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Introduction 

Warm-season forage crops belonging to C., 
plants have the potential of producing a 
considerable amount of dry matter, and ac
cordingly many studies have been made for 
increasing forage production by using these 
forage crops. However, many species of them 
have relatively lower feeding values compared 
to cool-season forage crops2,13, 11 ,18>, and there 
are few studies on the causes of the lo,ver 
feeding values, especially on the mechanism 
of formation of chemical components induc
ing lower feeding values. Therefore, it is 
necessary to study the production of warm
season forage crops with high quality for her
bivorous animals. This paper gives a brief 
presentation of our studies, conducted, first, 
to investigate the possibility of producing 
warm-season forage crops with high quality 
by improving cultivation techniques, and sec
ondly, to develop a rapid method for evalu
ation of digestibility as a technique useful in 
improving feeding value by plant breeding. 

Factors reducing dry matter 
digestibility 

(1) An excellent apparatus was developed 
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for the analysis of carbohydrates, fibers and 
cell wall components of forage plantsG>. It 
has three functions; a boiling beaker, an 
incubating bottle and a filtrating crucible 
(Fig. 1) . This apparatus is used for fiber 
analysis as follows6l : A dried ground sample 
(0.5 g) is placed directly into this apparatus. 
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Fig. l. Cross section of a sealed 
glass crucible for carbohyd
rates preparation 

A: Sealing cap, 
B: Glass filter, G3. 
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Forty ml of neutral detergent solution is added 
and the mixture is boiled in a steam bath. 
After the heating the moisture is vacuumed 
to wash and remove dissolved substrates from 
the cell wall constituents (eWe). It is pos
sible, without removing the specimen from 
this apparatus, to weigh ewe after drying 
and also to hydrolyze the specimen using 
callulase in the same apparatus. 

Because of no necessity of transferring the 
sample from one apparatus to another, pre
paration for ewe determination and sub
sequent ewe hydrolysis is accomplished rap
idly. Furthermore, the variation coefficients 
of this method in the determination of ewe 
and hydl'olyzed ewe is lower and the reap
pearances of them are higher than those of 
the conventional method. 

A part of the fiber analysis, including ewe, 
cellulose, hemicellulose and lignin were clone 
by this apparatus in this study. 

(2) In vitro dry matter digestibility 
(IVDMD) and chemical components affecting 
IVDMD in warm-season forage crops were 
measured to clarify the causes of changing 
feeding valuen>. It was made clear that high 
contents of ewe and low ewe digestibility 
(eWeD ) decreased the feeding value of 
warm-season forage crops. 

(3) Large increases in the proportion of 
lignin to ewe occurring with growth were 
found in sorghum (SorghU?n bicolor M.), 
green panic (Panicu.m maximimi Jacq. var. 
trichoglmne Eyles) and fall panicum (Pa
nicmn clichotoniifiorum, Michx.), whereas little 
or no increase in t he proportion was observed 
in bahiagrass ( Pasvaluni notatum Flilegge), 
finger millet (Eleitsine coracana Gaertn.) and 
maize (Zea mays L.) 0 > (Fig. 2). Values of 
eWCD in various forage crop species showed 
low correlation with their lignin proportion 
to ewe at all the sampling dates except ma
ture stage harvest (Table 1). This result 
suggests that lignin content in e we is not 
a sole major factor of decreasing IVDMD of 
plants. 

(4) The effect of maturation on digesti
bility of chemical components of the cell wall 
was examined by feeding a sorghum cultivar 
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Fig. 2. Relationships between CWCD and 
proportion of lignin to ewe in 
warmseason forage crops 

Species tested: 1. Bahia.grass, 2. 
Fall panicum, 3. Finger millet, 
4. Green panic, 5. Rhodesgrass, 
6. Sorghum (Sendachi), 7. Sorghum 
(Suzuho), 8. Maize. 
Date of harvest: O ; July 24, 
• ; July 31. 0 ; Aug. 30. 

Table 1. Correlations between CWCD and 
hemicellulose, cellulose, lignin or 
s ilica 

Date of 
harvesting 

Hemi- C 
cellulose ellulose Lignin Silica 

July 24 0. '158 - 0. 57,1 - 0. 206 - 0. 288 
July 31 0. 321 - 0. :3,19 - 0. 476 - 0. 247 
Aug.30 0.441 0.395 - 0.77'2* - 0.027 
( mature stage) 

---
* Significant at 0. 03 level. 

(Sudax) to sheep. Digestibility of lignin and/ 
or hemicellulose was lower than that of cellu
lose. This result means that lignin and hemi
cellulose are the main factors of decreasing 
eweD of sorghum. 

(5) The reduction of eweD with matu
ration was investigated in sorghum10l. In
digestible ewe increased until the dough 
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stage, while the proportion of digestible ewe 
decreased with maturation (Fig. 3). This 
phenomenon is the result of accelerated for
mation of lignin and hemicellulose as the in
digestible constituents of sorghum plants. 

( 6) To investigate the effect of silica on 
IVDMD, sorghum, maize, green panic and fall 
panicum were grown in the media with or 
without silica addition by soilless culture1 2 >. 
Silica treatment decreased IVDMD and CWCD 
in the sorghum cultivars tested. eweD of 
forage crops other than sorghum was scarcely 
affected by the treatment (Table 2) . This 
result means that silica is one of the factors 
of reducing eweD with sorghum, but not 
with the other forage crops. 

These results confirmed that the low digesti
ble dry matter and/or low digestible ewe 
increased due to the increase of Jignin and 
hemicellulose. 

Effects of cultivation techniques on 
digestible ewe production 
(1) Investigation was undertaken to 

clarify the effect of planting density on the 
digestibility of sorghum cultivar (Sudax)•>. 
With increasing planting density, dry matter 
production increased, but IVDMD and e WCD 
were decreased since the proportion of stem 
cortex, which was least digestible, increased. 

Table 2. Effects of silica application on the dry matter weight, ewe composit ion, 
IVDi\1D and CWeD of warm-season forage crops 

Sorghum (Sud)•> Sorghum (Su?.) "' Corn Green panic Fall panicum 
Attributeb> 

+ Si - Si + Si - Si + Si -Si + Si - Si + Si - Si 

DM of plant top (g/ pot) 23.2* 22. 3* 24. 1 * 19. I.* 15.0 15.8 311. 8 38.5 21. 0 19. 2 
ewe (%OM) 57.9* 54 .8* 56.8* 53. 7* 58. 4 57.2 68. 2 67.8 51. 7 50.5 
Hemicellulose (% OM) 24. 4* 20.0* 24. 2* 19. 2* 23. 7 21. 5 27. 7 27. 0 21. 0 20.3 
Cellulose (%OM) 30.8* 33. 3* 30.5* 33.0* 31. 3 33. 2 37.6 38. 3 27. l 28.3 
Lignin (%OM) 1. 5 I. 8 I. 8 I. 8 2.5 2.6 2. 6 2.8 2.0* 3.4 
Silicon ( %OM) 2. 79* 0.03* 2.64* 0.09* 2.55* 0. 06* l. 45* 0. 11* 0. 78* 0.02* 
IVDMD (%) 64.0* 70. 8* 65.4* 72. 3* 61. 4 62. l 53.6 56. 0 65. 7 66. 9 
CWCD (%) 37.8* 46. 7* 39.0* 48. 5* 33.9 33. 7 32.0 35. 1 33. 7 34.4 

a ) : Sud : Sudax, Suz ; Suzuho. 
b ) : OM ; Dry matter, CWC; Cell wall constituents, IV DMD; 111 vitro dry matter digestibility, 

CWCD; Cell wall constituents digestibility. 
* Significant at 0. 05 level. 
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Fig. 4. Re lative weight of dry matte r, cell wall constituents ( CWC) , hydrolysed CWC by cellulasc 
and in vitro dry matter digestibility ( IVDMD) of individual plant composition at heading 
stage 

P : Pith, N: Node, R : Rind, S: Sheath, Lil : Leaf blade. 

Table 3. Effects of mineral supplements on the dry matter yield, cell wall constituents 
(ewe) and ewe digestibility (eWCD) 

Mineral concentration Dry matter Difference between 

in hydroponical yield ewe cwco treatment & standa rd (%) 

solution Dry matter ( mM) ( g/ pot) (jt) (%) yield ewe CWCD 

Standard 26.0 45.3 54.4 

N 20.0 14. 0 46. 4N S 49. 4* 12.0 J. l 5. 0 
0.4 14.0 55.3*** 36.2*** 12. 0 10.0 18.2 

p 10.0 22.6 ,11. 3* 47.7** 3. 4 2. 0 6. 7 
0.2 32. I 46. 2N S 45. 5** 6. l 0. 9 8.9 

I< 10.0 27.8 48. O** 50. 7* l. 8 2. 7 3. 7 
0. 2 18.0 47.9** ,13. 5*** 8.0 2. 6 10.9 

-----
Ca 10.0 23. :i 51. 5*** 42.5*** 2. 7 6. 2 11. 9 

0.2 21. 7 43.6** 50.8* 4.3 I. 7 3.6 

Mg 10.0 19. 1 44. l NS 50.9* 6. 9 I. 2 3.5 
0.2 28. 5 45. 9N S 47. 8* 2. 5 0.6 6.6 

Mean ( % ) 22.5 47. 4 47. 2 6.0 2.9 7.9 
Standard deviation ( % ) 5. 61 3. 22 4.82 3.57 2.81 4. 46 
CV (%) 24. 9 6.8 10. 2 59. 5 96.9 56. 5 

NS: Not significanct. 
*, **, *** Siginificant at 0. 05, 0. 01. and 0. 001 levels, respectively between standard and t reatment. 



Therefore, at flowering stage, there was al
most no significant difference in digestible dry 
matter production between high and middle 
planting densities (Fig. 4). This suggests 
that the variation in plant production with 
planting density is one of the factors of de
creasing CWCD. 

(2) The effect of planting density on 
IVDMD was investigated by using two sor
ghum cultivars differing in tillering habit9 >. 
A major portion of dry matter was distrib
uted into abundant tillers of the cultivar 
Sendachi, while it was found in main stems 
in the case of Hiromidori. However, vari
ations in IVDMD and CWCD with increasing 
density were similar for the two cultivars, 
because high planti.ng density reduced CWCD 
in the tillers as well as in the main stem. 
Then, it is considered that high planting 
density decreases IVDMD and CWCD in sor
ghum plants regardless of their tillering 
habits. The above two results suggest that 
suitable planting density would exist for di
gestible dry matter production in sorghum. 
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(3) The effect of mineral nutrients on 
IVDMD and chemical composition was investi
gated in a sorghum cultivar (Sendachi) by 
soilless culture. IVDMD was influenced by 
the amount of nitrogen (N) . In either low 
or high N supply, dry matter yield decreased, 
while ewe, lignin and hemicellulose : cellu
lose ratio increasect 111, and IVDMD and CWCD 
decreased in comparison with the standard 
N supply (Table 3). It seems that the for
mation of structural carbohydrates (cellulose 
and hemicellulose) and lignin was influenced 
by the levels of nitrogen nutrition. 

(4) Eleven species and cultivars of warm
season forage crops were cultivated under 
two different soil moisture condition">. Dry 
matter yield was larger and IVDMD was 
lower under high moisture condition than 
those under low moisture condition in all 
forage crops. However, the decreasing rate 
of IVDMD was relatively sma11er for the 
forage crops more adaptable to the high soil 
moisture. Selection of forage crops fitted to 
a given soil moisture condition is necessary 

Table 4. IVDMD estimated from 2-etep cellulase digestion method ( dried and ground 
sample) and from whole leaves or 5 cm fresh leaf segments after 24 hr of 
digestion in cellulase and rumen fluid 

IVDMD (%) 

4- leaf stage•) 7- leaf stage Flag leaf stageb) 

Cellulase Rumen Cellulase Rumen 2- step Cellulase Rumen 2-step 

First sample 
b(C) 64. 5 51. 4 37.4 26.4 17. 3 l8. 0 
B 43.5 38.5 27. 5 29. l 12.0 10.0 
bmr-18 67. 7 48.6 22.0 8.8 22.9 22.6 
N- 18 53.9 54. 4 19. 1 13.0 15. 1 18. 2 
Average 57.4 48. 2 26.5 19.3 16.8 17. 2 
Range 21. 0 15.9 18.~ 17.6 7.8 4.6 

Second sample 
bl 64. 6 47.6 19. 3 22. :1 76.5 24.8 30.2 73. 0 
B 47.3 41. 2 8. 7 7.3 69.5 17.3 27.0 69.0 
bmr- 18 52. I 69.6 (14. O)d) 10. 7 71. 5 24. 7 31. 0 72.0 
N- 18 :~9. 9 74. 5 (1 1. 0) 20.5 69.0 19. 7 22.9 68.5 
Average 51. 0 58.2 13.3 15. 2 71. 6 21. 6 27. 8 70.6 
Range 24. 7 33.3 10.6 15.0 7. 5 7.5 7.3 4.5 

a ) : Data of 4- leaf stage of first samples were obtained from 12 hr digestion. 
b) : Sampling t ime at flag leaf stage was slightly different between first and second samples. 
c ) : bl: bloomless Combine Kafir 60, B: bloom Combine Kafir 60, bmr- 18: brown midrib- 18. N- 18 : normal- IS. 
cl ) : The data in parentheses were calcu lated by the method of Sneclecor and Cochran,.1• 
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for producing high quality forage. 
(5) From the above results, high planting 

density, low or high N supply and high soil 
moisture are considered to accelerate indigesti
ble ewe synthesis and decrease eWeD. 
IVDMD of warm-season forage crops would 
be improved if the cultivation techniques 
shown above as effective in increasing IVDMD 
are practiced properly. 

Development of a simple digestion 
method for evaluation of IVDMD 
(1) Fresh leaf samples kept in their origi-

nal form were directly digested by the cel
lulase solution or by the rumen fluid8 ,15>. 
Although IVDMD values of fresh leaves de
termined by using such a simple digestion 
method were lower than those of dried and 
ground samples determined by the 2-step 
cellulase digestion method I), as shown in 
Table 4, the simple digestion method was us
able to compare the variations of IVDMD 
values among sorghum lines. Especially, 
IVDMD values determined by the simple di
gestion method using cellulase were correlated 
well with those by the 2-step cellulase diges
tion method (Fig. 5). 
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Fig. 5. Relationships between digestion periods 
and IVDMD of fresh leaf, sampled at 
fourth leaf stage and digested in 1.% 
cellulase solution, plotted on logarithmic 
g raph paper 

Regression and correlation coefficeint 
for each sorghum line were as 
follows: 

bl: Y= O. 884X+34-. 75 r = O. 905 
B: Y= 0.848X+24.65 r = 0.992 
bmr-18: Y= l.091X+24. 05 r = 0.997* 
N-18: Y= O. 712X+ l7. 50 r = O. 941 

(2) The simple digestion method using 
fresh leaves was investigated to know the 
suitable cellulase concentration and digestion 
period5>. With increasing cellulase concent
ration, differences in IVDMD values among 
sorghum lines increased, but correlation co
efficient between IVDMD by the simple diges-

0.5% cellulnse content 1.0% cellulase content 2.0% cellulasc content 

Y=0.765X +55.0 
r=0.990** 

72 

70 

68 

Y= 0.472X+61.0 r,C0.981*/'e/ 
72 

70 

0 
t{ 

/ 68 

Y= 0.307X+63.7 
r = 0.835 

12 14 16 18 20 22 24 12 14 16 18 20 22 24 14 16 18 20 22 24 26 28 

IVDMD by the simple ccllulase digestion method (%) 

e: bl, 0 : B, A: bmr-18, 6 : N-18. 

Fig. 6. Relationships between lVDMD by the 2-step cellulase digestion ( dried and ground leaf) 
and by digesting fresh leaf in each of 0. 5.%, I. 0% and 2. 0.% cellulose solution for 24 hr, 
in which leaves were sampled at flag lea( stage 

/ 
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Table 5. A proposal of the simple ceUulase digestion method for evaluation of 
IVDMD in forage crops 

I. Material Fully expanded top leaves from the seventh to heading leaf stages. 
2. Leaves as a 

sample 
Several pieces of leaf blade either whole or 7 cm long segments cut from the center 

portion ( 0. 5 to 1. 0 g of dry weight). 
3. Digestion Dried leaves are digested in 1.% cellulase solution (55 ml) at 110°C for 48 hr. 
4. !VDMD 

calculation 
The digested leaves are washed with distilled water, dried and weighed. IVDMD is 
then calculated as follows: 

IV DMD (JG) = Pre.dig . dry w~.- Post,dig. dry wt. X lOO 
pre-dig. dry wt. 

tion method and that by the 2-step cellulase 
digestion method became smaller and it was 
not significant when 2 % cellulase was used 
(Fig. 6) . 

Thus, 1 % cellulase solution was recognized 
as the optimum enzyme concentration. IV DMD 
of fresh leaves was increased by longer di
gestion periods, at least until 48 hr. With 
the digestion period from 12 to 48 hr, IVDMD 
values of the lines showed the consistent 
mutual relation. 'rhe digestion for 24-48 hr 
in 1 % cellulase solution is regarded as suitable 
for the simple digestion method. 

(3) It was found that IVDMD values of 
the fresh leaves were occasionally distorted 
presumably due to varied freshness of the 
leaves. Therefore the digestion of leaf sec
tions after drying was studied11 • The result 
indicated that dried leaves can be used in
stead of fresh leaves to determine IVDMD 
with the simple digestion method and that 
the digestion procedure does not require shak
ing of the cellulase solution. 

( 4) A further study to know the most 
suitable condition for determining IVDMD of 
dried leaves in the simple digestion method 
was carried out10>. The use of 0.5- 1.0 g (d1·y 
weight) of 7 cm long leaf segments, 1 % cellu
lase (about 55 ml) solution, and 24-48 hr of 
the digestion period at 40°C of digestion tem
perature was found to be optimal. This meth
od was named "the simple cellulase digestion 
method" (Table 5) . In the studies using fully 
expanded top leaves, high correlation co
efficients were found between IVDMD values 
determined by the simple cellulase digestion 
method and those determined by the 2-step 
cellulase digestion method with 22 sorghum 

Y = 1.4 I 2X + 20.287 OS 
r = 0.789*** 0 
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Fig. 7. Relationships between lVDMD of fully 
expanded top leaves by the simple 
cellulase digestion method and that by 
the 2- step cellulase digestion method 

The crops were harvested on July 17. 
*** Significant at 0. 001 level. 
o : Finge r millet (l. lya, 2. Kyo- 127, 

3. lE- 849, 4. Yukijirushi, 5. 73-349) . 
6 : Guineagrass; Panicil,m 11wxinmm 

Jacq. ( 6. Gatton, 7. Dar es Salaam, 
8. Makueni) . 

• : Rhodesgrass (9. Tochlraku, IO. M. 
Barara, 11. FK- 819) . 

0 : Japanese millet ; Echinochloa /ru.
mentacea Link (12. Miyazaki, 13. 
Hida). 

• : Maize ( 14. Cho ko-9, 15. Cho ko-
590, L6. Cho ko-3) . 
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cultivars (r = 0.726·, .. x .... ) and 16 warm-season 
forage crops (r = 0.789·;',·H) (Fig. 7) ij >. It 
was concluded that the simple cellulase diges
tion method was useful because of its sim
plicity and rapidity for the comparison of 
IVDMD of crop species, cultivars, and other 
plant breeding materials. 
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