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Summary

The domestic horse is used as a nutritional model for rhinoceros maintained under human care. The validity of

this model for browsing rhinoceros has been questioned due to high prevalence of iron overload disorder (IOD)

in captive black rhinoceros (Diceros bicornis), which is associated with high morbidity and mortality. Iron chela-

tors, such as tannins, are under investigation as dietary supplements to ameliorate or prevent IOD in prone spe-

cies. Polyphenolic compounds variably affect microbial fermentation, so the first objective of this experiment was

to evaluate the effects of grape seed extract (GSE; a concentrated source of condensed tannins; CT) on black rhi-

noceros hindgut fermentation. Equine nutrition knowledge is used to assess supplements for rhinoceros; there-

fore, the second objective was to evaluate the domestic horse model for black rhinoceros fermentation and

compare fermentation responses to GSE using a continuous single-flow in vitro culture system. Two replicated

continuous culture experiments were conducted using horse and black rhinoceros faeces as inoculum sources

comparing four diets with increasing GSE inclusion (0.0%, 1.3%, 2.7% and 4.0% of diet dry matter). Diet and

GSE polyphenolic compositions were determined, and sodium sulphite effect on neutral detergent fibre extrac-

tion of CT-containing forages was tested. Increasing GSE inclusion stimulated microbial growth and fermenta-

tion, and proportionally increased diet CT concentration and iron-binding capacity. Horse and black rhinoceros

hindgut microflora nutrient digestibility and fermentation responses to GSE did not differ, and results supported

equine fermentation as an adequate model for microbial fermentation in the black rhinoceros. Interpretation of

these results is limited to hindgut fermentation and further research is needed to compare foregut digestibility

and nutrient absorption between these two species. Supplementation of GSE in black rhinoceros diets up to 4%

is unlikely to adversely affect hindgut nutrient digestibility or microbial viability and fermentation.
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Introduction

As large hindgut fermenting herbivores, the gas-

trointestinal anatomy of rhinoceros most resembles

that of equids (Clemens and Maloiy, 1982; Endo

et al., 1999; Stevens and Hume, 2004). The domestic

horse (Equus caballus) is typically used as a nutri-

tional model for all rhinoceros species (Oftedal et al.,

1996; Dierenfeld, 1999; Miller, 2003). Fermentation

products (volatile fatty acids; VFAs) significantly

contribute to overall energy metabolism in these

species (Glinsky et al., 1976; Harris, 1997; Santos

et al., 2011), yet, to our knowledge, hindgut fer-

mentation has never been compared between

browsing rhinoceros (i.e. black rhinoceros; Diceros

bicornis) and horses. Comparisons of hindgut fermen-

tation capabilities may help explain differences

observed in digestibility of similar diets between the

two species, in vivo (Clauss et al., 2006a,b; Clauss

et al., 2007a). Fundamental differences in digestive

physiology between grazing and browsing species

suggest fermentation may differ (Clauss et al.,

2005a; Hummel et al., 2006). This hypothesis is sup-

ported by gas production differences measured

between black and white rhinoceros in vitro faecal

fermentation (Steuer et al., 2010). Our understand-

ing of equine nutrition is often used to assess diets

or supplements for rhinoceros; therefore, evaluating
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the use of a domestic horse model for black rhinoceros

fermentation is crucial.

The adequacy of the equine model has been con-

firmed for grazing rhinoceros species [(African white

(Ceratotherium simum); Frape et al., 1982) and Indian

rhinoceros (Rhinoceros unicornis); Clauss et al.,

2005b)]. However, inadequacies of the horse model

have been reported for elephants (Oftedal et al.,

1996); and differences in mineral nutrition between

tapirs (a browsing herbivore) and horses have been

measured (Clauss et al., 2009), similar to differences

demonstrated between black rhinoceros and horses

(Clauss et al., 2007a).

Excessive iron accumulation is observed in more

than 75% of tested captive black rhinoceros and is

associated with high morbidity and mortality (Mole-

naar et al., 2008; Paglia and Tsu, 2012). The high

prevalence and severe health consequences of iron

overload disorder (IOD) in captive black rhinoceros

suggests a need to re-evaluate the domestic horse

model for browsing rhinoceros nutrition.

To ensure the health of current and future popula-

tions of black rhinoceros managed under human care,

feasible solutions and prevention strategies for IOD

must be established. Nutritionists initially addressed

this problem by removing supplemental iron sources

and food items especially high in iron or nutrients

that increase iron bioavailability. Practical limitations

and availability of low-iron ingredients make it diffi-

cult to achieve recommended dietary iron concen-

trations below 100 ppm (Clauss et al., 2012).

Therefore, the International Workshop on Iron

Overload Disorder (2011) prioritized and encouraged

research to identify, characterize and make recom-

mendations of use for compounds that sequester

dietary iron.

Polyphenolic compounds, such as condensed tan-

nins (CT), are well-documented iron chelators found

in substantial concentrations in natural diets of many

wild animals, including browsing rhinoceros. In con-

trast, most diets fed in zoological institutions contain

low to negligible CT concentrations (Clauss, 2003),

provided through intermittent and opportunistic

browse supplementation (Helary et al., 2012). This

discrepancy and high incidence of associated diseases

reported in iron-sensitive species confirms the impor-

tance of researching CT supplementation in captive

diets when diets cannot be formulated with low iron

concentrations.

Current experimental evidence supporting benefits

of CT inclusion in exotic animal diets is scarce. Com-

mercially available sources have been tested (Clauss

et al., 2007b; Lavin et al., 2010), but due to

prohibitive cost and ecological considerations, alterna-

tive sources must be considered. By-products of grape

production industries, such as grape seed extract

(GSE), are economical sources of concentrated

polyphenolic compounds (Ky et al., 2014) and have

been suggested as potential iron-chelating food ingre-

dients for iron-sensitive species (Gaffney et al., 2004;

Clauss et al., 2006b). Grape seed extract was evalu-

ated in this study for potential application in black rhi-

noceros diets as an iron chelator.

It is important to remember the term ‘tannin’ and

even more specific terms such as ‘condensed tannin’

cannot be universally applied and compared due to

chemical complexity of these large polyphenolic

classes. This CT diversity complicates analysis and

quantification techniques. Several methods have been

developed, and each has limitations that have been

discussed in several reviews (Makkar et al., 1999;

Scho et al., 2001; P�erez-Jim�enez et al., 2009; Dai and

Mumper, 2010). In this study, three quantitative

methods based on different functional or structural CT

properties and high-performance liquid chromatogra-

phy (HPLC) were used and compared to quantify and

characterize GSE CT as well as highlight the variation

among results from different methods.

Tannins may influence microbial fermentation and

outcomes appear to depend on polyphenolic composi-

tion and concentration (Tebib et al., 1996; Martin-

Carron and Goni, 1998). Historically, tannins have

been regarded as microbial growth inhibitors (Min

et al., 2006; Patra and Saxena, 2011), yet there are

reports of increased caecal microbial diversity in

chicks (Viveros et al., 2011) and VFA production in

rats (Bravo et al., 1994; Tebib et al., 1996) when CT

were supplemented in the diet. However, there was

no increase in faecal VFAs when CT were fed at 1.5%

of dry matter (DM) to black rhinoceros (Clauss et al.,

2007b). This influence makes it of interest to deter-

mine CT supplement effects on black rhinoceros

microbial fermentation.

The objectives of this experiment were to compare

fermentation characteristics and nutrient digestibility

between the black rhinoceros and domestic horse, and

to examine GSE effects on fermentation parameters

and diet iron-binding potential. We hypothesized fer-

mentation characteristics and response patterns to

GSE inclusion would differ between the horse and

black rhinoceros due to different physiological adapta-

tions to contrasting natural diets of grass and browse,

respectively (Hummel et al., 2006), thus influencing

hindgut microflora composition. We also hypothe-

sized diet iron-binding capacity would increase with

increasing GSE inclusion.
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Methods

Experimental design

Two replicated continuous culture experiments were

conducted using domestic horse and black rhinoceros

faeces as inoculum to compare four diets with increasing

GSE inclusion. This experiment was conducted as a ran-

domized complete block with a two by four factorial

design to analyse the effects of inoculum source (species;

horse vs. rhino) and GSE inclusion (treatment; Control,

Low,Mid or High). Fermenterwas considered the exper-

imental unit for all analyses. Experimental replication

(continuous culture run)was the blocking variable.

Animals and faecal collection

Two adults (one male, one female, 9 years of age) and

one juvenile male (3 years of age) East African black

rhinoceros (Diceros bicornis michaeli), housed at the

Saint Louis Zoo (Saint Louis, MO, USA), were fed their

normal diet (Control diet; Table 1); however, browse

and enrichment food items containing polyphenolics

were removed for the 14 days prior to faecal collec-

tion. The Saint Louis Zoo Animal Biomaterials Sample

Committee approved the protocol and collection of

faeces for this experiment. Three adult (ages ranged

15–23 years) female quarter horses (Equus caballus),

housed at the University of Missouri Equine Teaching

and Research Farm (Columbia, MO, USA), were tran-

sitioned to the same control diet (Table 1) over a 5-day

period and were adapted to the diet for 14 days prior

to faecal collection. The University of Missouri Animal

Care and Use Committee approved the use of horses

for this experiment. Hay fed to horses and rhinoceros

and used for both continuous culture experiments was

from the same source and lot. Following the 14-day

adaptation periods, total faeces were collected within

30 min of excretion and the outer layer was removed

to prevent contamination. Faeces were mixed with a

1:3 glycerol-McDougall’s Buffer solution (Luchini

et al., 1996) at 20% (vol/wt), flushed with CO2 and

immediately frozen on dry ice for transportation. Sam-

ples were stored at �20 °C until use.

Continuous culture procedure and analyses

Inoculum preparation

Prior to inoculating the continuous culture, faecal

samples were thawed and pre-incubated (Luchini

et al., 1996). Equal proportions of faeces from each

animal, within species, were combined, blended with

equal parts (wt:v) of an anaerobic pre-incubation

media (Table 2) and incubated at 39 °C for 6 h.

Experiment conditions

Twenty-four single-flow continuous culture fer-

menter vessels (Nalgene, Rochester NY, USA) were

Table 1 Continuous culture experimental control diet and grape seed

extract (GSE) treatment concentrations

Diet Ingredients Per cent of control diet* (DM basis)

Orchard grass/alfalfa hay 83.05

High fibre pellets† 15.96

Kale 0.48

Carrots 0.41

Apple 0.10

Treatment GSE‡ inclusion level (per cent of diet DM)

Control 0.00

Low 1.33

Mid 2.66

High 4.00

Diet ingredients were dried at 95 °C, ground to 2 mm and mixed prior

to GSE inclusion. GSE replaced total diet.

*Ingredient composition presented on a dry matter (DM) basis.

†High fibre pellets (ADF-25, Mazuri� Exotic Animal Nutrition, PMI Nutri-

tion, Saint Louis, Missouri).

‡GSE (ActiVin�, San Joaquin Valley Concentrate).

Table 2 Pre-incubation media composition

Component Amount, ml/l

Mineral solution A* 330.00

Mineral solution B† 330.00

Water soluble vitamin solution‡ 25.00

Folate–biotin solution§ 5.00

Riboflavin solution¶ 5.00

Soluble carbohydrate solution** 50.00

Pectin solution†† 100.00

Short-chain fatty acid solution‡‡ 10.00

Mercaptoethanol 0.16

Cysteine-HCl H20 0.50

Urea solution§§ 10.00

Adapted from methods described by Sunvold et al. (1995).

*Composition (g/l): NaCl, 5.4; (NH4)2SO4, 5.4; KH2PO4, 2.7; MgCl2 6H2O,

0.12; CaCl2 2H2O, 0.18; MnCl2 4H2O, 0.06; CoCl 6H2O, 0.06.

†Composition: K2HPO4, 2.7 g/l.

‡Composition (mg/l): thiamin, 92.0; pantothenic acid, 9.2; niacin, 99.5;

pyridoxine, 82; p-aminobenzoic acid, 5; vitamin B-12, 0.01.

§Composition (mg/l): folic acid, 8.0; biotin, 0.02; (NH4)2CO3, 100.

¶Composition: riboflavin, 10 mg/l in 5 mM HEPES.

**Composition (g/l): maltose, 13.5; glucose, 6.7; sucrose, 6.7; soluble

potato starch, 50.0.

††Composition: citrus pectin, 26.5 g/l of 70 °C mineral solution A*.

‡‡Composition (ml/l): glacial acetic acid, 170; propionic acid, 60; n-buty-

ric acid, 40; isobutyric acid, 10; n-valeric acid, 10; isovaleric acid, 10;

DL-a-methylbutyrate, 10. Brought to volume then adjusted to pH 7.0

with 6 N NaOH.

§§Composition: CO(NH2)2, 166.62 g/l.
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inoculated (12 per species) with a 1:3 (v:v) mixture of

pre-incubated and strained faecal solution and 39 °C
anaerobic continuous culture buffer solution, adapted

from McDougall’s artificial saliva (McDougall, 1948)

containing 250 mg cysteine-HCl/l. Inoculum was added

to each fermenter up to the effluent outflow port

(1460 ml). Fermenters were continually flushed with

CO2, stirred with magnetic stir plates and incubated in a

39 °C water bath using thermostatically controlled hea-

ters. The continuous culture buffer solution was contin-

uously added to the fermenter containers using

calibrated peristaltic pumps (Masterflex model 7520-10,

Cole Palmer Instrument, Chicago, IL, USA) that main-

tained a constant dilution rate of 3.8% per h. Effluent

was collected in vessels immersed in an ice bath.

Diets

The control diet was based on average composition of

black rhinoceros diets at the Saint Louis Zoo (Table 1).

Diet ingredients were ground to pass through a 2-mm

screen and mixed prior to GSE inclusion. Dietary

treatments (n = 6 fermenters per treatment per repli-

cate) consisted of four GSE (ActiVin�, San Joaquin

Valley Concentrate, Fresno, CA, USA) concentrations

(0.0, 1.3, 2.7 and 4.0% of DM) added to the basal diet

(Table 1). The four GSE concentrations were chosen

to be representative of free-ranging black rhinoceros

dietary CT concentrations (Helary et al., 2012). Diet-

ary nutrient composition was similar among all treat-

ments and averaged 94.1% DM, 91.2% organic

matter (OM), 20.5% crude protein (CP), 42.2% neu-

tral detergent fibre (NDF), 27.5% acid detergent fibre

(ADF) and 247.7 ppm iron. Thirty-five g of diet was

fed to the cultures per day, equally split between two

feedings at 12-h intervals.

Sampling

Experiments were conducted over 8-day periods with

five adaptation days and three sampling days. Fer-

menter pH was measured, and 10-ml samples were

taken and acidified with 6 M HCl at 0, 2, 4, 6 and 8 h

relative to feeding and stored at �20 °C until analysis

for VFA and ammonia (NH3) concentration. Total

effluent contents were collected over 24 h of each

sampling day and stored at 4 °C until further analysis.

All samples were composited by fermenter over the 3

sampling days. At the end of each experiment, fer-

menter contents were blended, strained through four

layers of cheese cloth and stored at 4 °C until analysis.

Laboratory analysis

Blended fermenter contents were centrifuged at 1000

9 g for 5 min at 4 °C to remove feed particles.

Supernatant was recentrifuged at 27 000 9 g for

30 min, and the resulting pellet, containing bacteria,

was transferred to a plastic container. Effluent con-

tents were thoroughly mixed, and a 600-ml subsam-

ple was collected. Effluent samples and fermenter

bacteria pellets were lyophilised and ground using a

mortar and pestle.

Diet and effluent samples were analysed for DM by

drying at 105 °C for 24 h, OM (AOAC, 2012, 934.01)

and total N by combustion analysis (vario Macro

Cube, Elementar Americas, Mt. Laurel, NJ, USA;

AOAC, 2012, 990.03). Due to a lack of scientific con-

sensus on sodium sulphite (SS) inclusion for detergent

fibre determination in CT-containing samples (Pag�an

et al., 2009; Gomes et al., 2012), the effect of SS on

sample NDF and ADF concentration was tested. Diet

and effluent samples were analysed for NDF following

the methods of Van Soest et al. (1991), both with and

without addition of SS, followed by sequential ADF

determination using an ANKOM200 Fiber Analyzer

(ANKOM Technology, Macedon, NY, USA). Values for

NDF and ADF, as well as fibre digestibility (digestibil-

ity coefficient = [fibre intake, g/days�(effluent

DM flow, g/days 9 effluent % fibre)]/fibre intake,

g/days 9 100), were compared between the two anal-

ysis methods. Effluent and bacteria samples were

analysed for purine (Zinn and Owens, 1986), and

microbial nitrogen content, microbial efficiency

(MOEFF; g microbial nitrogen outflow/kg OM truly

digested) and microbial OM (OMm) production per

day were calculated. Fermenter samples taken at mul-

tiple time points throughout the experiment were

compiled by hour, across the three sampling days.

These samples were analysed spectrophotometrically

(Evolution 201, Thermo Scientific, Waltham, MA) for

NH3 concentration (Broderick and Kang, 1980), and

VFA concentrations were measured using gas chro-

matography (Model 430, Varian, Palo Alto, CA, USA;

Galyean and May, 2010).

Tannin analyses

Diet, effluent and GSE samples were analysed for CT

using the protein precipitable phenolics method (PPP)

and the acid butanol assay. In the acid butanol assay

(Hagerman, 2011), the interflavan bonds between

subunits of the flavan-3-ol CT polymers were oxida-

tively cleaved in hot, acidic alcohol to produce

coloured anthocyanidins, which were read spec-

trophotometrically. The PPP method quantified CT by

exploiting the ability to bind and precipitate a stan-

dard protein. The method of Hagerman and Butler

(1978) involved formation of a protein–tannin com-

plex between the tannin-containing solution and
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bovine serum albumin. Condensed tannins were puri-

fied from High diet and GSE samples with Sephadex

LH-20 (Sigma Aldrich, Saint Louis, MO, USA) using

methods adapted from Strumeyer and Malin (1975)

and Naumann et al. (2014) and were used as inter-

nally derived standards in both the acid butanol and

PPP assays.

Diet and GSE samples were also analysed for iron-

binding capacity following the methods of Brune et al.

(1991) using tannic acid and (+)-catechin hydrate as

standards. Extracted phenolic compounds (not specific

to CT) react with iron and form a colour that is read

spectrophotometrically at two wavelengths. The

absorbencies correspond to formation of iron-galloyl

complexes and iron-catechol complexes. Thus, this

assay not only quantified the ability of the diet to bind

iron but also allowed limited tannin structural charac-

terization.

Purified diet and GSE CT samples were character-

ized by HPLC analysis for anthocyanidins. Condensed

tannins were depolymerized into anthocyanidin

monomers. The techniques utilized did not allow

degree of polymerization estimation but determined

anthocyanidin composition in CT samples. Sample

solutions were prepared at 25 mg/ml of 95% butanol

5% HCl and allowed to react for 45 min in a boiling

water bath. Anthocyanidin monomer analysis was

conducted on the acid butanol reaction products using

HPLC analysis controlled by CHROMELEON
TM software

(Thermo ScientificTM DionexTM, Sunnyvale, CA, USA).

A 3.0 mm 9 150 mm, 2.6 lm Thermo ScientificTM

AccucoreTM C18 column was used. Prior to injection,

the 30 °C column was equilibrated for 5 min with 5%

mobile phase B (1 ml/l trifluroacetic acid in acetoni-

trile). Five microlitres of each sample was injected,

and separation was achieved with a mobile phase gra-

dient, increasing mobile phase B from 5% at 0 min to

55% B at 20 min. The eluate was analysed through

UV spectrophotometric detection at 280 nm for gallic

acid and 550 nm for all other anthocyanidin mono-

mers. Peaks were identified by comparing the reten-

tion time and spectra with those of commercially

prepared cyanidin, delphinidin and pelargonidin stan-

dards, and peak areas were calculated with CHROME-

LEON
TM software.

Statistical analysis

All statistical analyses were performed using SAS
� ver-

sion 9.4 (SAS Institute, Cary, NC, USA). True nutrient

digestibility, OMm production and MOEFF analyses

were conducted using the GLM procedure. The

MIXED procedure was used to analyse VFA, NH3 and

pH data using hour as a repeated measure, with

fermenter as the subject and a compound symmetry

covariance structure. When the F-test was statistically

significant (a value of p ≤ 0.05), means separation

was performed using Fisher’s least significant differ-

ence. Linear, quadratic and cubic contrasts were tested

for the effect of GSE treatment.

Results

Tannin analyses

Condensed tannins by protein precipitable phenolics

Protein precipitable CT data are presented in Fig. 1.

Results from both continuous culture replications did

not differ, and data were averaged within treatment.

The High diet had the greatest CT concentration

(26.26 mg CT/g DM) and Control had the lowest, yet

still detectable concentrations (0.7 mg CT/g DM). No

detectable levels of CT were measured in any effluent

sample from any treatment for either experiment.

Pure GSE contained CT concentration of

636.60 � 44.80 mg CT/g DM.

Condensed tannins by acid butanol

Proanthocyanidins (PA, i.e. condensed tannin) were

not detected in any sample residue following three

extractions (Unextractable PA, Table 3), indicating

that GSE tannins and those intrinsic in the control diet

were readily extractable in aqueous solutions. Extrac-

table PA concentration in the diets increased with

increasing GSE inclusion, values for each treatment

did not differ between replications, and data were

averaged within treatment (Table 3). Although no

GSE was supplemented in the control diet, PAs were

detected (3.31 mg/g DM), which demonstrated low

inherent tannin concentrations in the control diet.
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Fig. 1 Protein precipitable condensed tannins (CT) concentration, mg

per g of continuous culture diet dry matter. Dietary treatments con-

sisted of Control = basal continuous culture diet; Low = basal diet +

1.33% grape seed extract (GSE); Mid = basal diet + 2.66% GSE; High =

basal diet + 4.00% GSE.
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Iron-binding capacity

Results from both continuous culture diets were aver-

aged within treatment, and iron-binding capacity data

are presented in Fig. 2. Samples demonstrated large

differences between tannic acid equivalents (TAE)

and (+)-catechin equivalents (CE), and the magnitude

of this difference increased as GSE inclusion increased.

Pure GSE had much stronger iron-binding capacity

and demonstrated greater CE (1267.06 � 45.78 CE/g

DM) compared to TAE (413.85 � 12.76 TAE/g DM).

Anthocyanidins

Purified High diet and GSE CT anthocyanidin compo-

sitions are presented in Table 4. Cyanidin:delphinidin

ratio and proportion of gallated monomer units were

lower in High CT compared to GSE CT (0.47 vs. 0.60),

and no pelargonidin monomers were detected in

either sample.

Effect of sodium sulphite on fibre analysis of tannin-

containing samples

Both diet and effluent NDF and ADF values were

greater (p ≤ 0.05) when determined without SS

(Table 5). As there is no reason to believe SS is solubi-

lizing cell wall components, the lower values are likely

more accurate. Neutral detergent fibre digestibility

was greater (p = 0.001) and ADF digestibility tended

to be greater (p = 0.09) when calculated using SS-

included NDF and ADF values (Table 5). No interac-

tions between SS inclusion and dietary treatments

were measured in any of the three data sets

(p ≥ 0.15). All NDF and ADF results presented in this

article were calculated using the detergent fibre analy-

sis procedures of Van Soest et al. (1991) with the addi-

tion of a-amylase and SS because results suggest fibre

values determined using SS are more accurate.

Continuous culture results

Effect of continuous culture run (i.e. replication) was

tested for all variables. Unless otherwise discussed,

there was no replication by treatment or species inter-

action (p > 0.05), indicating that variables responded

similarly in each experimental replication.

Digestibility and microbial measurements

Nutrient digestibility and microbial measurements are

presented in Table 6. There were no significant species

by treatment interactions measured for these variables

(p ≥ 0.15). Grape seed extract inclusion quadratically

affected OM and ADF digestibility (p ≤ 0.02) and

tended to decrease NDF digestibility (p = 0.06).

Increasing GSE inclusion linearly increased OMm

Table 3 Extractable and unextractable proanthocyanidin concentration

(mg condensed tannin; CT/g dry matter; DM) in continuous culture diets,

as determined by the acid butanol assay

Treatment* mg extractable‡ CT/g SD† mg unextractable‡ CT/g

Control 3.31 0.66 0.00

Low 24.36 5.67 0.00

Mid 45.28 8.39 0.00

High 60.32 4.39 0.00

*Grape seed extract (GSE) treatment: Control = basal continuous culture

diet; Low = basal diet + 1.33% GSE; Mid = basal diet + 2.66% GSE; High =

basal diet + 4.00% GSE.

†Sample standard deviation (six replicates per treatment).

‡Extractable CT = CTs measured in the supernatant after samples were

extracted three times in 70% acetone. Unextractable CT = CTs remaining

in the sample after three acetone extractions.
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Fig. 2 Continuous culture diet iron-binding capacity. (+)-Catechin equiv-

alents (CE) and tannic acid equivalents (TAE) per g dry matter are pre-

sented for both samples. Dietary treatments consisted of Control =

basal continuous culture diet; Low = basal diet + 1.33% grape seed

extract (GSE); Mid = basal diet + 2.66% GSE; High = basal diet + 4.00%

GSE.

Table 4 High-performance liquid chromatography (HPLC) analysis of

anthocyanidin monomer composition in continuous culture (CC) diet

and grape seed extract (GSE) purified condensed tannins (CT)

Sample Cyanidin:delphinidin‡ Proportion gallated§

High CC diet CT* 8.5:1 0.47

GSE† 14.0:1 0.60

*CT were purified from the High CC diet (Control diet + 4.00% GSE) prior

to preparation for HPLC analysis.

†GSE (ActiVin�, San Joaquin Valley Concentrate) CT were purified prior

to preparation for HPLC analysis.

‡Proportion of cyanidin monomers compared to delphinidin monomers.

§Proportion of anthocyanidin monomers with a gallic acid moiety

attached.
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production (g/days, p < 0.0001) but did not affect

MOEFF (p = 0.16). Nutrient digestibility did not differ

between species (p ≥ 0.18). Microbial production

measures (MOEFF and OMm) tended to be lower in

horse fermenters compared to rhino fermenters

(p ≤ 0.07).

Fermentation characteristics

Sampling time point (h) and most interaction effects

including hour were significant (p < 0.0001). This

result was expected because pH, VFA and NH3 con-

centrations are functions of diet fermentation, which

changes with time. Therefore, the effect of hour will

not be discussed. A treatment by species interaction

was measured for NH3 (p = 0.001, Fig. 3). Both

horse and rhino fermenter NH3 concentrations

decreased linearly with increasing GSE inclusion

(p ≤ 0.05); however, species differences in the linear

decrease slope resulted in detection of a significant

species by GSE interaction. Within treatment, horse

fermenters had at least 2.3 times greater NH3 con-

centration at every time point measured (p < 0.0001;

Fig. 3).

Overall, fermenter pH values did not vary exten-

sively throughout the experiment (range: 6.06 –
7.04), yet a species by hour interaction was detected

(p < 0.0001). At all hour points, horse fermenters had

greater pH than rhino fermenters (p < 0.0001;

6.83 � 0.09 vs. 6.68 � 0.17). Dietary treatment did

not affect fermenter pH values (p = 0.73). There were

no significant interactions between species and treat-

ment for VFA concentrations (p ≥ 0.10). Therefore,

main effects of treatment and species on VFA concen-

trations are presented in Table 7.

Table 5 Effect of sodium sulphite (SS) on sample fibre concentration and digestibility calculations

Sample type

NDF* ADF†

SS‡ No SS‡ SEM p-value SS‡ No SS‡ SEM p-value

Diet 42.23b 44.24a 0.342 0.007 27.59b 28.20a 0.224 0.054

Effluent 20.44b 23.35a 0.270 < 0.001 13.56b 14.47a 0.184 < 0.001

Digestibility§, % 40.77a 34.79b 1.318 0.001 39.51 36.18 1.393 0.095

*Neutral detergent fibre (NDF) concentration (per cent of dry matter).

†Acid detergent fibre (ADF) concentration (per cent of dry matter).

‡Fibre analysis was performed with (SS) or without (No SS) sodium sulphite during the NDF procedure.

§True NDF or ADF digestibility in two replicated continuous culture experiments.
a,bMeans within effect (% NDF or % ADF) with no superscripts in common, within the same row, are statistically different (p ≤ 0.05).

Table 6 Effects of grape seed extract (GSE) treatment, species inoculum and their interaction on continuous culture nutrient digestibility and microbial

production measures

Nutrient Digestibility§, %

GSE Treatment* Effect Species† Effect
Interaction‡ Effect

Control Low Mid High SEM

Treatment

p-value Rhino Horse SEM

Species

p-value

Treatment 9 Species

p-value

OM 46.55b 42.46b 48.36b 55.85a 0.025 0.003 46.95 49.66 1.553 0.240 0.891

CP 55.57 48.24 49.72 52.42 0.034 0.358 49.43 53.85 2.342 0.176 0.666

NDF 46.32 38.53 37.51 41.32 0.027 0.063 40.42 40.99 1.823 0.821 0.226

ADF 44.91a 36.83b 35.61b 41.25ab 0.027 0.037 39.66 39.10 1.765 0.820 0.148

Microbial Measures

MOEFF¶ 20.88 22.21 23.73 23.70 1.173 0.161 23.76 21.68 0.794 0.064 0.342

OMm**, g/day 2.75b 2.86b 3.72a 4.29a 0.284 0.001 3.66 3.17 0.190 0.067 0.861

*GSE treatment: Control = basal continuous culture diet; Low = basal diet + 1.33% GSE; Mid = basal diet + 2.66% GSE; High = basal diet + 4.00% GSE.

†Fermenters were inoculated with faecal microbial populations from either black rhinoceros (Rhino) or domestic horses (Horse).

‡Experiment was designed as a 2 9 4 factorial to test the interaction of GSE treatment and species. No significant interactions were measured for any

variables described here (p ≤ 0.05).

§Organic matter (OM), crude protein (CP) and neutral and acid detergent fibre (NDF, ADF) true digestibility was measured.

¶Microbial efficiency (MOEFF); g microbial nitrogen outflow/kg OM truly digested.

**g of microbial organic matter produced per day.
a,bMeans within effect (treatment or species) with no superscripts in common within the same row are statistically different (p ≤ 0.05).
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Discussion

Tannin analyses

Three quantitative methods based on different func-

tional or structural CT properties were used to quan-

tify and characterize GSE and diet CT. Wild herbivore

diets are most commonly assayed for CT using the acid

butanol assay in field research (Wright, 1997; Kip-

chumba, 2002; Helary et al., 2012), and iron-binding

(Ward and Hunt, 2001) and protein precipitation

assays (Ward et al., 2005) have been used to quantify

black rhinoceros dietary CT concentration in zoos.

Comparisons across studies using different methods

and even comparisons within methods must be made

with caution. Inconsistent or inappropriate standards

and method conditions complicate interpretation and

direct comparison of results. Condensed tannins are

characterized based on hydroxylation patterns, stereo-

chemistry, functional groups, interflavan linkages and

degree of polymerization (Ayres et al., 1997; Nau-

mann et al., 2013b). Each of these chemical charac-

teristics relates some specific functionality to the

compounds. In this context, the results of all three

methods can be uniquely useful for general CT char-

acterization of the diets used in this study.

Condensed tannins by protein precipitable phenolics

The PPP assay is a functional CT quantification assay

based on the ability of extracted tannins to bind and

precipitate protein in a solution (Hagerman and But-

ler, 1978). Protein precipitation has been positively

correlated with degree of CT polymerization (Hager-

man, 2012; Harbertson et al., 2014; Lorenz et al.,

2014). Protein precipitation capacity of the experi-

mental diets was almost completely derived from GSE

addition, thus, results suggest GSE CT had a greater

degree of polymerization than that of intrinsic in the

control diet. Grape seed extract contained 636 mg CT/

g, and when supplemented at 4% of diet DM, the

High diet was calculated to theoretically contain

8.13a

4.11b

2.25c

0.99d,e

3.51b

1.67c,d

0.81d,e

0.05e
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N
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3, 
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Grape seed extract treatment
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Fig. 3 Effects of continuous culture dietary treatment and inoculum

species on overall fermenter ammonia (NH3) concentrations (mM). Spe-

cies by treatment interaction, p = 0.0012. a-e Means of bars with no

superscripts in common are statistically different (p 0.05). Dietary treat-

ments consisted of Control = basal continuous culture diet; Low = basal

diet + 1.33% grape seed extract (GSE); Mid = basal diet + 2.66% GSE; High

= basal diet + 4.00% GSE. Fermenters were inoculated with faecal micro-

bial populations from either black rhinoceros (Rhino) or domestic horses

(Horse).

Table 7 Volatile fatty acid (VFA) concentration of continuous culture fermenters

Fermenter VFA measurement‡

GSE Treatment* Species†

Control Low Mid High SEM p-value Horse Rhino SEM p-value

Ace:Pro§ 2.70 2.89 2.95 2.86 0.108 0.2254 3.00a 2.68b 0.070 0.001

VFA¶ concentrations, mM

Total 99.35a 92.18a,b 92.45a,b 85.05b 3.215 0.043 90.74 94.57 2.075 0.430

Ace 63.04 59.85 60.37 55.42 2.195 0.108 59.22 60.55 1.417 0.871

Pro 23.69a 20.92b 20.80b 19.44b 0.812 0.016 19.86b 22.85a 0.524 0.002

But 8.22 7.74 7.78 7.31 0.461 0.661 8.01 7.53 0.297 0.320

Isobut 0.79a 0.67b 0.61b 0.48c 0.030 <0.001 0.70a 0.58b 0.019 <0.001

Val 2.93a 2.54b 2.49b 2.12b 0.128 0.005 2.38b 2.70a 0.083 0.031

Isoval 0.68a 0.48b 0.40b 0.28c 0.030 <0.001 0.57a 0.36b 0.020 <0.001

There were no significant interactions between species and GSE treatment (p ≥ 0.10).

*GSE treatment: Control = basal continuous culture diet; Low = basal diet + 1.33% GSE; Mid = basal diet + 2.66% GSE; High = basal diet + 4.00% GSE.

†Continuous culture fermenters were inoculated with faecal microbial populations from either black rhinoceros (Rhino) or domestic horses (Horse).

‡Fermenter samples were taken every 2 h (up to 8 h) after morning feeding. VFA measurements presented are averaged across all h.

§Acetate:propionate ratio.

¶VFAs measured: Total = Acetate (Ace) + Propionate (Pro) + Butyrate (But) + Isobutyrate (Isobut) + Valerate (Val) + Isovalerate (Isoval).
a,b,cMeans within effect (species or treatment) with no superscripts in common within the same row are statistically different (p ≤ 0.05).
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approximately 25 mg CT/g. Results from the PPP

method measured 26 mg CT/g High diet. Protein pre-

cipitable phenolics measured in Control, Low and Mid

diets also closely matched predicted CT concentra-

tions. Although protein-binding strength increased as

GSE inclusion increased, no differences were observed

in CP digestibility. This result was unexpected, and

caution is advised for supplementing GSE at concen-

trations greater than 4% due to its strong protein-

binding ability determined by the PPP assay.

Condensed tannins by acid butanol

The acid butanol assay relies on detection of monomer

anthocyanidin units after the CT has presumably been

depolymerized. Generally, smaller polyphenolic units

are more easily cleaved and result in faster and more

intense colour development in the assay (P�erez-

Jim�enez et al., 2009). A key limitation of the acid

butanol assay is the varying stability or reactivity of

interflavan bonds (Scho et al., 2001). For example,

interflavan bonds of quebracho tannins have low

reactivity in the assay, yielding less intense colour for-

mation at high concentrations (Rautio et al., 2007).

Diets were measured to have greater CT concentra-

tions when determined by the acid butanol assay

compared to the PPP assay. Interestingly, GSE demon-

strated an opposite trend. These results suggest that

diet CT were readily cleaved in the acid butanol reac-

tion and were possibly composed of smaller polymer-

ized anthocyanidin units than GSE CT.

Iron-binding capacity

Our hypothesis that diet iron-binding capacity would

increase as GSE inclusion increased was confirmed.

Grape seed extract inclusion of 1.33% effectively dou-

bled the iron-binding capacity of the diet and 4% GSE

inclusion more than quadrupled the iron-binding

capacity. While in vivo trials are needed to establish

physiologically effective GSE supplementation levels,

results from this study support GSE as a promising

supplement to minimize available dietary iron in the

intestinal lumen.

The continuous culture effluent could not be anal-

ysed for iron-binding capacity due to limited sample,

so it can only be speculated how iron-binding capacity

change due to fermentative digestion. Condensed tan-

nins have been shown to be extensively metabolized

by gut microflora to produce smaller molecules (Choy

and Waterhouse, 2014), and results from protein pre-

cipitable phenolics analysis of the effluent in the pre-

sent study support this claim. Functional group

cleavage reactions (i.e. dehydroxylation, demethyla-

tion and decarboxylation) may also occur (Aura,

2008). Therefore, it is possible that following fermen-

tation the polyphenol-chelated iron may be released

into the lumen. In the context of reducing bioavail-

able dietary iron, this should not matter much because

iron is absorbed prior to the primary fermentation

site.

The iron-binding assay methodology allows not

only functional conclusions (iron-binding capacity)

but also some speculation on phenolic compound

structure. In this assay, extracted phenolic compounds

react with iron and form a colour that is read spec-

trophotometrically at two wavelengths. The absorben-

cies correspond to formation of iron-galloyl complexes

(tannic acid equivalents) and iron-catechol complexes

((+)-catechin equivalents). In all samples, there were

large differences between iron-binding capacity as

TAE and CE. Greater iron-binding values as CE indi-

cate that both GSE and diet samples primarily con-

tained condensed tannins, as opposed to hydrolyzable

tannins (TAE). The proportion of iron binding as TAE

decreased as dietary GSE inclusion increased, indicat-

ing greater hydrolyzable tannin-like qualities in the

control diet compared to GSE. Furthermore, greater

catechin equivalents of Control diet than CT concen-

tration (determined by the acid butanol assay) suggest

these phenolic molecules were not small proantho-

cyanidins or monomeric anthocyanins, but rather

other polyphenolic molecules that bound iron but did

not result in colour formation when reacted with

butanol HCl.

Anthocyanidins

High-performance liquid chromatography is the

method of choice for anthocyanidin determination

because this technique allows efficient separation,

identification and quantification of anthocyanidins in

CT-containing samples. Cyanidin indicates a dihy-

droxylated pattern in the flavonoid B-ring, and del-

phinidin indicates a trihydroxylation pattern. The

cyanidin:delphinidin ratio of plant CT is often

reported (Bate-Smith, 1975; Foo and Porter, 1980;

Naumann et al., 2013a) and is related to its radical-

scavenging capability (Dai and Mumper, 2010).

Purified High diet CT had greater proportions of del-

phinidin compared to purified GSE. Increasing free

hydroxyl groups, determined by greater delphinidin

proportions, generally improves CT-metal ion chela-

tion per flavonoid unit (Andjelkovic et al., 2006;

Mlad�enka et al., 2011). This may help explain the

greater iron-binding capacity of the control diet com-

pared to its low CT concentration, determined by PPP.

In contrast, purified GSE CT had a higher proportion

of gallate monomers, which may contribute to
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improved iron-chelation ability (Andjelkovic et al.,

2006) through increased potential for hydrogen bond-

ing (Harbertson et al., 2014). While HPLC antho-

cyanidin analysis is of interest to relate CT functional

properties to structural composition, the relationships

are only speculative and are limited to anthocyanidin

standards availability and equipment sensitivity.

All three quantitative methods confirmed linear CT

concentration increased as GSE inclusion increased.

No GSE was added to the control diet yet low CT con-

centrations were detected by all methods, indicating

the control diet contained small amounts (approxi-

mately 0.3%) of inherent polyphenols. These findings

suggest that tannins inherent in the control diet dif-

fered from those in GSE and may have been small

polyphenolic molecules that cleaved easily in acidic

alcohol and efficiently bound iron (Mlad�enka et al.,

2011) but lacked strong protein-binding ability (Har-

bertson et al., 2014). Protein precipitation capacity of

the continuous culture diets was almost completely

derived from GSE addition.

Microbial metabolism of polyphenolic compounds

may convert large polymerized tannins into smaller,

bioactive compounds that influence host health, both

positively and negatively (Kemperman et al., 2010).

Microbial metabolism of polyphenols is a crucial factor

affecting CT bioavailability and may result in conver-

sion of CT to potentially toxic metabolites that may be

absorbed by the animal (Aura, 2008; Gross et al.,

2010; Dall’Asta et al., 2012). In this experiment, efflu-

ent was assayed for intact CT using the PPP method.

Degree of CT polymerization is positively correlated

with its ability to precipitate protein (Harbertson

et al., 2014). A lack of CT detection in the effluent

suggests that both horse and rhinoceros hindgut

microflora depolymerized CT in all experimental diets

to a size that was too small to effectively bind protein.

Future in vivo trials researching CT supplementation

to hindgut fermenting herbivores should screen blood

and urine samples for any potentially toxic metabo-

lites.

Experimental CT concentrations reflected typical CT

concentrations in the natural diets of black rhinoceros.

Helary et al. (2012) analysed dietary CT concentra-

tions in three free-ranging black rhinoceros popula-

tions (using the acid butanol assay with sorghum

tannin as a standard) and found seasonal and geo-

graphical variation with averages ranging from 1.7%

to 4.3% of DM. Others reported CT concentration

ranges from 0.2% to 18% of diet DM (Furstenburg

and van Hoven, 1994; Atkinson et al., 1997). Acid

butanol results from this study (using internally

derived CT standards) indicated CT concentrations of

experimental diets were 0.33%, 2.44%, 4.53% and

6.03%.

Effect of sodium sulphite on fibre analysis of tannin-

containing samples

Although SS is routinely used in neutral detergent

fibre analysis for improved assay accuracy, its use has

been questioned for high-CT samples due to variable

reports on NDF and ADF concentration (Terrill et al.,

2010; Gomes et al., 2012). Results appear to depend

on plant type and CT concentration (Pag�an et al.,

2009). Terrill et al. (1994) reported that both NDF and

ADF variations in CT-containing forage samples were

minimized when SS was used with crucible fibre

determination methods. Similar results suggested SS

inclusion and sequential ADF determination should

be used for CT-containing samples with the detergent

analysis system (Terrill et al., 2010). In this study, for-

age-based diet samples with moderate levels of CT

from GSE were more accurately analysed for fibre

components with SS addition for NDF analysis, fol-

lowed by sequential ADF analysis.

Continuous culture

Contrary to our hypothesis, the results supported

equine microbial fermentation as an adequate model

for microbial fermentation in black rhinoceros. The

lack of species and GSE interaction effects for nutrient

digestibility, MOEFF, OMm, pH and VFA concentra-

tions indicated that hindgut microflora fermentation

in both species responded similarly to changes in diet-

ary GSE CT concentrations, under our experimental

conditions. Interpretation of these results is limited to

hindgut digestion and assumes similar nutrients are

reaching the hindgut in both species, which has not

yet been evaluated in vivo.

Experimental standardization of diet, particle size

and dilution rate (i.e. retention time) means the

effects of test diet on microflora derived from the dif-

ferent species in the present study is likely real and

not due to these factors, previously shown to differ

between browsing and grazing herbivores, which

would affect hindgut microflora populations. It is well

established that diet composition (i.e. grass vs.

browse) significantly affects fermentation characteris-

tics (Hummel et al., 2006) and gut microbiota (Ley

et al., 2008; David et al., 2014). Particle size influ-

ences diet digestibility (Bjorndal et al., 1990; Clauss

et al., 2015), and due to differences in chewing effi-

ciency, equids typically ingest smaller particle sizes

than rhinoceros (Fritz et al., 2009). Comparisons of
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total tract digestion coefficients between black rhino-

ceros and grazing rhinoceros species found shorter

particle retention times and decreased fibre digestibil-

ity in the browsing rhinoceros species (Clauss et al.,

2006a; Steuer et al., 2010). Clauss et al. (2006a) mea-

sured total tract digestion coefficients from eight black

rhinoceros on three diets and compared their data to

horse digestion coefficients from multiple studies

using similar diets. These researchers reported lower

OM and crude fibre digestion coefficients in the black

rhinoceros. The current study found no species effect

on nutrient digestibility by hindgut microbial popula-

tions, suggesting that the reduced OM and fibre

digestibility reported by Clauss et al. (2006a) may

have resulted from faster passage rates, smaller parti-

cle size or decreased foregut digestive efficiency rather

than decreased microbial fermentation capacity in

black rhinoceros compared to horses. A lack of species

effect on total VFA production in this experiment sup-

ports this hypothesis.

Lower acetate:propionate ratios, NH3 concentra-

tions, pH, and greater MOEFF and OMm in rhinoceros

fermenters may indicate that the type of fermentation

and microflora composition differed, but this has not

been assessed through metagenomic analyses. These

fermentation differences may also be a consequence

of standardizing the inoculum across species per unit

of faecal matter as opposed to microbial concentration,

or of using faecal vs. caecal inoculum. The micro-

biome differs throughout different regions of the

equine hindgut (Dougal et al., 2012), and in rats,

in vitro total VFA production is greater due to using

caecal contents vs. faeces as an inoculum source

(Monsma and Marlett, 1995). Specifically, a longer

lag-phase was observed with faecal inoculum (Mon-

sma and Marlett, 1996). In the present study, we

attempted to avoid a lag-phase effect by allowing a

6 h pre-incubation and 5-day adaptation period. Nev-

ertheless, digestibility results from equine in vitro fer-

mentation experiments utilizing faecal inoculum have

adequately estimated relative in vivo DM digestibility

within a wide range of feedstuffs (Lowman et al.,

1999; Lattimer et al., 2007; Earing et al., 2010). Most

importantly, it is not feasible to collect caecal contents

from endangered species, such as the black rhino-

ceros, but faeces can be accessed without invasive

techniques.

Increasing GSE inclusion appeared to stimulate

microbial growth, as indicated by a linear increase in

microbial OM production, decreased NH3 concentra-

tion, increased OM digestibility and lower total VFA

concentrations. Contrary to our expectations, there

was no GSE effect on CP digestion, but increasing GSE

inclusion linearly decreased NH3 concentrations.

Nitrogen released from dietary protein was stoichio-

metrically accounted for as either NH3-N or microbial

protein. Therefore, it appears that dietary nitrogen

exceeded microbial requirements for the growth level

obtained at a 3.8% per h dilution rate (Meng et al.,

2000; Brooks et al., 2012). This hypothesis is sup-

ported by a lack of GSE effect on MOEFF, for which

maximum values are determined by dilution rate

(Meng et al., 1999). Although MOEFF at this dilution

rate may have been maximized, increasing GSE sup-

plementation further increased microbial OM produc-

tion, suggesting that GSE tannins were stimulatory

rather than inhibitory for black rhinoceros and horse

hindgut microbial populations. Grape CT supplemen-

tation resulted in similar fermentative activity

increases in rats (Tebib et al., 1996). In addition, broi-

ler chicks fed grape CT concentrates had increased

caecal microbial biodiversity (Viveros et al., 2011). It

would be interesting to compare microbial population

composition among GSE treatment levels to see

whether the stimulatory growth effect was universal

or specific to microbial taxonomic and/or functional

groups.

In rumen in vitro studies, different substrates varied

in how microflora partitioned fermentation derived

energy, either towards microbial synthesis or into

VFAs and thus gas production, which are inversely

related (Bl€ummel et al., 1997). It was proposed that

dietary compounds or feeds vary in their ‘partitioning

factor’, meaning that given similar digestibility, some

compounds result in greater nutrient partitioning

towards microbial synthesis and less towards VFA and

gas production. This effect was observed with saponin

supplementation (Makkar et al., 1998) and our data

also seem to fit this hypothesis. Grape seed extract

inclusion appeared to shift fermentation characteris-

tics along that continuum with greater partitioning

towards microbial synthesis. As GSE inclusion

increased, total VFA concentration generally

decreased while OMm increased, coupled with greater

OM digestibility.

In conclusion, domestic horse and black rhinoceros

hindgut microflora nutrient digestibility and fermen-

tation responses to GSE did not differ. Results from

this study support equine fermentation as an adequate

model for microbial fermentation in the black rhino-

ceros. However, it is important to remember that

interpretation of these results is limited to hindgut fer-

mentation, and further research is needed to compare

foregut digestibility and nutrient absorption between

Journal of Animal Physiology and Animal Nutrition © 2016 Blackwell Verlag GmbH 11

N. F. Huntley et al. Tannins and rhino vs. horse fermentation



these two species. Grape seed extract was found to be

an effective iron chelator, and supplementation in

black rhinoceros diets up to 4% of DM is unlikely to

adversely affect macronutrient hindgut digestibility or

microbial viability and fermentation. In vivo trials are

needed to determine supplementation levels neces-

sary to limit iron absorption and tissue accumulation

in captive black rhinoceros.
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