have high WSC, but they also found an increase of fruc-
tans in CF at later harvests. Differences between the studies
may be due to differences in e.g., temperature, photoperiod,
N availability, and cultivar. Variations in content of fructans
have been found between cultivars of CF adapted to different
climates (Sanada et al., 2007), and it would be relevant to test

different cultivars of the different grass species. In contrast to
PR, CF, and MF might therefore be suitable for horses prone
to the abovementioned health conditions because of the rel-
atively low content of WSC, and it should be investigated
further. In all grass species except PR, an early harvest was
also a possibility to reduce levels of WSC and fructans. This
will however also result in a higher overall digestibility of the
grass and a high energy value, which is undesired for horses
with comparably low energy requirements as it reduces the
amount of forage needed to cover energy requirements which
in turn decrease forage intake time (Miiller, 2011). Further-
more, it has been found that horses may find CF less palatable
compared to other grass species when grazing (Allen et al.,
2013) and this could potentially also be used to reduce feed
intake in horses.

The in vitro experiment

The in vitro measurements reflect the total tract digestibil-
ity, and in combination with the chemical composition of the
grass samples, the in vitro experiment was used for selection
of grass samples to be used for the mobile bag experiment.
The DM disappearance in the in vitro experiment decreased
from early to late harvest (70.1% vs. 54.4%) which is in
accordance with results from in vivo studies where digestibil-
ity of grass forages in horses decreased with increasing plant
maturity at harvest (Ragnarsson and Lindberg, 2008, 2010;
Miiller, 2012). No difference in DM disappearance was found
between grass species within harvest time, but the MGP indi-
cated differences between the grass species. Early and late
harvested CF had the lowest MGP indicating a generally
low digestibility of CF. The MGP differed more between late
than early harvested grass samples, and SB had the highest
MGP at the late harvest probably due to a high content of
WSC. Differences in nutrient content results in different in
vitro fermentations and model parameters (A, B, C, and t,,)
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Figure 2. Measured (dotted lines) and modeled (solid line) in vitro gas production (ml/g organic matter (OM)) when incubating three replicates of early
and late cut grasses (meadow fescue (MF), cocksfoot (CF), perennial ryegrass (PR), smooth bromegrass (SB), tall fescue (TF) and timothy (T1)) for 48 h
using horse caecal fluid as inoculum. Early cut grasses had higher in vitro gas production than late cut grasses.

Table 2. The linear regression analysis of the relation between grass
species (cocksfoot (CF) or perennial ryegrass (PR)) and harvest time
(early or late) on dry matter disappearance (dDM) from mobile bags over
time (X, hours).

Grass species Harvest Equation

PR Early dDM =0.608 X + 38.01°
Late dDM = 0.608 X + 32.51>

CF Early dDM =0.608 X + 35.29%
Late dDM =0.608 X +21.37¢

sbedValues within a column are different if superscript differs (P < 0.05).

differed between grasses. However, not all these parameters
can be transferred directly to the gastrointestinal physiology
of the horse. Here the feed undergoes enzymatic digestion in
the stomach and small intestine before residual nutrients not
absorbed in the small intestine are potentially fermented in

the hindgut. Hence, a predigestion step before the in vitro fer-
mentation would be required. This has not been standardized
for horses, but it should be considered in future studies. A pre-
digestion step would also be useful for quantifying the in vitro
prececal digestion of feedstuffs like the method suggested by
Tilley and Terry (1963). Still, MGP and DM disappearance
give an indication of the potential total tract digestibility of
the grass species. The pH values measured after 48 h of in
vitro incubation cannot be extrapolated directly to in vivo
hindgut pH values as the buffer solution will buffer the in
vitro system. However, a higher DM disappearance with a
potentially higher production of SCFA was reflected in a
lower pH. The traditional digestibility studies with total col-
lection of feces gives a more accurate estimate of the apparent
total tract digestibility, but it does not distinguish where in
the gastrointestinal tract digestion takes place, similar to the
IVGPT. In this study, the in vitro measurements were used
successfully to screen a large number of grass samples, as not
all could be tested in vivo using the MBT. Based on the chem-
ical composition and in vitro measurements, CF and PR were
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Table 3. The effect of grass species (cocksfoot (CF) or perennial ryegrass (PR)), harvest time (early or late), pore size of mobile bags (15 or 36 um), and
time of recovery of mobile bags (1-3, 4-6 or 7-10 h) after administration on nutrient disappearance (%) from mobile bags
Grass species Harvest time Pore size Time P-values
CF SEM PR SEM Early SEM Late SEM 15 SEM 36 SEM 1-3 SEM 4-6 SEM 7-10 SEM G H P T
DM 31.3 22 383 1.0 398 0.7 298 1.8 339 2.0 357 20 330 25 350 24 365 25 <0.001 <0.001 0.098 0.036
aND- 7.0 1.0 6.4 0.7 8.8 0.8 4.5 0.4 5.7 0.8 7.7 0.9 5.1 0.7 6.5 1.1 84 1.1 0.29 <0.001 <0.001 <0.001
Fom
CP 716 13 770 1.7 781 13 704 13 732 1.7 752 1.7 700 19 758 2.1 77.0 1.6 <0.001 <0.001 <0.001 <0.001
WSC 98.5 03 992 02 991 0.2 98.6 03 987 04 99.1 02 97.8> 04 99.2* 0.1 99.7* 0.2 <0.01 0.028 0.056 <0.001
Glu- 99.0 0.4 99.0 0.2 987 03 994 0.2 989 03 992 03 986 0.6 990 02 995 0.3 0.98 0.14 0.41 0.24
cose
Fruc- 99.1 0.2 994 02 996 0.1 989 0.2 992 0.2 992 02 987 02 994 0.1 996 0.2 0.062 <0.001 0.96 <0.001
tose
Sucrose 932 1.8 992 04 981 0.8 942 1.9 955 1.8 969 14 936 2.7 978 0.8 972 1.7 <0.01 0.025 0.37 0.098
Fructan 99.4 0.4 98.7 0.3 99.0 0.4 991 04 99.1 03 99.0 04 982 0.6 99.5 02 995 0.2 0.12 0.76 0.76 0.027
Values are presented as means = SEM. G, grass species; H, harvest time; P, pore size; T, time of recovery of mobile bags.
DM, dry matter; CP, crude protein; WSC, water-soluble carbohydrates; aNDFom, neutral detergent.
Fiber assayed with heat-stable amylase and expressed without residual ash.
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Figure 3. Linear regression of the dry matter disappearance from mobile bags with a pore size of 15 or 36 um containing early and late harvested

perennial ryegrass (PR) and cocksfoot (CF).

selected as highly contrasting grasses with distinct differences
in WSC content and DM disappearance.

The mobile bag experiment

The disappearance of DM, CP, and aNDFom decreased from
early to late harvest in accordance with results from other
studies where digestibility decreased with increasing plant
maturity (Ragnarsson and Lindberg, 2008, 2010; Miiller,
2012; Sarkijarvi et al., 2012). The effect of harvest time on
dDM was more pronounced for CF than PR, which might
be explained by a faster morphological development resulting
in a greater increase in aNDFom across harvest times for CF
compared to PR. It was found that the precaecal disappear-
ance of aNDFom was low, as the precaecal fermentation has
been described as limited (Moore-Colyer et al., 2002; Varloud
et al., 2004; Brokner et al., 2012). The precaecal disappear-
ances of glucose, sucrose and fructose were all above 93%
which was expected, but there are no published studies (to
the knowledge of the authors) where MBT has been used to
study the digestion of WSC in horses previously. The high pre-
caecal disappearance of fructans (>98%) was however not
expected. Nutrients disappearing from the mobile bags might
not be digested and absorbed in the small intestine, but these
results indicate that grass fructans are easily available for deg-
radation precaecally, and it is probable that microbes in the

stomach and/or small intestine ferment fructans in these com-
partments. Additionally, a relatively large proportion (more
than ~70%) of the fructans disappeared from the mobile
bags by washing them (Supplementary Table S2), confirm-
ing that fructans are easily available for degradation precae-
cally. A preliminary study has shown that a part of fructans
is digested in the stomach of the horse (Coenen et al. 2006),
probably through acid hydrolysis from the acid environment
in the lower part of the stomach. Results from in vitro studies
(Ince et al., 2014; Strauch et al., 2017) have also indicated
that fructans might be degraded precaecally by acidic hydro-
lysis and/or fermentation. Knowledge on which of the WSC
fractions that gives the lowest responses on blood glucose and
insulin levels would be relevant to investigate in future studies
in relation to horses with e.g., insulin dysregulation.

Mobile bags were recovered at different time points after
administration in the current study. This is of importance
as a longer time within the gastrointestinal tract can poten-
tially increase the disappearance of nutrients (Hymeller et al.,
2012; Thorringer et al., 2020). Mobile bags were therefore
pooled according to time of recovery and not horses in this
study, as suggested by Thorringer et al. (2020). A linear rela-
tionship between disappearance of DM and time to recovery
of bags was found, however, the slope of the curves did not
differ, only the intercept. Early harvested grass had a greater
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intercept than late harvested grass due to higher content of
soluble nutrients such as WSC and CP. This effect of time
should be addressed in studies using the MBT as recovery
time of bags might vary (could be affected by e.g., diet compo-
sition and individual horse). Another methodological aspect
of the mobile bag technique is the pore size of the bags. The
technique is not standardized, and different pore sizes and
FSA (mg feed/cm?) have been used previously (Moore-Colyer
et al., 2002; Thorringer et al., 2020). The Nordic feed evalua-
tion system for ruminants (Akerlind et al., 2011) recommends
a pore size of 15 pm and a FSA of 5-7 and 10-15 mg feed/
cm? for roughages and concentrates, respectively. Thorringer
and Jensen (2021) recommends not to use a FSA of more than
20 mg/cm?, to still have enough residue for analyses and not
compromising the disappearance of nutrients from the bags.
In this study, pore size influenced some nutrients, and it is
recommended to use a pore size of 15 pm rather than 36 pm
in future studies investigating the precaecal digestion of grass
and other fibrous feedstuffs.

Conclusion

This study demonstrated that both grass species and harvest-
ing time affect the chemical composition of the grasses. In gen-
eral, the CP decreased and aNDFom increased as the grasses
matured. The content of WSC increased in SB and TI, but
decreased in CF, and fructans increased in SB, TI, PR, and TF
as they matured. The in vitro technique used showed clearer
differences between harvesting time than between grass spe-
cies. This technique can be used to screen a large number of
samples within a short time. However, the in vitro fermenta-
tion does not reflect the gastrointestinal physiology of horses
and a predigestion step should be considered in future stud-
ies. The mobile bag technique showed a high precaecal disap-
pearance of the WSC fraction in grasses, including fructans.
However, nutrients disappearing from the mobile bags are
not necessarily digested precaecally, but the results show that
fructans might be accessible for microbial fermentation and/
or acid hydrolysis before reaching the hindgut. Harvesting
time had larger effect than grass species on digestibility, but
different grass species also influenced digestibility and com-
position. More specifically, CF consistently had lower and PR
higher digestibility and WSC content. Further studies on grass
species suitable for different horse categories should include
the differences between grass species and focus on how plant
maturity at harvest can be used to achieve the desired nutrient
content and digestibility in the forage.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.

Supplementary Figure S1. Weather data showing daily av-
erage, minimum (Min.) and maximum (Max.) temperature
(temp.) in °C as well as daily rain in mm during the exper-
iment. Vertical lines indicate days for harvesting early, me-
dium, and late first cut samples. Historical weather data is
obtained from an online weather service (www.yr.no).
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