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INTRODUCTION

A great deal of interest hasz been shown in the last several years by
the feed industry in new methods of processing to obtaiﬁ products of higher
digestiﬁility and better efficiency. An example of this is the interest
shown in steam flaking, dry roasting, micronizing and high moisture fér-
mented grains One particular form of processing that has been used for
~ years in the pet food and fish food industries is that of extrusion cooking.

Hecently, the extrusion process has been gaining attention in the field
of livestock feed production. The reason for ﬁhis interest is the fact that,
ag animsls ere pushed to their genetic production limit, faeders find it
diffienlt to supply an adequate quantity of highly utilizable energy in the
dally raticn to maintain the highest possible rate of production. With the
extrusion prﬁﬁ&ss, it is possible to alter the sscondary starch structure
to thﬁ.peini £hat energy is released at a compatable rate with produetion.
As a resuli, it is theorimed that, as feed consumption inereases, the ex-
.ﬁected decline in energy utilization efficiency will not be as great, As a
eonsequence of this, the efficiency of feed utilization sheuld be increased.

- On a national scale, thers has been relatively little work repartéd on
the uss of extrnded products in livestock feeds., There are probsbly many
reasong for this but probably the mest important is the lasit of basic funda~
mental information as to the application of extrusion cooking to ground or
reconstituted cerezl grains.,

The puarpese of the fesearph presented in this thesis is to faview the
1literature concerning application of the extrusion process to the livestock
industry and sp@cifinally evnlu#te methods which can be used to determine
the degree of starch damage cbiained when the process is applied to ground

cereal graing.



Ts Processing Grains for Nutriticnal Beneflt

Cereal grains and their by-dproducts have been used as a primary source
of available energy in livestock feeding. This is trus not only for the
swine and poultry industries but for the cattle and sheep induspries as
well.

Many feeders in the past assumsd that slightly eracked grain dr even
whole grain was adequately utilized by the enimal (l}; Grinding as well as
pelleting has been shown to be of benefit for aliiclassas of livestock. It
was shown in four feeding trials that a pelleted ration gave approximately
a 105 bettsr gain than the same ration in meal form, Arizona worksrs fourd
that feed consumpticn decreased as the percentage of fines in the ration
incrsased, thus enforsing the case for pelieting (2).

Lunother form of processing thatv has gensrated s great desl of intersst
is that of steame~flaking of grains. Investigdtions at Coloradc showed that
stear=flaking corn increased its utilization (Table I) (3).

Work reported by Ensor (4} showed s definite inecrease in efficiency
when sieamed corn was used in place of raw ground corn (Table IT). The
stoaming in these studises was at atmospherie pressure and with a time in-
terval of from 15-25 minutes. Werk reported in 1967, showed that by eleva-
ting the pressure under which the grain was ccoked, a better prcdﬁct could
ke ohtainsd in ruch less time (1) It was found, with asctusl feedlot data
collectad on 153,000 fed cattle over a period of four years, that the fesd
por pound of gain for high pressure treated flaled grain was 7.44 pounds as
¢ompared with 8.55 pounds for grain steamed at atmospheric pressure and

then flaked.



Table 1. Results of steam-flaking corn for cattle feeding trials.*

Flaked Cracked
Average daily gain, 1lb, 2.16 Z2.11
Feed per pound gain, lb. 7e57 8.41

*Matsushima, JeK, Feedstuffs.

b1 (15), 39 (199).

Table TI. Effect of steaming corn on steer performance.f
Corn
Raw Stoamed
In’l{id.l wte 2.?5 2.?6
Average dally gain, 1b, 2.05 2455
Fesd per pound gain, 1b, 3+99 3430

*Enzor, EdSe Jo Dairy Sci.

42, 190, 1959,



Earlier work presented by researchers in Arizona indicated that steam
processed or “cooked" grain does not alter palaéibility or feed intake and
that dry matter digestibility, as determined by the lignin ratio technique,
was substantially increased (5). It was also reported that feed required
per pound of gain for the coocked grain was significantly reduced from that
of ground grain,

Most reported work agrees with the supposition that steam.ﬁrncessing
or caokiﬁg improves the utilization of cereal grains bwt there are several
exceptions noted (6,7,8). Most of these deal with work done on barley.
Steaming whole grain alone deces not necessarily in¢raase its utilization,
The process is more efficlsnt when accompanied by a physical change such as
flaking (Table ITI). This was confirmed in work invelwing in vitro gas pro-
ducticn by a washed cell suspension of rumen microorganisms when acting on
gteam=flaked and steamed-nonilaked material (9),

Most grain processing systems require heat and physical change to
accomplish the modification necessary to increase the utiiization of the
constitutents. One process that has gained some attention recemtly that
does not require an exsganéous source of heat is that of reconstituted
grain. Reconstitution is simply the raising of moisture content of grain
to 25-70% and storage under anaerobic conditions for a peried of 15 days or
mere (10}e In trials comparing reconstituted sorghum grain with steamed~-
flaked sorghum grain, a decrease in feed intake for the same average daily
galn was rsoted' in favor of the reconstituted grain (11). In the same study,
it was shown that protein digestibility was better for the reconstituted
grain than either dry rolled or steam-flaked grain. As‘might be expected,
the recon#tituted grains, in general, show no gelatinization of the starch

(by chemical analytical procedures), yet, in wvitro gas production from
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reconstituted grain was nearly as high as those found from steamed-flaked
‘grain in which nearly total gelatinization was oﬁsarved (12). This would
indicate that the starch fraction of the grain became more susceptible to
microblal enzvmatie attack and that protein solubility was possibly ine
ereased, resulting in higher digestibility,

| In racent years, a process that has existed for quite some time has
beed adapted to the feed manufacturing industry. This process is commonly
known as extruginn-cookihg and usss a combination of moisture, extreme
pressure, high temperature, and mechanical friction to accomplish in seconds
the same physical and chemical changes in grains that normally would take
several minutes, hours or even days to accomplish by the procedures re-
| viewed above.

The unique characteristic of the exirusion cooking process is its
ability Lo acﬁiave total starch darags, limited starch damags or any degree
of damagé between, When ceresl grains are cooked, the starch is demaged
and becomes mors susceviible to enzymatic and microbial breakdown (13,14).

. Tha ¢bjective of a recent study in Kansas was to evaluate the feasi-
bilitf of extrusion cosoked erghum grain as a means of enhancing more
efficiert ration utilization and perfermance by swine (15). In cne trial
repsrted in this study sinty pigs were fed ad libitum a ration with 0,20,40,
60, or 80% expanded sorghum grain. Dazily pains were not significantly dif-
forent althouph, pige fed tho 40 or 60% levels of cooked grain tended to
gain more rapidly. In a second trial reportsd in ths same study, no dif-
ferences waere noted in deily gain but daily feed consumption was less, re-
sulting in better feed corversion,

No significant increase in the incidence of gastric ulcers in swine

fed the cooked grain was noted in this study, This finding was contrary teo



other studies reporting significant increases in gastric ulcers (16,1?.18)._

Strndies using extrusion cooked grain as part of the ration for ruminant
animals resulted in a 50% decrease in concentration of rumen ammonia when
compared to an unprocessed ration of the same general composition (19). The
same work revesled that concentration of rumen bacterial protein was 50%
greater in the ration with expanded sorghum than in the wnprocessed ration.
This sugpested that bacteria may have been converting significantly more
ammonia nitrogen to bacterial grotein,

In & similar study, the effect of an expamded sorghum grain and finely
grourd hay ration was compared to that of a long stem alfalfa and cracked
sorghum grain raticn (20). When fed independently or together, both the
expanded grain and ground hay reduced the rumen pH and the acetic to pro=-

sonic acid ratio. A decrease in milk fat content ard increzse in milk
protein was roportsd when the exparded grair and ground hay were fed in
combination.

Since extrusion cooking process is capable of causing total starch
damage, new concepts in product development have come about. Cne such pro-
dact is Starea (233, Starsa is a mixture of finely ground cereal grain and
urea wihich is processed by extrusion-cooking to a high degree of starch
damags. Resssrch revesied a lack of toxicity when dietary protein was szup-
plemented with non protein nitrsgon in the form of Starea rather than ures.

The use of ursa in ruminants has basn restricted by poor conversion
of urcz nitrogen te microbial protein, by potential toxieity, by low palati-
bility and by procnssing and storing probloms related to its hygroscopicity
{22), DStarzs reduces or eliminetes thsse vroblems,

L limiting factor cencerning ths use of uvrea is its potential texicity.

The minen microflora bave an eifficlent wvreass encyme system capable of rapid



urea degradation, The resulting aumonia is released into ths rumen fiuid
for utilization in synthesis of micioblal proiein (20). If synthesis does
not keep pace with amumenia production, excess ammonia resulis and is ab-
sorbed ints the venous Dioed surrcunding the rumen. The liver converts
most of this ammonia to urea and it is eliminated in the uvrine. If blood
anmonia is in excess, ammonis toxlcj y’ard death zre peossibis resulis,

A study using expanded grain as 2 highly available energy source re-
sulted in simmificantly lower rumen smmenis concentrations and more ef-
ficient microbial protein syrthesis (20),

In an sarlier study by ths same worksrs 1t was found that feeding wx~

ar

e

truded grain and finely ground aifalfa resulied in higher milk yield and
more protein and lactsese when compared to crached grain and chopped hay (53 )s
Efficiency in converting feed protein to miil prolein was inproved.
The above factors indicats the resson Ior the successz of Starsa. The
starch portion of Starea is presented to the rumen micfsflara in a highly
available form couns table with urea degrad taou and proitein sywihesls

(24,25 The hydrolvsis preducts of starch breakdown not only provide the

reguired enerzy but a sourcs of carbon skeletons needed for amine acid

g

In towicity studies us identieal twins, Starea was compared to

o=

grain plos ures st verious levels (21). The extruded grain urea product
vas sionificently less toxic than ths same mixture not processed,
Rt

Wnen the extrusion coolked Starss was comvared with sovbean meal or

urea az protein sveplements for lactating cows, it was nearly equal to soy=-

basn meal snd supsricr to urea (206). was lowest for the diets

; T e e ; 3 .  H.od
containing vorrocsssed viea {Pe o055,

o= . il R et
sy was convared wilh oracked sorgbum

)

Iy romsa metebollss studias, Shs



grain plus urea, fime grind sorghum grain plus urea and expanded sorghum
grain plus ursa (27)., All diets were formulated on an isonitrogenous basis.
Rumen fiuid was analyzed for zmmonia content by a micro~diffusion method.
By day two of the trial the rumen ammonia contént of animals fed Staraa was
- significantly less (P <.0l) than the other rations. By day seven of the
triel, the animals fed Starsa, expanded grain znd finely ground grain
rations were significantly different (sz.ﬁl) from those fed the control
raticne. |

In in vitro studies, the rumen inoculum from urea-adapted animals was
incubated with Starsa (34%,39% or b4% crude protein equivalent), expanded
corn plus urea and ground corn plus urea (28), Bacterizl residues were
analyzed for amino acids and protein and the fluid was analyzed for in vitre
armmonia nitrogen. FKesults indicated that Starea supplements improved non
protein niﬁrogen urea utilization more than expanded corn plus urea but not
significantly so (P >.05). A1l substrates containing extrusion processed
grain had significantly higher protein synthesis and lower ammonia nitrogen

levels than the ground ccrn plus urea substrates.

II. Grain Compesition

Rafors one discusses changes that have taken place within the physical
strueture of cervesl grains, the native structure and componsnts should ke
definad.

The wmost commom grains used in livestock feeding in the United States
are corn and sorghom grain, Wheat is of importance but is cften too ex-
pensive to be wssd in animal fatians.

Corn is the m&st widely used grain in livesteck feoeding., The proximate
analysis of corn for oil, starch, fibsr, ash and protein is a2 useful ald in

evalvating corn for llvestock feeding purpeses. Table IIT shows a renge of
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published values as well as an average valus which is useful in formulating
rations (29}« The starch portion of corn grain contributes to its high
energy value. On the average, 71% of the kernel of ordinary dent corn is
comprised of starch (30), This starch, on'the average, is composed of 27%
amylose and ?73% amylopectin., Some breeds of corn {waxy maize) have been
produced with starch comprised of 100% amylopectin while others contain as
mich as 50% amylose in the starch (31).

Fiber is zlso a source of senergy, particularly in the ruminant. The
pericarp of corm, which contributes the buik of the fiber fraction, is
about 407 cailulose and 40% pentoglycan (32). These two components are
found primarily in the cell walls of the pericarp and other fibercus tissue,.
- The 2ignin portion accounts for the remainder of the fiber fraction;

A smpll porcentape of free sugars are found in the mature carnlkernal.
Of the approximately 2.5% free sugars available, about one-hsif to three-
fourthe is sucrose with the remainder being D=Glucecse snd D-Fructose.

Approximately Jebd of the corn kernel is comprised cf‘cils, glycsrides
and other ether extractable materials (33). The mixture is complex and
varinblﬁ and will not be discussed here except to say that the lipid con-
tant is thoupght to measurably aff@ct extrusion processing characteristics.

Corn protein is a mixture of several distinct protéin,typesa salt-
gsolubie globulins; alcohol-soluble prolamin, zein; and the alkali-solubls
protein glutelin (34). The average psrcentages of the total protein are
given ns follows: plobulin-25%, zein-48%, glutelin-25%, insoluble-2%.

Grain sergham is the second largest graln creop utilized for livestock
feeds. About 997 of the total annual production is used for feading pur-
poses with the remsirnder used in wet and dry milling oporatlons (30)s The

important festure of sorghum grain is that in perlods of drougiht, the plant



Table I1Il. Proximéte analysis of corn grain*

11

Range Average
Moisturs,b (wet basis} _ %-23 1647
Stareh,4 (D.R.) . 64=78 71.5
Protein, (Nx 6.25),% (D.B.) C B-14 9.91
Fat,$ (D.B.) | 341-5,7 4,78
Ash,% (D.B.) , 1.4=3,9 1.42
Fiber (crude),? (D.B.) . 1.8-3.5 2.66
Sugar, total,? (D.B.) 1.0-3,0 2.58

*DoFs Miller, "CCMPOSITION OF CEREAL GRAINS AKD FORAGES,"

Wa.shington, ch.| :'1-9580 (29). .

Pub, #585 NAS,NRC



becomes practically dermant allowing it to withstand this stress much better
than corn. For this reason sorghum grain has gained much importance in the
more arid regions of tﬁe United States,

The morphological structure of sorghum grain is almost identical to
that of corn in respect to the germ and endospé;m. Table IV shows a gross.
breakdown of the constituents of grain sorghum (29),

The pericarp or fibercus portion of grain sorghum is similar in struc=
ture to that of corn except that it is éovered with a-thick laysr of war and
includes nany very small starch granules in the misocarp layer {35,36).

Sorghum grain differs from corn in that it has a lower fat content,
but slightly highey protein and starch content: It also seems more wvariable
in protein content than does corn. This has caused problems in Tesd fé?mnw
lation (37).

Sorghum grain also differs from corn in that its protein is mmch less
soluble in nofmal extraction solvents (38), E}ve sampies of sorghum grain
wera extractéd to frac{ionata the protein. The average contents were a3
follows: albunmins=3.87%, globulins-4,07, piwlamines-ﬁ.&%, glutilins-17.7%,
and'insolmbla protein residus~59.1%. The inscluble residue for high lysine
corn in ths same study contained 10.6% of the total protein, This value
eenmpares favorably with normal dent corn.

The starch of grain serghum is very similar to that of cern except
that_a&arag& grarmils dianeter is a little larger than that of corn starch:
15.0 0 for nile starch compared to 9.2pn for corn sitarch on the zsme basis

39« The smvloss and amylopsetin content is nearly the same for both grains.
b2 g

o

o

ITT. Starch Composition
As atated eariisr a primary cumponent of cerecsl prains that the feeder

1z mast interesied in is starch because of its energy yielding structure,



Table IV, Proximate analysis of sorghum grain¥

Rangs Averaga

o §

(¢ Dry Basis) (% Drv Basis)

Water (% wet basis) 8=20 15.5
Starch ‘ £0=77 ' e
Protein (N x 6.25) 6e6-16 11.2
Fat 1.b=6,1 3.7

Ash 102"?01 loz

Fiber (eruds) . Eai=13,4 ' 246
Pentoglyvesns - 1.8-4,9 ’ 2.5
Supzrs (a5 dexirose) 0.5«2.5 - 1.8
Tannin 0,0003-0,17 0.1

Wax 0.2=0,5 03

¥[.F, Hiller, “COOMPOSITION OF CEREAL GRATNS AND FORAGES ;" Pub, #5R5
NAS-NRC, Washington, D.Ce, 1958, (29),
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5

Starch is comprised of rapeating glucese units with the intermolecular

linksges being identificd primardly through methlation studies (40).

Methylation of starch followed by acid hydrolysis preduces severdl methyl

ethers of glucose with the predominant one being 2,3 ,6~trimethyl glucose,

This indicates the rrineiple linkage is tetwesn the one and four carbons.

Smaller ameunts of 2,73,%,8~tetramsthyl glucose and 2,3-dimathyl glucose

o

define the end groups snd branching peints, respectively.

Starch was shown to exist as twe distinet entities by using physio-

chemical methods (41} The first separaticn of starch into two components

was acceimplishad using an electrophorstic methede This technigus has been

.

replacad by mumerocus fracticustion methods which are much mors efficient
(42,43). The two fractions have teen designated as amylose and amylopectin,
Mzthylation studies ¢ff ths amylose portion reveal ounly 2,3,4,5-tetranstiogl

and 2,3,5-trizethyl glucese while the amylopectin, when methylated, vields

a sipnificant amornt of 2,3-dinmethyl glucese in addition to the other two

glncose derivitives {4%4), These resulis indicate the amylose fraction is

4,

maoda up of straight chainz of repesting glucose units with le% gipessidie

-

11n:v wnile the 2,3~dirsthyl glucose derdvitive of amylopectin indicates

that, in eddition to the straipht chains, thers sres branch points with 1-6

gloconidis Xinks, The amount of branching varies among varietias of starch
. e e e % cre o} 5
but is normally 3-5% of the glucesidic iinks in cereal grains,

The swylose portion of the starch is visualized as being loug, rela-

|

i

tively straight, chains, with little variation dus 4o soures (45). In
soluticn the shape of azmyleose corrasponds Lo o hslical stracture with sach

turn in tho helix ceonslsting of six glucose units. This is true only when

eounlaxing agents are pressnt (40).
The amylopecctin fraction is a higbly branched melecule witn the derree
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of branching depending upon the source of the starch (44),

It has besen proposed that differences in staining with icdine between
the two fractions is due to their structure (47). The most prevailant
theory concerning this phenomenon is that the lodine molecnles line up in-
sids the helix structure of amyloss giving the characteristic blus-purple
coler while it is more loosly held in the amylopectin, resulting in the red-
dish color,

It is a well recognized fact that starch is the principles ensrgy stor-
age unit in the rlant. Starch is synthesized within the plant ecell and
organized into granules during the maturation of the plant. There are many
theories as to how the starch gramiles are actually formed but few ars given
much credence (48). The most accepted theory is that the starch granule
forms by depesition of concentiric laysrs of starch molecules which build up
gradoaily during plant maturation. Thers are probably two sseparate systems
which preduce amylese and amylopoctin simiitaneocusly in very close proximity.

Thers hos been a gieat deal of effort toward determining the types of
bonding that held the granule together. The two primary technigues used to
describs the bonding are iho mode of swelling of varicus starches and the
extent of solubilization during pasting (49). It has been determined that
corn and grain sorghun starchss show a linited, two-stags swelling, indica-
tive ¢f two sets of bonding forces which relax at different temperatures.

In contrast, potato starch showsd a rapid zrd unrestricted swelling at
relatively low temperatures indiecating wealker uniform bonding. The solu~-
bility vatterns generally follow the same trend as the swelling.

A methed of exploring staréh gramale structure using the dissolving
action of amylases has bsen proposed by several workers (50,51). Recent

work using enzyme appilcstions hes shown there are great physical differences
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between the corn starch structure and that of potato starch (52). The
following starches were shown to have increasing resistance to amylase de-
composition (low to high resistance): waxy muize, tapioca, waxy sorghum,
sorghum, c¢oyn, wheat, rice, arrouroot, potate. Two general ﬁatterns of
enzymatic solubilization were observed: A) extensivs erosion and random
fragmentation of corn and sorghum starches and B) selective, gramle by
granule, destruction of potato and other starches, Conclﬁsive evidence as
to why the differences were noted was not established but the suggestion

was made that cereal starches may be mors poreus in struecture, therefore,
more suscapltible to enzymatic hydroelysis than potato starch which is less
permeaole, No evidence was fcundlto confirm the theory that the gramle is
coverasd with a restrictive outer membrane and that amviolysis of the vafious
sterches is not relatled to consideration of molecular association or crystalw
lization patterns. Of the amylases tested amylase showed the least
arncant of activity in. solubilization of raw starch wheréas alpha=amylase had
the greatest amount of activity. This was trué regardless of the starch
source.

"One of the mors recent methods of characterizing starch granules from
various sources has been nade possible through the use of Z-ray defraction
{53). Both medified and unﬁodified samples of several starches wers charac-
terized using unfiltered Cu radiation. It was found that moist-heating of
potato starch did émt alter the physical appearance but profoundly changed
the physical propsriies such as sorption capabilities. Ceorn starch demeon-
strated these same changes but to a lesser degree.

Perhaps ore of the most useful technigues for studying starcﬁ granule
structure is that ¢f electron microscopy.e Most work found in the literature

has been based on unmedified starch with the emphasis placed on following
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the mschanism of granule develowront after pollination (54). The electron
microscopie procedurs was used to follow the effect of acid medification of
mature corn starch granulss. All wmediflised starch pramles contained folds
ard bucklez which radisted freom ths perivhery and had concentric rings with
a pericdicity wvarying from Uol35 to U7 U o Thé,pericdicity for any one

gramile was found to be essentially constant from the periphery to the

hilum (conter),

IV. Stuarch Gslatinization

Starch gramiles exist in the endosverm of cereal grain surrounded by a
profelin matrix. Hormal processing in fesd nr@pqratlon results in 1ittlas
demage Lo the star;h grancise The fractions of the starch granule are said

to be held together by rslatively weak hydrogen bends (49). This bainy the

engo, & polar solvent sheuld be able te enter the molscule and bresk thess
bonds causing hydration of the granule. This forms the basis for a relativew

1y simple definitisn «f starch gelatinizations A rscent proposal states that
gelatinizatien is “the irreversible rupture of the native, secondary-bond

forces in the crystelline regions of a starch gramals™ (55). Celatinization

involves only tha Lreaking of the secondary-bonds of the polymer molecule
while the cther bord forces are laft intact,
It is pozsible to obitain complete granule disintiecration throush the

wse of disrupting orpanie compounds such as disedium sthylenediamine«-telra

3

acoetate or dimsthyl swifoxide. Under normal conditiens gelatinizatien

©

cccurs in ths pressnce ol water, heat and/ur pressvre. Celatinization may

&

be aided by the acditien of compounds, such az urea, which help break

Pt
o
L]

hydropen bonds
g

normal useage, has beern a rather 11l-

The tem gelatinization,

defined terme Soma of the mors comronly wssd dndicators of galatinization
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have been the gramules swelling tangentially and less of characteristic
polarization crosses, commenly refered to ss loss of birefringence. The
activities weore observed only above a specific range of temperatures de-
psndent upon starch species. Below this temperature swelling was considered
reversible (57).

Perhaps the most important change that occurs in starch during gelati-
nization is irreversible swellings, As gelatinization bezins, the initial
swalling is thought e take place in the more assessible and amorphous
intermicellar arwvas ¢f the granules, This initial swelling is due ‘o water
brezking weak hydrocen bonds and, possibly, forming water bridges betwsen
=0 greups (57,58). As temperature increases, wator is driven into thes mora
crystalline region in the interior eof the grarmale, This, in turn, causes
rupture of more sacendary hydrogen bonds and results in hydraticn of the
granule. The temperaturs of gelatinizaticn is the most commeniv refered to
term when dlscucsing this property of starches and is the ranpe of smper—
atures »t which tis varticular starch lossed 507 of its birefringence, The
most conmon msthod of determining temperainrs of geleiinization uses the

Kofler microscope holestags which prevides a simpls and accurate means for

deternining lass of biralringenczs ()9}0
Starches heve been clagsirfied into three groups according to their de-

gree of azsociztlon cr resistance to gelatinization (in decreazsing order):

1) ceresis, or pith ard 3) tuber (57). In this study, cereal

B
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starchos showed a cunracterictic itwoestacs swelling, an irdication of the
presenca of two sots of intsrial bondine foices which prebably correspond
to the hiehly azsocistod erysisalling area end the less associsted amorphous

areas At the cpposite end of the spsctrum the tubor (potats) exhibits an

excepticnaily hiph dogrss of swelling and ease of gelatinization. This is
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indicative of weak internal bending and a high degree of contimity of
structurs,

A recent study investirzated the various lodine staining patterns fol-
lowing digestion of o-— and B- amylases (%ﬁ}; The starches exhibited
three types of staining petiterns characteristic of their structures, Potato
and tapisca starches gave essentially an 5" shapsd curve as amjlalytic
activity progressed. Wheat, corn and sorghom starches retained nearly all
their staining capacity threnghout the digestion peried (30 Mimutes), Waxy

sorghum and wexy majze had little stainable material dus to their low

amylose content.
The same study delt with chanpes of infar rod svectra of the varicus

5

starches during gelatinization Yollowing temperature rise, It was obssrved

that the shape of the sbsorptien band changsd with degrse of gelatinization,
Thess chan gas are indicalive of decreased hydrogen bondinz io the structure
The most predominant chenge, described ag a shzrrening of tre bhydroxyl abe-

sorption band, occured clese to the gelatinization temyperature. In this

study pgelatinizmation was defined as loss of 504 birefringence.

Ve Determinaiion of Starch Damage
Rasesrch hag baen done to characterive the extent of starch damage,
Nearly &1l repnrisd work has delt with wechanicel damape sustained by starch

during flour m;imlfb operatiens, Thisz 35 important sinece damaged starch is

principally responsibles for gas production during the later stere of fermenw

A

tation snd procfing. It alse contribates materially to flour-water absorpe
tion (60}, Ixcess starch dumage may lead to a darl crust color and poor
crund structure in bread (£1).

Damaged starch has been found teo diffor frow normal stareh in many

ways. Important differences are: —watsr absorpticn, soiebility, suscepti-
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bility to staining with iedine and certain dyes and digestibility by awy-
lases (62). Conceivably, any of thess prorerties could be used to quantify
the damage in starch but solubility and increased enzyms digestibility ap-
pear most practical at this tims, Each of these properties have been used
at some tiwe or another by variocus researchers

Early attempts to measure starch damage invelved observation of stain-
ing characterdsties of starch following addition of conge red dye (60).

This meothod is nol quantitative but is acceptable 1f a4 zross estimate is
desired.

It was recognized that starch which zppeared to be damaged hzad an in-
eroased susceptibility to enzymatic attacke Early attempts to quantify
starch damage by this property invelved removal of all enzyme activily by
aciditication, nsutralization and then the addition of extracts of a — apd
B~ auyiazse (63)s This procsdure met with limited sucesss and formed the
basis for developmznt of ssveral enzymatic nsthods for determination of
ctarch danaga.

Cne of the first and perhaps most useful enzymstic techniques developed
was that of Sandstedt and Mattern (62). This method was based en the dif-
ferential rate of digestion batween damaged and undamaged starch by
anylase. ‘

The development of the mothod used mixtures of soft wheat starch with
very little damage and hard wheat starch with severe damage as tha sube
strate, The enzyme used was a standardized, laboratery prepared, malt exe
tract containing primerily a— amylase with some B— amylaso presant,
In the procedura, ihe substrale was incubated with the enzyme preparation
for pericds of one and two hours. After tho inecubaiion pericd tha enzyme

was noubralized and reducing suzars wers measured and expressed as maltocse.
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The slopas of the curve between cne hour and twuihours was extrapolated to
gero time and the value obtainead expressed as percent starch damage.

It was found that after the first heur of digestion, the curves were
essentially parallel and differed only in degree of starch damaga.

Another method using enzyme susceptibility was developed by Sullivan,
et al,, (64), In this procedure the endogenous enzyme activityv of the
sample was inactivated using trichloracetic acide The TCA was removed with
butanol and ethyl ether washings and the sample drieds Two 5 zm samples
of the flour were used with one being treated with 80 mg of B-- amylasc,
The maltose in both samples was measured using a standard ferricyanide
metheds The differsnce in milligrams of maltose per 10 gm of flour between
the two determinations represented the Starch Damage Index (SDI). Several
flours were uvsed and it was found the ztarch damaps index for each corrslated
well to loaf volume and crusb structure indsx when the flours were test
baked,

A rapid methed for detorminsticn of starch damage was suggested by
Donelison avd Yamazaki (6%). The procedure was essentially that of Sandstedt
and F%tﬁarﬂ ((Z), except the digestlon period was considewr:biy shorter (15
winutes), zade possible by the use of an additional 0,10 gm Rhozyme 332 and
a sualler sample (1 gm.

The rapld bydrelysis of starch by this particular enzyme system was
INustrated by the fach that all curves of time versus mg maltese leveled
off after orly 15 nimutes r:sardless of the percent of damared starch pre-
sent, The maltose proeduced was determined vwsing the ferricyanide method.

A comparlsen was wade batwesn the proposed methed and the Sandstedt<lattern

Biarschall Co., Fikart, Ind.
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procedures A high correlativn {r = 0.,89) was obtained betwssen the two
methods, (65)

| It was later discovered that the original Donelson-Yamazaki procedure

was useful only with starches of relatively low damage. A study on sﬁmples

with higher degrees of damage showed that sgrial reductions in sample size
as starch damage incfeased improved results (66). Results were consistant

within the range coversd (10~30% damage) .

A rather sophisticated procedure based on the differential iodine
absorption rates by damaged and undamageﬁ starches was proposed by Medcalf
and Gilles (67). This procedure used amprometric titration to measure the
rate of absorption. A sensitive galvanometer was uséd to measure the con-
ductance between two platinum wire electrodes 1 mm apart in solution during
timed additions of standardized potassium iodate solution., Percent iodine
absorbed (g1/100 gm sample) was plotted agaihst time to give a curve showing
the rate of iodine absorption,

Ixperimental results showsd that iodine absorption became essentially
linear after 8-10 minmutes. Based on this observation, the procedure was
modified by taking only two readings, one at 9 minutes and one at 14 min-
"utes, The iodine absorption was plqtted against time at these two points
aﬁd extrgpﬁlated to time zero., The value at time zero for a particular
- gample was multiplied by 100 te give the ;odine Absorption Value (IAV).

The method was compared with that of Donelson and Yamazaki using sev-
erﬁl flours and starches. It appsared there was satisfactory agreement
although ne corrsisiion anzlysis was performed.

A colorimetric method for damaged starch has been reported by Williams
end Fegol (68). The method included the extraction of soluble starch with

& solution of sulfasalicylic acid and then color development with the additioen
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of iodine, Abscrbance was détermined at 550mm ggainst a reagent blank.
Evidently no attempi was made to correlate color development (absorbance at
550nm) to percentags of starch damage as all reported values were expreésed
as absorbance, '

The procedure was compared with five previous procedures énd found te
be highly correlated with all of them (r > 0.90),

A medification of the Sandstedi-Mattern method was developed by Sung
(69); Ths msth&d.used commercially obtained g — amylase (Wallerstein,
FNeY.)e ae opposed to laberatory enzyme preparation of Sandstedt and Mattern.
Reducing sugar detsrmination at the end of one hour was deleted and results
of the ‘wo hour digestion were reported as milligrams maltose per gram
instead of conwverting the value to percent starch damaged, _' |

An anélygis %as run to determine the required amount of g.- amylase,
No bensefit waé chasrved above 50 mg per gram substrate, although €0 mg/gram
substrate was used in each case to insure an excess,

. A mannomstric procedure for determining the effect of processing on
grain was proposed by Trei, et 2le (9) and later modified by Roth (70).

~ The D#iginal procedure conéistad of incubaﬁing a 2,0 gm sample with 75 ml
warm, bufferad rumen inoculum for'a'perio& of three hours, The volume of
fluid displaced from a mannometric device was corrected for gas produced by
‘the control (75 ml inoculum) and expressed as milliters of gas per gram of
dry matter incubated, The technique was used to differentiate between
steamed, steam~flaked and unprocessed sorghum grain and b#rley. High
correlations were found between gas production and starch digestion.

The modification used by Roth (70) was the replacement of the rumen
inoculum with a ysast~enzyme system capable of hydrolyzing the starch and

canvarting it to gas. Gas was measured and raported in the same manner as

' in the work by Trei st al. (9).
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EXPERIMENTAL PRCCEDURE

Samples of feed grade yellow dent corn, sorghum and hard red winter
(HRW) wheat were obtained commeﬁcially bj the Kansas State.University Feed -
Mill. The material was‘cleanad initially to remove extraneous material,

It was then ground under various conditions to obtain a range of average
_.particle sizes.

The research information reported is divided into three phases to

facilitate reporting of analytical procedures and to insﬁra continuity of

information.

PHASE T. Raw Sample Preparation

For the first investigation, samples of the above cereal grains were
ground using a 25 hp. Sprout-Waldren® (SW) Tear-Drop screen hammermill and
a3 hp. Gruendler harmermillP (1800 screen area). To obtain a coarse grind,
the SW hammermill was equipped with a 0,318 cm hole diameter screen.. A
wmedium grind was obtained using the same hammermill equipped with a 0.159
cm hole diameter scresn, A finer grind was obtained when samples of each
7 grain.ware.ground through ﬁhe Gruendler hammermill equipped with a 0,159 cm
~ hole diavelter screen.

Particle size was determined by the method of Headley and Pfost (71).
A computer program was used to facilitate computation of mean particle
diameter, surface area, particle number and to eliminate rounding errors.

Sample preparation for the second series of studies was similar to that

of the first except that a wider variation in particle size was desired,

&Sprout-Waldren Co., Muncy, Pas
bGruendler Pulverizer Cos, Sts Louis, Moe
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Samples of each grain were gr&und through a 25 hps Jacobson® hammermill
equipped with a screen of 0,635 cm diameter hole openings to give a coarse
| grind, A medium grind was obtained when samples of each grain were ground
through the same hammermill equipped with a 0,159 cm diameter hole opening
screen, To obtain an extremely fine grind, portions of each grain were
ground using a Micro-BudP micro-pulverizer with an air classifier set at
500 RPM, Particle size wﬁ# determined using the method reported previously.
A third studﬁ was designed as a preliminary experiment to determine
the effect of moisture content en further processing. In this study, all
- samples were ground through the Gruendler hammermill equipped with a séraan
with 0,318 cm hole diameter openings., The samples, designated as CM-l,
CM~2 and CM-3, were corn and were treated as follows: sample CM-1 was
ground and extrusion cooked with no further treatment. Sample CM-2 was
ground dry then tempered to 15% moisture for 24 hours before processing.,
Sample CM=3 was raised to 15% moisture and tempered for 24 hours prior to
grinding and procéssing. Each sample was processed immediately after the
tempering period,
. in each case moisture was determined at 110°C for twe hours in an air
- oven, Moisture was determined after grinding and just prior te further

processing.,

PHASE ITI. Extrusion Cocking Process
A 200 pouhd sample of each ground grain by particle size was processed
through the extruder for experiments 1 and 2, For the third experiment, the

sample weight was 100 pounds for sach grain.

2jacobson Machine Works. Minneapolis, Minn,
Pyetals Disintegrating Co., Pittsburg, Pa.
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The material in each experiment was processed through a Wenger quela
X-25 continuous extrusion-cocker and dried on a horizontal drier using
ambient air,
Following drying the expanded material was ground through a laboiatory
mill equipped with a 04159 cm screen, mixed and aﬁ analytical saﬁple taken

for analysis. Moisture was again determined on the ground samples.

PHASE III. Starch Damage Determination

A major change that occurs in extruded cereal products is the damage
sustained by the starch fraction. Three enzymatic methods wers used to
evaluate this change in samples from experiments 1 and 2, Sung's (2) method
with modifications was used as the standard reporting procedure. This |
mwethod was the only procedurs used to evaluate the results of trial 3 snd
fhe results of the particle size studies (experiments 1 and 2),.

Sung’s method was based on the standard AACC method using ferricyanide
to determine reduéing power., The enzyme used was B - amylase (Wallerstein
Cosy NoY.) which had been standardized at 5000SKB units by the mamufacturer.

A 1,0 gm sample of air dried processed materisl weighed to the nearest
0.1 mg wos used for each test. Triplicate samples were used in each case,
Approxirately one half teaspoon ignited quartz was added and mixed well with
the ground sample, Forty one milliliters of 0,01 sodium acetate-acetic
acid buffer solution (pH 4.6) were added to the flask from a burette and
mixed gently with the ssmple. The flasks were then placed in a 40°C water
bath and allowed to warm to the desired tempsrature. Five milliliters of
40°C distilled water containing 60 mg B — amylase were added rapidly to

each flask and mixed thoroughly. The mixture was incubated for exactly one

aWéngar Hanufacturing Cos, Inc. Sabétha, Ksa
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hour in a thermestatically controlled waterbﬁth (40°C). At fhe ;nd of thé
incubation ﬁeriod, 2 ml of 3.58N sulfuric acid was added and mixéd.well.
This was followed by the addition of 2 ml sodium tunstate. Tﬁe sample mix-
ture was allowed to stand for 2 minutes to inactivate the enzyme after which
- it was filtered (Whatman## or equivalant) discarding the first 8 to 10
drops.

A 5.0 ml aliquot of the filtrate was added to a large test tube to
which 10,0 ml of 0,1N alkaline ferricyanide solutiqn héd Bgen previousij”
added., The solutions were mixed thoroughly and the tubes placed in boiling
water for exactly 20 minutes. Care was taken to insure thaf the boiling
water level was 3 to 4 cm above the solution 1ev§1 in the tubes,

A£ the end of the boiling period the tubes were cooled rapidly in a
running waterbath, The alkaline ferricyanide-filtrate mixture was trans=
fered to a clean 125 ml Erlenmeyer flask with three washings of acetic
acid-salt solution of 25 ml total volume. The addition of the acetic
acid-salt solution was done with care to avoid rapid expansion in volume,
One milliliter of soluble starch-potassium iodide indicater was added prior
to titration with 0.,1N sodium thiosulfate. A magnetic stirrer was used to
aid in titration, The conversion table of Sandstedt énd Mattern (62) was
‘used to convert ml of 0.1N ferricy;nide reduced to mg maltose equivalent,
Concentration of solutions and standardization procedures were identical to
those used by Sandstedt and Mattern (62),

| The second procedure used was a modification of the above method ih
which the reducing sugar determination was made using a colorimetric pro-
cedure adapted during this research. The determination is based on the
reduction of dinitrosalicylic acid (DNS) by the reducing sugars present
af'ter enzymatic digestion (?2). The goncentration of the reduced DNS was

determined spectrophotometrically,



28

The DNS solution was preﬁared as follows, Ten grams of 3-5 dinitrow
salicylic acid was dissolved in 200 ml 2N sodium hydroxide (16 gm/200 ml)
| with warming, Three hundred grams of sodium pbtaésinm tartarate were addsd
to 500 ml distilled water and stirred until dissolved., The two solutions
were mixed and brought to 1 liter voluma.with distilled water,

This solution wﬁs_stable for the duration of this investigation (3
months) but as a precantion the DNS solution was stored in a brown bottle
with refrigeration. Weekly determinations wers made with a fresh maltose
solution to insure no change was taking ;lace. No erystallization was noted
during the peried of use., Enough solution was prepared to use for the en=

tire investigation. |

| A standard curve was used to determine values for unknowns. The curve
was determined using a standard maltose solution (10 mg per ml) in a sodium
acetate~acetic acid (pH 4.6) bqffar; The standafd naltose solution was-
diluted in 10 mi volumetric flasks to concentrations from 0 to 10 mg per ml
in one mg per ml incremants; Ons ml of each maltose concentration was
thoroughly mixed with 1 ml of the DNS solution in glass‘tubas and placed in
& boiling water bath for exactly 5 minutes. The tubes were then cooled
rapidly in running water and -the so}ution diluted wifh 28 ml distilled water
and mixed thoroughly with shaking, Absorbance was read at 540 nm on a
Bausch and Lomb Spectronic 20 colorimete? using standardized photometric
tubes, Absorbance was piottad against concentration (mg/ml) to obtain the
standard curve (Fige 3)e

The procedure based on colcfimetric starch damage determination was
as follews, A one gram sample was weighed to the nearest 0.1 mg and placed
in a 125 ml Erlemmsyer flask together with one half teaspoon ignited quartz,

To this material was added 45 ml 0,01M sodium acetate-acetic acid buffer
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(pH 4.6) and the suspension mixed and warmed to:#0°C in a thermostatically
controlled water bath. To this suspension was added 5.0 ml distilled water
 eontaining 60 mg B—amylase (Wallerstein Co., N.Y.). The material was
incubated at 40°C for one hour with shaking at 5 to 10 minute intervals, At
the end of the incubation period, the flasks were placed in boiling water
for three mimites to inactivate the enzyme after which they were cooled in
running water. To each flask was added about 0,25 gm Celite (Johns-Manville
or equivalent) an& the flasks allowed to stand briefly.

The solution was then filtered through Whatman Number 4 filter paper.

A 1,0 m} aliquot of the filtrate was added to 1.0 ml of the DNS solutions
were thoroughly mixed and the tubes placed in boiling water for exactly five
minutes. At the end of the boiling period the tubes were cooled in running
waters The time from the end of the incubation period to the end of the
color devalopﬁent boiling period should not exceed twenty mimutes,

The tubes containinyg the reduced DNS solution were brought to r@nm
temperature and 28,0 ml distilled water added. The tubes were stoppered
and swirled to obtain a thorough mix. |

A 4 m1 aliguot from each tube was placed in separate, matched, photo-
~ metric tubes and absorbance determined at 540 nm with a Bausch and Lomb
Spectronic 20, A reagent blank (all except grain) was used to obtain a
zero absorbance on the photometer. A standard extrusion cooked milo waé
used with each analytical run to_indicate possible procedural variations.

The colorimetric procedure was checked for linearity using mixtures of
highly cooked corn and ground corn. The mixture varied from O to 100%
cooked corn with ground corn'making up the balance. Increments were at
20% intervals.

To obtain milligram maltose psr gram the value from the standard curve



was multiplied by the total miililiters of solution in the reaction flask
(in this case: value x 50).

| The third method used to determine starch damage was an in vitro gas.
'production tachnique‘in which the rate of enzymatic-hydrolysis.was,meaéured-
by the milliliters of gas produced by an excess of yeast. The method was a
“modification of the téchnique used by Roth (70) with the major change being:
the mannometrie apparatus (Fig. 1). Results were expressed as gas produced
per gram dry matter per houra

In this technique, 0.75 gm of the gfound-material was weighed to the
nearest 0.1 mg into a 50 ml flask containing one half teaspoon ignited quartz
and mixed, To this mixture 0.25 gnm of commercially pfepared dry yeast was
added and incorporated. | -

The enzyme used was Diazyme 160 (Marschall Co., Elkart, Ind.) which
had been standardized by the mapufacturer. A O,l% enzyme solution was pre-
pared prior to éach run to insure freshness. Due to the insoluble nature of
the enzyme carrier, the flask containing the enzyme solution was shaken prier
to taking a 10 ml aliguot for addition to the graineyeast mixture,.

The 10 ml aliquot of enzyme solution was. .added to the reaction flask
with gentle swirling to insure adequﬁte mixing. The flasks wers immediatly "
connected to the mannometric apparatus. The reaction was allowed to proceed
for exactly 3 minutes after the last flask had been connected in order to
allow the air to be evacuated from the system. At the end of the 3 minute
period,rthe transfer tubes were placed in the collection cylinders. A blank
&etermination (yeast plus enzyms) was made with each run,

The fermentation period lasted for 3 hours with gas production as
determined by water displacement recorded at hourly intervals. The results

" were calculated using the following formulas:
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net ml gas produced per hour=

“total ml pas (samvle) = total ml (Blank)
total time (hours)

ml gas produced per hour per gm DM=

net gas per hour
gn DM in sample

The fermentatioﬁ period was carried out with the reaction flasks
partially submerged in a 37°C water bath held constant by thermostatic con-
trol, The mannometric fluld was adjusted to below pH 1,0 with sulfuric acid
to prevent fermentation gas from being diésolved. Each sample was run in

triplicate to reduce analytical errors.



RESULTS AND DISCUSSION

This research was undertaken to investigate certain aspects of thﬁ ex=
trusion cooking'process as it applies to feed manufacturing. A primary goal
was to determine the effect of mean particle diameter of the ground cereal
grains on the degree of starch damage sustained during the cooking process.
For the process to have practical application, it should be comﬁatible with
processes employing other equipment found in the mamufacturing facility. |

In the first experiment an arbitrary selection of grinding conditions
was made with the known limitations of the extrusion processing equipment in
mind, Table I shows the results of particle size analysis conducted on raw
samples of sorghum,.corn and wheat prior to extruding, An important fact
that should be noted from Table I is that standard deviation values fer the
grains do not differ greatly. This irdicates that. while the particle size
distributions are not identical for each grain, the distributions are similar
enough that meaningful comparisons can be drawn from within grains and be-
tween grains,

Table II is a summary of conditions under which the ground samples
were extruded, The grind classification was made on the basis of the parti{
| cle size determinaiidn. An a£tempt was made to keep all conditions of pro-
cessing between grains and within grains the sams. As can be seen from the
data, the wheat portion of the run caused a reduction in production rate.
This was probably due to the characteristic gluten development of wheat
whiéh causes its dough to become quite tenacious when weﬁted and mixed, It
was felt that this caused no serious variation in the resuits of the starch
- damage determination,

The results of the starch damape determination are shown in Table IIT.

" This determination was made using the modified Sung methed, The range of
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particle sizes was smaller than anticipated and the results of the starch
damage determinationlraflacted these small differenceé. Bach sample was
analyzed in triplicate ﬁo minimize analytical error, ' |

The effect of particle size of the raw materisl on the degree of
- starch damage is graphically shown in Figure I.- As can be seen, the scatter
diagram shows a variation of points but also shows a definite trend downward
and to the right, _

This study was undertaken with the assumption that amount of damape to
starch during controlled processing was linearly relgted to the particla
size of the raw material. To statistically analyze this assumption, a come
puter program was written which included a test of significance of departure
from linear regression and an analysis of variance for curvilinear regression
es well as'regression equations for both linear and guadratic in order to
determine thas beét fit line.

Table IV'is a swaary of the statistical'analysis to determine de-
partufe-from linearity. When the Standard F test was applied to %he data, a
significant departure from linearity (P < ;05) was found, suggesting the
data.was curvilinear. Table V is an analysis of variance table for curvi-
lineer regressions The information in this table is useful in determining
the coofficient of correlation for the curvilinear regression curve, The
coefficient of co:relatioh for linearity was determined by standard pro-
cedures and found to be low (r = -0,51). To determine the coefficient of
correlation for curvilinearity the following formulas were used (Snedcor) (73)s

r? = Sums of Souares due to Reeression
‘Sums of Squares for Total Deviation

P VE

When these equations were applied to the data retrived from Table V

the coefficient of correlation due to curvilinear regression was r = «0,68,



_Table ITI. Results of starch damage determination(g)
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Sample
number

Grain

Particle diameter
(microns)

mg maltose
per gram

Pugel
P-1-2
P=1=3
" B
pP-2-2

P-2-3

pa3-l

P=3=2

P}

Grain sorghum
Graih sorghum
Grain sorghum
Corn
Corn
Corn
Wheat
Wheat

Wheat

361
483
433
396
480 |
462
391
509

377

214
207
212

178
178
175

221
221
218

225
226
227

225
224
222

236
231
228

232

233
240

200
197
196

223
231
232

as) Starch damage determined by modified Sung Procedure. (69).



Table IV. Test of significant departure from 1ine§f‘regression
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Source of variation

DF '8S MS F
Deviation from linear 25 6297 .2
Deviation from curved 24 4530.,8 = 188
Reduction in SS 1 1761.4 1766 4 9,357+

*Significant at P = ,05

Table Ve Analysis of variance for curvilinear regression

Source of variation DF S8 MS
Regression 2 - 3817.19 1908.397
" Deviation 24 4530,8 188,8
Total 26 8348,0
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Both coefficients are statistically significant (P < 401) but the curvi-
linsar application gives the best fit, '
The line equations for the present study were:

1) for linear
Y= =0,173x + 291.4

2) for curvilinear -
¥y =-D.005}:2 + 4,06x - 61’-3'01

The results of this study were encouraging but it was felt an improve-
ment could be made by changing the experimental design. A gecond study was
undertaken with the same basic parameters except that new guidelines were
used in selecting the particle sizes of the raw material. A much broader
range was desired to more precisely evaluate results.r

Results of the particle size analysis on the raw material used afe
- shown in Table VI. A wider dispersion of mean particle diameter was evi-
dent. Ohce again grind classificatioh was based on the results of the part-
iecle 5iz9 analysis.

| Taﬁla VII gives a summary of extrusion cooking cénditions for samples
in experiment two, There was more variation in the conditions of study two
but was considered to have little, if any effect, on the starch damage
determination,

Table VIII shows therresults of starch damage determinations as com-
pured to particle size. It should be noted that differences in starch dame-
age and particle size were greater than in experiment one,

Figure 2 gives = graﬁhic display of the averages of triplicafa analy-
sis plotted against mean particle diameter. It should be noted there is
apparently a better correlation between particle size and starch damage than
in experiment one (Table I)., When normal statistical procedures were applied
to the data the coefficient of correlation fﬁr linearity was highly signifi-

_eant (r = =,91) (P~ ,01),
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Results of particle size analysis for raw material nsed in

Table VI,
' Study Two (a)
S_aniple Grain Geometric Mean Surface area Geometrié Mean
number particle diameter per gram standard
' (microns) (eml) deviation
P=M=1 Grain 182 158 1.68
_ Sorghum
P=M=2 Grain 459 105 1.67
Sorghum .
P-M=3 Grain 605 85 1.64
' Sorghum
P=C=1 Corn’ 156 172 1.65
P-C-2  Corn 100 127 1.67
P-C=3 Corn 517 131 1.73
P-i=l  Wheat 145 164 1.62
PW-2  Wheat 348 142 1,65
P=W=3 Whaa.t 580 ol 1.90

(a) Deborminitiong-wepe: maie secordink to e pathod. ol Hoadloy and Pfost
(1970) (71).
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Table VIII, Degree of starch damage for samples in study two

Sﬁmple number Grain . mg maltose/gm(a.b)

P=¥-1 Grain sorghum 253
’ 252
246

P=M-2 Grain sorghum 172
175
171

P=M=3 Grain sorghum 126
166
167

P=C=1 , Corn ' 228
228
224

PeC=2 Corn SR 183
: 182
179

P-C=3 ' Corn %7:(1)
. 7
170

P-W-1 Wheat . 257
' 258
257

Peiie? Whest 199
: - 168
| 199

P=W=3 Wheat 186
. 189
187

a) Starch damage determined by B — amylase hydrolysis method (Sung) (69).

b) Valunas are averaces of triplicate analysis,
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Table IX. Test of significant departure from linear regressicn (study two).

Source of varistion ; DF 35 MS F
Deviation from linear 25 £118,0

Deviation frem curvilinear 24 2880,.6 120,0

Reduction in SS 1 2237.3 22373 18,64+

*Significant at P = 0,01

Table X, Analysis cof variance for curvilinear regression (run two).

Suurge of variation DF S8 MS
Regression 2 26549,3 13274 .6
Deviation 24 28807 120,02
Total 26 29439,1
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The data were also analyéed for departure from linearity. Table IX
gives the results of the test for signiflcant departure from linearity. Data
ﬁere significantly different from linear (P <« .0l), again suggestihg a
curvilinear equation fits the data more accurately., Table X gives results
of an analysis of variance table which conta;ns the information needed to
compute the coefficient of correlation value for curvilinear regression,
When the data were applied to the detsrmined curvilinear equation, a cor-
relation coefficient of r = -«,95 was found as opposed to r = -,91 for linear.
The line equations for each catagory are as follows:

0.176x_+ 267,6

1) for linear b4
0.,004x% = 0,4997x + 313.3

2) for curvilinear y "
The graphic representation of the linear equations are presented in Fig., 2,
In both studies one and two the calculated curvilinear lines fit the
data somewhat better than ths calculaﬁed linear lines. This would suggest
the distribution was affected by some factor other than mean particle diaE
meter. An investigation using surface area data did not improve the depar=-
ture error. Very close agreement was found between the linear line equations

for both expeoriments suggesting that departure error found may be due to

normal population variance.



EFFECT OF MOISTURE ON EXTRUSION COOKING

This portion of the study was preliminary in nature with an expanded
study planned at a later date.

As discussed earlier sample CM=l was ground and extruded at its natural
moisture content, Sample CM=2 was ground and then tempered for 24 hours to
a total moisture content of 15.1%., Sample CM=3 was raised to 15.7% moisture
prior to grinding.

The results of the particle size determination on the ground material
(Table XI) indicates that moisture addition did tend to increase mean par-
ticle diameter while surface area and particle coun£ were decreased,

The conditions of extrusion cooking were held constant with the ex-
coption of moisture content which was varied prior to processing. The data
concerning the. cooking process is shown in Table XII.

Table XI1I cshows the results of the starch damage determinations.
There appeared to be no differences related to the method of applying ad-
ditional moisture. This was contrary to what was expected because of the
incfaase in particle size. Some benefit appeared to be gained from the

additional moisture regardless of when it was added.
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determination for moisture study<a)

Table XI. Results of particls size
Saﬁple # Mean particle Surfacs area Particle number
diameter (microns) (em?) (per gram)
CM=1 485 120,9 . 78,968
CM=2 485 120.9 78,968
CM-3 57134 96.6 27,902

a) Determined by the procedurs ef Headley and Pfost (71).

Table XTI. Cenditions of extrusion cooking for moisture study

Sample #

Moisture at Production Water Total Mois=- Die

Cooking (%)  rate (kz/hr) ‘Addition  ture (%) temp,

(%) (°c)
CH~1 i =% S 4545 665 18.75 149
CM=3 15.2 4ok, 5 6465 21,75 149

Table XITI. Results of starch damage determination for moisture study

Sample # Beginning moisture Starch damapge
(%) (B maltose,
Ene
CH-1 12,1 243
1z2.1 244
CM=2 1541 252
15.1 252
CH=3 15,2 253
) 1542 252
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A COMPARATIVE STUDY OF TECHNIQUES
FOR STARCH DAMAGE DETERMINATION

During the preliminary work leading to this investigation a void in
information concerning the determination of starch damage in extruded cereal
grains appeared to be present. Specifically the techniques that could be
adapted for quality céntrol work appeared to be limited. Nearly all work on
starch damage determinations has been done using a slurry (6 to 15% concen-
tration) of purified starch from variocus sources that have been heated under
highly controllsd laboratory conditions., ‘This procedure is quite different
from conditions found in a feed milling facility. In view of the above
considerations, it was decided teo conduct a comparatiﬁa study using three
techniques selected for their adaptibility to quality control work. The
techniques used were all based on the rate of enzymatic degradation followed
by either reducing sugar daterminatién or gas pro&uctiun by yeast in ggggg.‘

A review 6f current procedures for starch damage was conducted and
most were eliminated as they did not meet the requirements of a quality con=
trol procedure. The initial publication of Sandstedt and Mattern (62) formed
the basis for subsequent enzymatic techniques and most of the procedures of
this type aere sxtremely time consuming and require the use of a large number
of stoék solutions as well as two solutions that require standardization,

Tha method of Sung (69) was developed from that of Sandstedt and Mattern
(62) and was vsed in this study as the reference technique. This is also the
method used by this 1abor§tory as a standard reporting procedure when dealing
with extruded products. The advantage of this procedurs is that the enzy-
matic digestion peried is reduced from two hours te one hour and § com=
mercially prepared and standardized enzyms is used, The method requires

lengthy titrations and standardization of solutions.
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The colorimetric procedure was developed with the desire to eliminate
the standardization of titration solutions and the titration procedure. The
DNS selution, when combined with reducing sugars produced during digestion,
forms a brown colored solution which absorbs strongly at 540 nm (72) Using
the specification discussed earlisr, the concentrations of reducing sugars
producsd follow Beer's law for absorbance.

To avcid calculations associated with colorimetric procedures, a
sterdard curve was determined from which the concentration of the reducing
suvgars por miililiter could be read directly.

Figare 3 38 @ rarroduction of the standard curve used in this proce-
dure, Tha peints on the curve are average values of absorbance versus con-

cenmtretion fov three separate runs of the procedure. Maltose was used as
tha sizudard hecauss it is the only reducing sugar produced by g~ amylase.
The same procsdura covld ba sdapied for use with other enzyme systems de-
perdent only uven the reducing sugar produced,

In ordsr to prove iinearity for the results of the celormetric pro-
cedure, » mixture of raw.aﬁd extrusion cooked grain was anélyzea:h Table XIV
1ists the wiztaves of the maierial and the results of the determinations.
All determinations were made in triplicate. IMlgure 4 shows the linearity
obtainss. A good correlation appsars between the cooked grain content and
the dsgres of starch damape as deitermined by this procedure. Based on the
results of this experdment, this procedure was assumed to be valid over the
ranga of wvalues determinad. |

The mannometric spparatus used fer the inviiro mas produwction work was
differant Prom that daseribed by Roth (70) and Trei, =t al. (9). Figure 5
is a photograth of the apparatus in operation. The device was simple to con-

struct, The wain reguirerment was that care was necesssary to insure each
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Table XIV. Effect of varying amounts of cooked grain on linearity of
colorimetric procedure

Sample # Raw corn®  Cooked corn® Percent of Starch damage®
Emg; gmgg 2:1:1121.3 as . (o maltose)

| grain gm sample
1 1000 - 0.0 - 60,0
2 800 200 20,0 114,0
3 600 100 40,0 158,0
1 100 600 60,0 1960
5 200 800 80,0 243,0
6 - 1,600 100,0 294,0

a) Finely ground corn:
b) Finely ground corn extrusion=cooked

¢) Average of triplicate determination
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device was constructed the same as the rest., This was necessary to insure
that results from one device would be the same if identical matefial were
.run in a different apparatus. A deficiency or problem of the apparatus is
that the results are unique to that equipment and probably could not be du-
rlicated in another laboratory. This does not delete from the value of the
procedure as a quality control technique as the results are relative to the
standard selected,

This procedufe suffers from the fact that a large.amdunt of time was
required to complete the assay (3 hours). Run time can be cut to two hours
but it was felt that some accuracy would be lost. The main advantage of
this procedurs is that the operator is free during most of the digestion
| period to accomplish other things in the labor#tory as the procedure does
not require constant attention. If immediatg results are a requirement, the
disadvantapges ﬁrobably outweigh the advantages. One advantage of altBChnique
of this type is its correlation with in vivo carbohydrate digestion. Also,
the same apparatus can be used as an artifieial rumen for research purféses,
as was done following the completion of the work reported here,

Tha samples used in tﬁis comparative study are the same samples used
in the previously described worke. The samples vary widely in their degrees
of starch damage and should represent a good cross section of a total popu-
lationes The analytical procedure was performed as described earlier with
the results of each analysis shown in Table XV. The values represented are
the averages of triplicate determinations. For brievity, the column headings
are as follows: "Sung's" to deseribe the method using reducing sugar deter—
mination by titration, "ocolorimetric” for the colorimetric procedure, and
"gas" for the mannometric method.

The statistical analysis for this study was deone using a computer
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'program. This program calculates the coefficient of correlation directly,
and gives the line equations and analysis of variance table. The analysis
was pérfcrmed on the results of each procedure for each grain, then on the
combination of analytical results in all combinations. This was necessary
to determine if one procedure is more fitted to a particular grain and, also,
to indicate areas where a procedure may give erroneous results.

Perhaps the most useful information gained from this work ﬁas the co-
efficients of correlation. This figure indicates the degree to which the
results from one analytical procedure correspond to the results of a dif=-
ferent procadurs on the same sample. It is not necessary to have the results
1n.the'same units (ie., mg maltose/gm) in order to calculate this value,

' Table XVI shows the results of this statistical treatment for each combina=-
tion of analytical procedures performed on the individnal grains, The only
value of questisnabla gipnificance is that resulting from the camparison of
' Sung's methed with the colorimetric procedurs., There is evidently some com=
pound in grain sorghum, other than reducing sugérs produced by hydrolysis,
that tends to oxidlize the DNS or that has a characteristic absorbance at

540 nme A therough search of the literature did not reveal the answer but
this anthor tends to believe the latter hypothesis.

Table XVII shows the results of the statistical analysis when the in-
dividual data from the grains were combined to form the population,

Tha results of this work indicate that each analytical procedure would .
be adequate for guality control works There was more varibility found in

testing all procedurss than had been indicated in the literature. This can
be explained by the fact that samples used here demonstrate much higher de-
grees of damage than those indiecated in the literature. The material used

in previously reported work was normally flour which had been milled in a
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Table XV,  Hesults of starch damage determiniations by each procedure
Material Sample No, Sung's Coiorimatric Gas
(mg maltose/gn)  (mg maltose/em)  (ml gas/hr/gm)
Milo P=1-1 211 240 35,37
Pwl-2 177 223 30,79
P=l=3 220 282 39.50
Corn P=2-1 226 274 37,59
Pal =2 223 271 38.45
p-2-3 232 284 58,01
Wheat PG 235 318 38,78
PaFwi 198 258 36.85
FoBeay 228 ae5 39.71
Corn Pl 227 294 39,12
FeC=2 182 227 34,26
PeCed 171 216 31.84
Wheat P=l=l 258 37 39,67
P=W-2 199 258 35423
Peli-=3 187 241 31.23
Milo P~M-1 251 290 41.85
P=M=-2 173 253 32.78
P=M=3 167 238 30,60
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normal fashion. This would hardly compare to the ground whole grain used in
the extrusion process for this work. -

In order to convert the results of one procedure to the equivalent
units of another procedurs, the line equations are included in Table XVIII.
These equations are the results of statistical analysis of the entire sample
population, The line equations for the other sample combinations were cal- ‘
eculated but no significant differences were found, thersfore, these equations
were not included in this work.

The analysis of variance for deviation from a linear relationship to
a curvilinear relationship was also calculated for all sample combinations
but in no case were the deviations from linear great enough to be significant
- at eny normal level.

As an example of the dispersion obtained when the procedures are com-
pared, Figure 6 is included. It is interesting to note ths appsarance of
wide dispersion, yst, the coefficient of correlation is nearly 0.9, The
graphs for the other sample data combinations are not included as the line
equations and coefficient of correlation values adeguately describe their

relativé dispersion.
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Table XVI. Coefficients of corrslation for determinations on 5

individual grain

Grain Number of Sung's X Gas Sung's X Cdlorimetrié

sanples _ Colorimetric L gas
Corn 6 0,96642 0.97472 0.90332
Wheat 6 0.8501P 0.9942% 0.8762*%
Grain 6 0,9648% 0.8014° 0.9230%
Sorghum

a) Significant at P = 0,01

b) Significant at P = 0,05

Table XVIT, Coefficient of correlation for determinations on combinations
of data from all grains \&

Combinations Number Sung's X Sung'’s X Colorimetric

of prains of samvles gas Colorimetric X pas
Corn and 12 0.95% 0.8700 0,858
Grain sorghum
Corn and | 12 0.8993 049577 0.8642
Wheat
Grain sorghum 12 0.9236 0.8755 0,8344
and wheat .
Corn, wheat and 18 0.9283 0.8893 0.8395

grain sorgchun

* a) A1l values are significant at P - 0,01

Table XVIII. Lins equations for comparison of results of procedures used

Axis :
x y Line equation
Sung's vs colorimetric Ly = 1.0664x + 44,115
Sung's vs gas ¥ = J172x + 11.699

Colorimetric vs gas ¥ = 0,0856x + 13,2056
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Figure 6. Sung's method vs. Colorimetric method for combined data.
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SUMMARY

Sawples of various particle size classifications of feed grade cereal
" grains wers processed under normal production conditions of extrusion cook=-
ing. It was found that there was a definite linear relationship betwsen the
mean particle diameta: of the raw material and the degree of starch damage
sustained during processing. More importantly, § significant decrease in
variation was found when the resulting data was analyzed for curvilinearity.
This would suggest that perhaps the degrag of damage méy be related to sur-
face arsa as well as particle diameter.

It was noted that moisture added prior to processing had a tendency to
increace the degree of starch damage. The grain sample which was tempered
for a period of time prior to grinding produced a larger partisle size but
the degree of starch damage was not significantly different than that observed
when the moisture was added during pfocessing. This would suggest that total
moisture content had an affect on the extrusion process but no additionsal
starch cooking was effected by moisture additions in the grinding stage.

Three methods of starch damags evaluation were compared in this inves-
tigation. A cclorimetric procedure was developed during this work to decrease
the time of analysis. It was found that 211 three methods were acceptible és
quality cenirol procedures, with the longer titration method being the most
aceurate, Coefficients of correlaiion were determined as comparison values
for the methoeds, The colorimetric method showed some interference from some
compound in grain sorghumlwith the values showing more variability than exe
pected. The colorimetric procedure has the advantage of saving a great deal
of time and eliminating all standard solutions, Line equations are provided
in order to describe dispersion and to be able to convert the value obtained

by one procedurs to units of another procedurs,
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Samples of feed gréda yellow dent corn, sorghum grain and hard red winter
wheat were obtained for trials to determine the effect of average particle
diameter on the degree of starch damage sustained during controlled extrusion=
cockings Samples for the first trial were ground using different screens in
two hammermills. Average particle diameter and moisture content‘wére deter-
mined on each sample using standard methods,

Samples for the second trial were prpcessed in a similar fashien except
that the finer grind was §btained using a micro-pulverizer, Particle size and
modsture content were again determined using standard procedures,

A1l samples for trials one and two were processed using an extrusion-
céoker under controlled conditions. Starch damage was determined on each ssm=

:p&a using the rate of attack by anmylase and determining the resducing
sugsr concentration follewing enzyme hydrolysis. |

A significént negative coefficient of correlation between average parti-
cle size and degree of starch damage was ﬁoted in both trials. This would
indicate that, under controllsd conditions, less starch damsge would occur as
aversge particle size of the raw material increased.

Twﬁ published metheds of starch damage evaluaticn were compared with a
ecolorimetric procedure developed during this investigation, One of the control
methods measured the amount of gas produced by yeast and an enzyme over a
three hour psricd to express starch damage. The second procedure used the
rate of enzymatic attack and reducing sugars produced to indicate starch dam- -
age. The expsrimental colorimetric procedure measured the reducing sugars
liberated by amylase using a reaction with dinitresalicylic acid (DNS)
and measuring the concentration cdlorimatrically.

It was found that all three methods were acceptable as guality control

procedures with the colerinmetric precedure requiring the least amount of time.



Coefficients of correlation betﬁeen all metheds were high significant. Line
equations and regression snalysis were provided to describe dispersion and to
éonvert values from one procedure to those of a different procsdure,

Tt was noted that wmoisture added prior to processing caused & tendency
toward higher degrees of starch damage during controlled extrusion-cooking,
Grain samples tempered-to a higher moisture level prior to grinding produced
.a Jarger particle size but the degree of starch damage sustained was not sig=-
nificantly different than that observed when moisture was added during proces-
sing. This would suggest that total moistﬁre content had an effect on the
extrusion process but no additional starch damage was obtained from tempering

grain prior to processing,



