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ABSTRACT 

(Yuxi Wang, Department of Animal Science, Massey University, Palmerston North, N EW 

ZEALAND. The effects of condensed tannins upon nutrient digestion and metabolism 

and upon animal production in sheep fed Lotus corniculatus) 

A series of indoor metabolism and grazing experiments were conducted at AgResearch 

Grasslands and Massey University, Palmerston North, New Zealand, to study the effects 

of condensed tannins (CT) in Lotus corniculatus (birdsfoot trefoi l ;  cv. Grasslands Goldie) 

upon nutrient digestion and metabolism and upon animal production using sheep as the 

experimental animal. Half of the animals in each experiment were supplemented with 

polyethylene glycol (PEG; MW 3500) . PEG specifical ly binds and inactivates CT without 

affecting other nutrients and is indigestible; hence effects of CT we're specifically defined 

by comparing control sheep (CT acting) with PEG supplemented sheep (CT inactivated) .  

A rotational grazing system with some restriction in feed allowance was used in  most of 

the grazing experiments. For the indoor experiments, sheep were held in metabolism 

crates and fed fresh L. corniculatus from overhead belt feeders at hourly intervals. 

1 .  The effects of CT in L. corniculatus (35 g total CT/kg OM) upon nutrient digestion anc� 
I 

upon metabolism of methionine, cystine and inorganic sulphate in plasma were 

determined. PEG was continuously infused into the rumen of half the sheep. Principal 

measurements in the two groups were plasma i rreversible. loss rate ( IRL) and 

interconversions of methionine, cystine and inorganic sulphate using 35S labell ing. Action 

of CT considerably reduced the concentration of ammonia and molar proportions of iso­

butyric acid, iso-valeric acid and n-valeric acid in rumen fluid, but had no effects upon 

total volatile fatty acid (VFA) concentration and molar proportions of major VFAs. CT 

greatly increased the IRL of plasma cystine ( 1 3.1  vs 7.0 Jlmollmin) and reduced IRL of 

plasma inorganic sulphate (36.8 vs 48. 1  Jlmollmin) but had no effect upon methionine 

IRL. Action of CT increased transulphuration of methionine to cystine (4.37 vs 1 .24 

Jlmollmin) and increased cystine flux to body synthetic reactions (1 1 .89 vs 5.41 

Jlmollmin) .  CT had no effect upon the proportion of methionine total f lux transferred to 

sulphate (0.05 vs 0.06; i .e. oxidation) but markedly reduced the proportion of cystine flux 

transferred to sulphate (0.09 vs 0.27). CT had no effect upon the apparent digestion of 

cellulose and minerals, sl ightly depressed OM, OM and hemicellulose apparent digestion 

and markedly reduced the apparent digestion of nitrogen (N).  Action of CT also reduced 

protozoa numbers in rumen fluid. 
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2 .  The productivity of lactating ewes (Exp 1 )  and weaned lambs (Exp 2) grazing swards 

of L. corniculatus, lucerne (Medicago sativa; cv. Grasslands Oranga) and a mixture of 

lucerne and lotus were compared in two grazing experiments in the 1 991/1 992 summer. 

Total CT content was 32-57 g/kg OM for lotus, 8-1 0 g/kg OM for the mixture and was 

negligible for lucerne « 2 g/kg OM). In Experiment 1 ,  ewe wool production and lamb live 

weight gain (LWG) did not differ between forages, but ewe LWG was greater on lotus 

than on lucerne (251 vs 65 g/d), with the mixture being intermediate ( 1 1 5  g/d). I n  

Experiment 2,  voluntary feed intake (VFI ; 1 .76 vs 1 .65 kg OM/d) , LWG (228 vs 1 83 g/d), 

wool production (2.78 vs 2.25 kg) and carcass weight (20.4 vs 1 7.8 kg) were greater for 

lambs grazing lotus than lucerne; lambs grazing the mixture had similar VFI ( 1 .63 kg 

OM/d) to those grazing lucerne, but wool production (2.49 kg) was intermediate between 

lucerne and lotus lambs. Lotus did not affect carcass fatness (GR 1 3. 1  vs 1 2.8 mm). It 

was concluded that L. corniculatus supported high levels of sheep productivity, with the 

results suggesting that part of the response may be due to increased protein supply from 

action of CT in the digestive system. 

3. A grazing experiment was conducted for 22 weeks in the 1 992/93 summer to study 

the effects of CT upon lamb LWG, wool growth and rumen metabolism, and to compare 

the productivity of lambs grazing L. corniculatus and lucerne. PEG was given orally twice 

daily to half of the lambs grazing each sward. Lotus contained 34 g total CT/kg OM in  

the diet selected, whilst there was essentially no CT in lucerne. Compared to lambs 

grazing lucerne, lambs grazing lotus had slightly lower VFI, and higher LWG, carcass 

weight gain,  carcass dressing-out percent and wool growth. PEG supplementation had 

no effect on these measurements or upon the composition of rumen fluid in lambs 

grazing lucerne. However, in lambs grazing lotus, PEG supplementation reduced wool 

growth ( 1 0.9 v. 1 2. 1  g/day) , slightly reduced LWG (1 88 v. 203 g/day), increased rumen 

ammonia concentration, and increased the molar proportions of iso-butyric, iso-valeric 

and n-valeric acids and protozoa numbers in rumen fluid. PEG supplementation did not 

affect carcass gain,  carcass fatness or the molar proportion of rumen acetic, propionic 

or n-butyric acids in lambs grazing lotus. 

4. The effects of CT in L. corniculatus upon the lactation performance of ewes rearing 

twin lambs was measured in  an 8 week grazing experiment in the spring/summer of 

1 993. Half of the ewes were supplemented orally twice daily with PEG. Lotus contained 
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45 g total CT/kg OM i n  the diet selected, with an in vitro digestibil ity of 73%. The results 

showed that action of CT slowed down the declinE> in milk production and secretion rates 

of protein and lactose after the attainment of peak lactation, resulting in more milk (21 %), 

more milk protein ( 1 4%) and more milk lactose ( 1 2%) secretion in mid and late lactation 

compared to CT inactivated ewes. CT reduced milk fat percentage but not fat secretion 

rate. CT had no effect upon VFI , LWG and wool growth of lactating ewes rearing twin 

lambs. Plasma urea and glucose concentrations were reduced due to action of CT. CT 

had no effect upon concentrations of non-esterified fatty acids (NEFA), growth hormone 

and insulin in the plasma, had no effect upon molar proportions of acetic, propionic and 

n-butyric acids in rumen fluid, but markedly reduced concentrations of ammonia and 

molar proportions of iso-butyric, iso- and n-valeric acids in rumen fluid. 

5. The effect of CT upon the true and apparent digestion of methionine and cysteine in 

the small intestine (SI) of sheep fed L. corniculatus containing 30 g total CT/kg OM were 

determined, using sheep prepared with rumen and abomasal cannulae. An indigestible 

l iquid phase marker chromium ethylene diamine tetra acetic acid (Cr-EOTA) was 

continuously infused into the rumen of all sheep, and PEG was continuous infused into 

the rumen of half the sheep. The true digestibil ity of methionine and cysteine in the SI  

and their absorption sites in the SI were measured from continuous intra-abomasal 

infusion of plant homogenate from L.comiculatus containing 35S-labelled protein .  Action 

of CT substantially reduced the true digestibility of methionine (0.72 vO.88) and cysteine 

(0.66 v 0.81 ) in the SI ,  but increased the total amount of plant methionine and cysteine 

absorbed in the SI  due to reduced rumen degradation. Action of CT slowed the digestion 

of both 35S-methionine and 35S-cysteine in the SI ,  and increased the flux of both amino 

acids in the mid and latter thirds of the SI. CT increased abomasal flux (as a proportion 

of eaten) of total methionine (0.88 vO.76) and total cysteine (0.74 vO.62), and increased 

absorption of total methionine (0.72 v 0.63 gig eaten) but not total cysteine (0.49 v 0.48 

gig eaten) from the SI .  Calculated endogenous loss of cysteine at the terminal ileum was 

greater than for methionine and both appeared to be increased by action of CT. 

It was concluded that action of CT in L. corniculatus increased wool growth rate in high 

wool producing sheep and increased milk production in lactating ewes without affecting 

VFI ,  thus improving production efficiency. It  was deducted that the improved animal 

production was probably due to the action of CT reducing rumen protein degradation, 
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increasing non-ammonia nitrogen (NAN) flux into the 81, increasing essential amino acid 

(EAA) especially methionine absorption from the 81, and increasing the flux of cystine 

to body synthetic reactions. Further researches are needed to study the effects of CT in 

the range 1 0-20 g/kg OM on animal production and nutrient metabolism, and to study the 

effects of forage CT upon milk production and composition in dairy cows. 
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the plasma pool and being util ised for productivity processes and 

maintenance; G. Cystine oxidized to sulphate (and carbon dioxide); H. 
Plasma sulphate reassimilated as cystine. This cannot occur directly 

in mammalian tissue,but sulphate re- entering the rumen via saliva 

may be absorbed as cystine from microbial protein; I. Plasma sulphate 

reassimilated as methionine. This cannot occur directly in mammalian 

tissue, but sulphate re- entering the rumen via saliva may be absorbed 

as methionine from microbial protein; J. Methionine oxidized to 

sulphate (and carbon dioxide); K. Sulphate entering the plasma, 

chiefly from oxidation of sulphide absorbed from the rumen, but also 

sulphate and oxidation of sulphide absorbed from the intestine; L. 

Sulphate leaving the plasma chiefly in urine, but also recycled directly 

to the intestines and rumen via saliva. . . . . . . . . . . . . . . . . . . . . . . . .  74 

Figure 3.1 Experiment 1 .  Pre (PR) and post (PS) grazing herbage mass of 

Lotus corniculatus (cv. Grasslands Goldie) , lucerne (Medicago sativa; 
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! 

cv. Grasslands Oranga) and a lotus/lucerne mixture. 0 Leaf only (lotus 

& lucerne) ; II! Stem only (lotus & lucerne) ; � Other species. Mean 

values are for 6 determinations per forage. Vertical bars represent SE. 

In  the case of the mixture, samples were dissected into whole lucerne 

(LU) and whole lotus (LO) plants; dissection was not conducted into 
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leaf and stem components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 1  

Figure 3.2 Experiment 2 .  Pre (PR) and post (PS) grazing herbage mass of 

Lotus corniculatus (cv. Grasslands Goldie), lucerne (Medicago sativa; 

cv. Grasslands Oranga) and a lotus/lucerne mixture. 0 Leaf only (lotus 

& lucerne); � Stem only (lotus & lucerne) ; � Other species; • Dead 

matter. Mean values are for 1 2  determinations per forage. Vertical 

bars represent SE. In the case of the mixture, samples were dissected 

into whole lucerne (LU) and whole lotus (LO) plants; dissection was 

not conducted into leaf and stem components. . . . . . . . . . . . . . . . . . .  92 

Figure 4.1  Rumen ammonia concentration in lambs grazing (a) Lotus 

corniculatus (birdsfoot trefoil; cv. Grasslands Goldie) and (b) lucerne 

(Medicago sativa; cv. Grasslands Oranga) , with or without twice daily 

oral administration of polyethylene glycol (PEG; MW 3500) . 

• • control lambs; 0-----0 PEG lambs. Mean values 

are for 6, 1 0, 1 0  and 8 control lambs and 1 0, 1 0, 1 0  and 1 0  PEG 

supplemented lambs grazing lotus, and 7, 1 0, 10 and 1 0  control lambs 

and 8,  9, 1 0  and 5 PEG supplemented lambs grazing lucerne after 30, 

60, 90 and 1 20 days of grazing respectively. I S.E. . . . . . . . . . . . . . .  1 22 

Figure 4.2. Rumen protozoa numbers (x 1 0  Simi) in lambs grazing (a) Lotus 

corniculatus (birdsfoot trefoil; cv. Grasslands Goldie) and (b) lucerne 

(Medicago sativa; cv. Grasslands Oranga) , with or without twice daily 

oral administration of polyethylene glycol (PEG; MW 3500) . 

• • control lambs; 0-- --0 PEG lambs. Mean values 

are for 1 0, 1 0, 1 0  and 8 control lambs and 9, 1 0, 1 0  and 9 PEG 

supplemented lambs grazing lotus, and 1 0, 9, 1 0  and 4 control lambs 

and 9, 1 0, 1 0  and 6 PEG supplemented lambs grazing lucerne after 



XXIII 

30, 60, 90 and 1 20 days of grazing respectively. I SE. . . . . . . . . . . . .  1 23 

Figure 4.3 Rumen total volati le fatty acids (VFA; mMol/l) in lambs grazing (a) 

Lotus corniculatus (birdsfoot trefoil; cv. Grasslands Goldie) and (b) 

lucerne (Medicago sativa; cv. Grasslands Oranga) , with or without 

twice daily oral administration of polyethylene glycol (PEG; MW 3500) . 

.. .. control lambs; 0----0 PEG lambs. Mean values 

are for 7, 1 0, 1 0  and 6 control lambs and 1 0, 9, 1 0  and 7 PEG 

supplemented lambs grazing lotus, and 8, 8, 9 and 2 control lambs 

and 9, 8, 1 0  and 2 PEG supplemented lambs grazing lucerne after 30, 

60, 90 and 1 20 days of grazing respectively. I S.E. . . . . . . . . . . . . . .  1 24 

Figure 4.4 Molar proportion (%) of (a) Acetic acid, (b) propionic acid, (c) n­

butyric acid and of the ratio of (acetic acid + 2n-butyric acid):propionic 

acid in the rumen fluid of lambs grazing Lotus corniculatus (birdsfoot 

trefoil ; cv. G rasslands Goldie) 0- - - - -0 and of lambs grazing 

lucerne (Medicago sativa; cv. Grasslands oranga) • • 

Mean values are for 1 7, 1 9, 20 and 1 3  lambs grazing lotus and 1 7, 1 6, 

1 9  and 4 lambs grazing lucerne at 30, 60, 90 and 1 20 days sampling. 

I SE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 26 

Figure 4.5 Molar proportion (%) of (a) iso-butyric acid, (b) n-valeric acid and 

(c) iso-valerie acid in lambs grazing Lotus corniculatus (birdsfoot 

trefoil ;  CV. Grasslands Goldie) with or without twice daily oral 

administration of polyethylene glycol (PEG; MW 3500) . 

.. .. control lambs; 0------0 PEG lambs. Means are 

for 7, 1 0, 1 0  and 6 control lambs and 1 0, 9, 1 0  and 7 PEG 

supplemented lambs at 30, 60, 90 and 1 20 days sampling. I SE. . . . .  1 27 

Figure 5.1 . Forage mass (kg DMlha) of Lotus corniculatus (birdsfoot trefoil ;  

cv. Grasslands Goldie) .• pre-grazing; 0 post-grazing. I ,  S.E. Means 

are for 8 samples of both pre grazing and post grazing forage. . . . . . . 1 43 

Figure 5.2 Milk yield (g/h) of twin-bearing lactating ewes grazing Lotus 



corniculatus (birdsfoot trefoil; cv. Grasslands Goldie) . •.  ---- . 

control ewes; 0 - 0 ewes given twice daily oral administration of 

polyethylene glycol (PEG ; MW 3500); Means are for 1 4  ewes in each 
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group. I ,  S.E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 45 

Figure 5.3 Concentrations (%) of (a) protein, (b) lactose and (c) fat in the mi lk 

of twin-bearing lactating ewes grazing Lotus corniculatus (birdsfoot 

trefoil ;  cv. Grasslands Goldie). • • control ewes; 0 - 0 
ewes given twice daily oral administration of polyethylene glycol (PEG; 

MW 3500). Means are for 14 ewes in each group. I ,  S.E. . . . . . . . . . .  1 47 

Figure 5.4 Yields (g/h) of (a) protein, (b) lactose and (c) fat in  the milk of twin­

bearing lactating ewes grazing Lotus corniculatus (birdsfoot trefoi l ;  cv. 

G rasslands Goldie). • • control ewes; 0-0 ewes given 

twice daily oral administration of polyethylene glycol (PEG; MW 3500). 

Means are for 1 4  ewes in each group. I, S.E. . . . . . . . . . . . . . . . . . . 1 49 

Figure 5.5 Plasma concentrations of (a) urea, (b) glucose and (c) non estified 

fatty acids (NEFA) in twin-bearing lactating ewes grazing Lotus 

corniculatus (birdsfoot trefoil ; cv. Grasslands Goldie) . •  ---- . 

control ewes; 0 - 0 ewes given twice daily oral administration of 

polyethylene glycol (PEG; MW 3500) . Means are for 1 4  ewes in each 

group. I, S.E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 52 

Figure 5.6 Plasma concentrations of (a) growth hormone, (b) i nsulin and (c) 

the ratio of growth hormone/insulin for twin-bearing lactating ewes 

grazing Lotus corniculatus (birdsfoot trefoil ; cv. Grasslands Goldie). 

• • control ewes; 0 -0 ewes given twice daily oral 

administration of polyethylene glycol (PEG ; MW 3500). Means are for 

1 4  ewes in each group. I, S.E. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 53 

Figure 6.1  The relative flow of (a) 35S-labelled methionine/�g chromium (Cr) 

and (b) 35S-labelled cysteine/�g Cr in segments of the small intestine 

(SI) and large intestine of sheep fed fresh Lotus comiculatus at hourly 

l" 
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intervals, with (-) or without ( ) an intraruminal infusion 

of polyethylene glycol (PEG ; MW 3500). Each line represents data for 

one sheep. The last point for the SI represents the terminal i leum, with 

length of the SI differing between sheep. All sheep were continuously 

infused into the rumen with chromium ethylene diamine tetra acetic 

acid (Cr-EDTA) and were infused into the abomasum for 9 h before 

slaughter with a plant homogenate from L. corniculatus fertilized with 
35S inorganic sulphate. All values are expressed relative to the first 

metre of the SI as 1 00. CE, caecum;  PC, proximal colon; SC, spi ral 
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colon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 74 

Figure 6.2 The relative flow of (a) total methionine/Ilg chromium (Cr) and (b) 

total cysteine/Ilg Cr in segments of the small intestine (SI) and large 

intestine of sheep fed fresh Lotus corniculatus at hourly intervals, with 

---) or without ( ) an intraruminal infusion of 

polyethylene glycol (PEG; MW 3500) . Each l ine represents data for 

one sheep. The last point for the SI represents the terminal i leum, with 

length of the SI differing between sheep. All sheep were continuously 

infused into the rumen with chromium ethylene diamine tetra acetic 

acid (Cr-EDTA) and were infused into the abomasum for 9 h before 

slaughter with a plant homogenate from L. corniculatus fertil ized with 
35S inorganic sulphate. All values are expressed relative to the first 

metre of the SI as 1 00. CE, caecum;  PC, proximal colon; SC, spiral 

colon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 78 

Figure 6.3 pH values in segments of the SI of sheep fed Lotus comiculatus 

at hourly intervals, with ( ) or without ( ) an 

intraruminal infusion of polyethylene glycol (PEG; MW 3500). ABO, 

abomasum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 79 

Figure 7.1  The effect of polyethylene glycol (PEG) supplementation on rumen 

ammonia concentration (mg N H3 Nil) in sheep fed a range of fresh 

forages. Solid symbols represent control (i.e. CT acting) groups and 

open symbols represents PEG supplemented (i .e. CT inactivated) 



groups. • Lucerne, Chapter 4; • Yorkshire fog, Liu personal 

communication; • L. corniculatus, Waghorn et a/ 1 987a, Chapter 3; • 
L. pedunculatus, Barry et a/ 1 986, McNabb et a/ 1 993, Waghorn et al 
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1 994a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 92 

Figure 7.2 The effect of polyethylene glycol (PEG) supplementation upon 

abomasal non-ammonia nitrogen (NAN) flux in sheep fed lotus species 

containing different concentrations of extractable condensed tannins 

(ECT, g/kg DM). (a) NAN flux per unit of N eaten and (b) response to 

CT, calculated as NAN flux per unit of N eaten of control sheep (CT 

acting) relative to PEG sheep (CT inactivated) . Solid symbols 

represent CT acting groups and open symbols represent CT 

inactivated groups. • L. cornicu/atus, Chapter 6, Waghorn et a/ 1 987a; 

• L. peduncu/atus, Barry et a/ 1 986; Waghorn et a/ 1 994a. . . . . . . . .  1 93 

Figure 7.3 The effect of extractable condensed tannin (ECT) concentration 

upon post-ruminal N digestion in sheep fed L. cornicu/atus, (., 

Chapter 6; Waghorn et a/ 1 987a, b) and L. peduncu/atus (. , Barry & 

Manley 1 984; Barry et a/ 1 986; Waghorn et a/ 1 994a) . . . . . . . . . . . . .  1 95 

Figure 7.4 The effect of increasing content of extractable condensed tannins 

(ECT) in L. pedunculatus upon digestion of cel lulose and 

hemicellulose in the rumen, expressed as a proportion of total 

digestion in the gastro-intestinal tract. e, cellulose; ., hemicellulose. 

(Data are taken from Barry & Manley 1 984; Barry et a/ 1 986; Waghorn 

et a/ 1 994b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 97 

Figure 7.5 The effect of forage CT concentration on wool growth rate (WGR) 

of grazing sheep, calculated as the WGR response of control sheep 

(CT acting) relative to PEG supplementation sheep (CT inactivated) . 

a, Yorkshire fog (Ho/cus /anatus, Liu personal communication);  b, 

Birdsfoot trefoi l  (Lotus comiculatus, Chapter 4); c, Sulla (Hedysarum 

coronarium, Terri l l  et a/ 1 992) ; d, Mulga (Acacia aneura, Pritchard et 

a/ 1 992); e, Big trefoil (Lotus peduncu/atus, Barry 1 985) . . . . . . . . . . .  202 



Figure 1 .  Experiment 1 .  The effect of plasma volume upon adsorption (A) and 

plasma volume and HCI concentration upon recovery (8) of 35S0t 

added to TCA-precipitated sheep plasma. Each treatment had 4 

replicates. One g of resin (Oowex' 1 - X8) was used in all 
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determinations. (_) 1 ml plasma; (0) 3 ml plasma; I SE. . . . . . . . . .  2 1 4  
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