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IN'rRODUCTION 

�any corn breeders from both commercial corn companies and 

publicly suppo�ted research programs have used some form of a 

plant pulling technique to measure root strength or root lodging 

resistance. Root-pulling devices also have been used in an 

attempt to measure the rootworm tolerance of corn lines or 

hybrids in soils highly infested with rootworms. References 

can be found in the literature of the use of such n1.ethods, 

but few reports are available of detailed field studies of 

the relationship of upper root system characteristics of corn 

inbred lines to pulling resistance differences. Infonnation 

is needed on the importance that specific root characteristics 

have in drought tolerance, high plant population response, 

rootworm tolerance, and root lodging resistance. Information 

also is needed on the repeatability of those root character­

istics under different environmental conditions. If such 

characteristics are repeatable to an acceptable degree, then 

further investigations can be initiated in an attempt to 

establish their relative importance in corn production. 

The purposes of this study were to determine (1) the 

range of root-pulling resistance that exists among inbred 

lines, ( 2 )  the repeatability of root-pulling measurements 

as well as other root characteristics in differing environmental 



conditions, and (3) the relationship between root pulling 

resistance and root characteristics such as root spread, root 

dry weight, root abundance, and root rot resistance. 
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REVIEW OF LITERATURE 

Studies on corn root improvement have not kept pace with 

the progress made for upgrading above-ground plant chara.cter­

istics such as yield, disease resistance, and stalk strength. 

Much of the improvement of corn roots has resulted from 

the u se of various forms of a root-pulling device. Root-pulling 

devices were used as early as 1924 (24), in measuring root 

strength under rootworm infested soils as well as non-infested 

soils. 

Ortman, Peters, and Fitzgerald (15)  studied the use of 

a vertical pull device that measured root-pulling resista..."'lce. 

Their study of corn inbred lines was one of the first extensive 

field studies attempted in the search for techniques to measure 

rootworm tolerance. They found no significant correlation 

between root spread, or the angle of root growth in relation 

to the stalk, and root-pulling resistance. However, the visual 

rating of relative size and symmetry of the root system was 

highly correlated with root-pulling resistance. They also fo1Uld 
·a high correlation between the number of roots on the second 

complete node of crown roots and root-pulling resistance. 

Their swfunary suggested that "a root-pulling resistance measure­

ment is an efficient means of obtaining quantitative data that 

should be freer of subjective biases than some other determin­

ations". 
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Nass and Zuber (11) used a root-pulling device in studying 

corn root development in field versus greenhouse experiments. 

They grew 40 corn genotypes in sand culture and evaluated 

the roots 28 and 35 days after planting. Root-clump weight 

and root-pulling resistance of mature plants in the field 

were significantly and positively correlated with total root 

weight, root volume, and weight of �odal roots and negatively 

correla.ted with the percentage of seminal roots of plants grown 

in the greenhouse. They suggested that evaluation of corn 

roots grown in sand culture provided an efficient method for 

identifying genotypes with superior root types at an early · 

stage of' plant growth. They concluded by suggesting ths.t corn 

genotypes with vigorous root systems early in plant develop­

ment tend to have superior root systems at maturity. They 

pointed out the significance of this technique in regard to 

developing rootworm tolerant lines .  

Corn rootworm resistance found to date would have to be 

classified as tolerance . Tolerance in corn germplasm appears 

to be (l ) the ability of the corn plant to produce adventitious 

or crown roots at a rapid rate during the period in late June 

and early July when rootworm larva are most active, or (2) 

the ability to produce many secondary roots as a regrowth res­

ponse following rootworm attack. 

Owens, Peters, and Hallauer (16) described four types or 
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traits of tolerance to corn rootworms: (1) decreased feeding 

damage, (2) decreased root lodging, (3) increased root size, 

and (4) increased secondary root development. They described 

resistance, ip a.practical sense, as "all the heritable traits 

of a plant that lessen insect damage even though plants of the 

same species and environment receive greater damage" . Estimates 

of heritability of 221· random inbred lines from Iowa Stiff 

Stalk Synthetic indicated that selection on the basis of root­

worm feeding damage alone would be ineffective. Heritability 

values for root sizes, secondary roots, and root lodging indi­

cated that gains could be expected from selection for each of 

these traits. Genotypj c, phenotypic, and error' correlations 

indicated that selection for larger root systems might result 

in superior secondary root development, reduced feeding damage, 

and reduced lodging. Their summary o� the study emphasized 

that selection for rootworm tolerance is simultaneous for each 

of the four root traits listed above. 

Root rot susceptibility as well as root volume deficiency 

may cause an inferior root system. Hornby and Ullstrup (7) 

reported that root rot is caused by a complex of organisms 

including such fungal genera as Fusarium and Diplodia. Root 

and stalk rot of corn were considered successive phases of a 

disease which commences in the roots. Root rot was reported 

to precede stalk rot by 3-5 days . Barren plants or those 
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with nubbin ears did not develop stalk o� root rot to an 

appreciable degree whereas crowded or defoliated plants becaJ!l.e 

more susceptible. In their study of root rot, they found 

that rhizosphere counts remained relatively low for all geno­

types until 77 days after emergence, when rapid increases 

occurr ed in all but one resistant line. Several authors (4 

7, 8, 9) have reported that the number s of fu .. 11 gal units asso­

ciated with the roots increases tremendously after the early 

milk stage due to a root volume stabilization or plateau a.nd 

to an apparent increase in susceptibility to rot-causing 

orgardsms� 

Holbert and Koehler ( 6) fom1d fundamental dj f feren c es in 

the root systems of various corn inbred lines . Root rot s"tAs­

cepti'ble lines seemed to have root volume deficiencies as 

compared to their vegetative growth above ground . They found 

significant differences of root pith and cortex ce�l arrange­

ments between root rot resistant and susceptib le lines. The 

cells of the resistant line were closely united so that the 

cells had an angular shape . The corners were usually rein­

forced by extra thickenings . The cells of the susceptible 

line were round , not closely bound, and did not have an ap­

parent thickening in spaces between cells. 

Reports of root rot severity and its relationship to 

yield are not common in the literature. However, Semeniuk (19) 
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found corn yields a.t three experimental locations in Iowa to 

be lower in those rotations where root rot was more severe 

and where secondary roots were less abundant. His summary 

indicated that decreases in yield and plant vigor and increases 

in root rot severity appeared associated. 

Nagel , Shank, Dirks and Kratochvil (12)  studied the re­

lationship of root rot resistance and root spread on yield 

and ma turit y of corn. Roots of topcross progenies were dug 

with a mechanical digger and visually rated for spread, abundance, 

and rot resistance. Correlations between these measurements 

and yield and moisture at harvest were significant at the 1% 

level of probability with secondary root abundance correla ions 

being one of the most useful morphological characters rated. 

Other root morphology studies have dealt mainly with the 

influence of soil temperature on various root characteristics. 

Hayes ( 5 ) suggested. that the horizontal growth or spread of 

the upper r oot system was a result of low subsoil temperature. 

He hypothesized that roots developing from nodes early in the 

spring grew �orizontally for some time before turning dovmward 

because soil temperature was warmer in the upper soil levels. 

As the soil temperature increased, the later developing roots 

from the higher stem nodes grew downward at once. 

Porter and Moragham (17) studied the differential response 

of two corn inbreds to varying root temperatures. At a constant 
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soil temperature of 28oc, one line developed an abnormality in 

growth that resembled a calcium deficiency response. 

Mosher and Miller (10) studied the influence of soil 

tempera.ture on corn roots in the greenhouse. They observed 

that horizontal growth before turning downward was generally 

greatest for the first nodal roots and least for the fourth 

nodal roots. Roots from the fifth and subsequent nodes grew 

nearly straight down. They concluded by stating, "From the 

preceding observations it would appear that if corn were planted 

af'ter the soil 'warmed up', all of the roots would grow in 

a vertical direction from their nodes." 

In root-related inheritance studies, Semeniuk (16) found 

significantly different root rot ratings for secondary roots 

among 25 inbred lines in August, 1944 and 1945. The ratings 

for the two years were highly correlated. Wr-Vr graphing of 

F1 dat a supplied evidenc� that some inbred lines carried a 

preponderance of dominant genes for low rot ratings and for 

high root abundance, while others carried a preponderance of 

recessive genes for those same characteristics. 

In a comparative study of the seasonal root development 

of some inbred lines, Spencer (20) found that
-

certain hereditary 

factors other than time of maturity influenced the maximum dry 

weight of the crown roots. He noted a striking difference 

among the four inbred lines studied in the development of lateral 

roots. 
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Ortman and Gerloff (14) studied 22 corn inbred lines in 

an effort to identify root characteristics that.might be important 

in root.wo rm  tolerance. Some very weak rooted lines did not 

respond to changing environments whereas other lines did so with 

varying degrees. Some lines developed extensive root systems 

even under severe stress. They estimated the coefficient of 

variation for pulling resistance to be near 30% and root re­

covery to be 75-80% when compared to that of e:xcavation 

techniques. 

Zuber (25) evaluated corn root systems under various en­

vironments and concluded that root-pulling resistance is a 

highly herit::.ble trait. 
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MATERIALS AND METHODS 

Forty-one corn inbred lines of medium maturity were selected. 

from corn breeding programs at the University of Minnesota, 

South Dakota State University ,  and the USDA Northern Grain 

Insect Research Laboratory located near Brookings, South Dakota. 

In addition, eight inbred lines were included from various 

other experiment stations. Some of the inbred lines were 

selected because of their specific root characteristics, however, 

only limited root information was available on the majority 

of the lines selected. ( See appendix Table 1 for more infor­

mation about tbe p.g_rental back.ground of the lint:?s. ) 

The 49 lines were planted at two locations for two years. 

One location was on the Southeast South Dakota Experiment Farm 

near Centerville , South Dakota. The other was part of the 

Northern Grain Insect Research Laboratory plots near Brookings, 

South Dakota . At Centerville the 1974 experiment was grown 

on Egan silty clay loam soil following a soybean crop , and the 

1975 experiment was grown on a Whitewood silty alay loam soil 

following an oats crop. At Brookings the experiments were grown 

on Brookings silty clay loam with the 1974 test following a 

corn c rop and the 1975 test following green soybean plowdown. 

Normal fertilization rates were applied in both years at both 

locations . A soil insecticide was applied at plant ing time 

both years at Brookings to prevent any possible rootworm damage, 
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but no insecticide was used at Centerville. 

In 1974 the lines were evaluated for root-pulling resis­

tance, root dry weight, and root spread. In 1975, the lines 

were visually rated.for root rot· resistance and for total, 

crown and secondary root abundance in addition to the characters 

evaluated in 1974. Silking dates were recorded during both 

years at Brookings and were used as a measure of maturity. 

Each .entry was replicated four times at each location in 

a 7 X 7 lattice design, with one row· plots 12 m long. Kernels 

were hand-planted 25 cm apart with 100 cm row spacings at 

Brookings and 30 cm apart with 75· cm row spacings at Centerville. 

Approximately 10 daya after the original plantin6, se€d.of a 

purple-plant-marker inbred line was used to replant in places 

where the originally planted seed failed to germinate. Only 

nonconsecutive plants that were bordered on both sides by other 

plants were used for obtaining pulling resistance data. 

Plants adjacent to either a vacant space or another plant that 

-had been pulled were not used because of possible biases due 

to noncompetitiveness or to soil disturbances from pulling 

the adjacent planto This procedure allowed data to be col-

: lected on a maximum of 20 competitive plants per plot. 

Root-pulling resistt:.nce was measured as the kilograms 

of force required to lif't a plant vertically from the soil. 

Force was exerted through a bar attached from a bipod through 
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a dynamometer to a clamp secured around the base of the plant 

just above the soil. (See Figure 1, A-B* for the specific root­

pulling apparatus used in this study.) Root-pulling resistance 

was measured at the pretassel or boot stage (pull 1) and three 

weeks after silking or the milk stage (pull 2) in both years. 

Additional pulling data were obtained in 1975 at Brookings at 

eight weeks a:f'ter silking or the mature plant stage (pull 3). 

Five plants of each entry were pulled from each of four repli­

cations in all of the above stages. 

Root spread and root dry weights were determined on roots 

from the second pull. Af'ter being pu1led, the :five roots from 

each plot were shaken free of soil, cut from the stalk just above 

the top node of roots, and sacked. Later the roots were washed, 

measured for spread at tpe widest portion of the root, and dried 

to a constant weight at 79°c. (See Figure IC for the technique 

12 

used to measure root spread.) Af'ter drying, the individual roots 

from each plant were cut free from the stem with a large pruning 

shea.r, bulked within each plot, and weighed on an analytical balance. 

Initial plans for 1975 were to take visual ratings on 

roots from a third pull at both locations, but severe drought 

at Centerville necessitated taking ratings at the location on 

roots from the second pull. Root rot ratings were not taken 

at Centerville due to the severe drought conditions. All root 

* All figures may be found in the appendix. 



ratings at Brookings were taken on roots from the third pull. 

An understanding of the terminology used in rating of 

the corn root system is essential to this study. A crmm Toot 

is any one of the large roots arising from the stem o:f the 

plant. The term crown roots is often used interchangeably with 

nodal roots. Any roots growing laterally from a crown root 

are referred to as secondary roots. A root noQ.e (whorl) refer s 

to the area on the stem from which the crown roots arise. This 

terminology is identical. to that used by Eiben and Peters (2) . 

Total, crown, and secondary root abundance were rated on a 

scale of 1-10 with a "10" rating signifiying a large quantity 

of the specific type or types of roots being rated� Root rot 

ratings were also based on a scale of 1-10 with a "10" rating 

signifying a severely rotted root. 

Four entries were selected at random and five root s per 

entry in each replication were dug with a spade to compare with 

the roots removed by pulling. The resulting root clump was 

approximately 40 cm in diameter and 30 cm in depth. Digging 

was accomplished as carefully as possible to keep root breakage 

at a minimum. By comparing pulled versus dug roots of each 

of the four entries, it was possible to determine the percentage 

of roots lost by pullingo The same four entries were compared 

at both locations for both years. 

Poor germination of seed led to extensive missing data 

311224 SOUTH DAKOTA STATE UNiVERSITY LIBRARY 
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for five of the entrieso They were subsequently dropped and this 

reduced the total number of entries in the experiment to 44. 

Analyses of variance was calculated on the basis of a randomized 

complete block rather than a 7 X 7 lattice design as originally 

planned . 



RESULTS AND DISCUSSION 

I. Root Recovery by Pulling versus Di�ing 

The ratio of upper root system recovered by pulling ver­

sus digging of four inbred lines of corn is shown in Table 1. 

The mean percent of root dry weight recovery ·""'or the ifour 

entries at two locations for t'wo years was 88.1. This is similar 

to the recovery percentage of 75-80% estimated by Ortman and 

Gerloff (14) in their root-pulling study. The mean dry weight 

recovery percentage for the four entries was higher at Center­

ville than at Brookings. Drought conditions at Centerville 

were sever'= in both yec.rs, and root a.evelo:pr:ien.t :for most J.ines 

was minimal. These conditions lead to shallow root penetra-

tion and apparently give a high root recovery percentage. 

Growing conditions at Brookings were good in both years, and 

root development for most entrie s was probably near optimum. 

Such conditions lead to deep root penetration and apparently 

give a relatively lower root recovery percentage. The dry, 

compacted soil at Centerville did not seem to affect root 

recovery by pullingo Inbred SDl-1261 which had the largest 

root system of the four entries had the lowest recovery per­

centage at both locations. The same trend was apparent for 

root spread measurementso However, pulling did not seem to 

affect root spread measurements as extremely as it did root 

dry weight. 
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Table l. Ratioa of upper root system reccvered by pulling versus digging for tour inbred lines 
of corn in 1974 and 1975. 

----�---�-----· ---

Root dr;y: wt. Root s12read 
Entry Brookings Centerville Location Brookings Centerville Location 

2 yr. ave. 2 yro ave. mean 2 yr. ave. 2 yr. a:ve. mean 

A619 91.7 89.2 90.5 93.3 100.6 y7.o 

SDl-1261 77.5 82o3 79.9 89.0 94.7 91.9 

SDP309 82.2 97.4 89.8 95.1 97.3 96.2 

W64A 82.2 102.0 92.1 90.4 lOL6 96.0 

mean 83.4 92.7 88.1 91.9 98.5 95.3 

a Expressed in percent, (pulled + dug) x 100 

� 
0\ 



II. Differe�ces Among Genotypes for Root-Pulling Resistance 

IdentifYing those lines that have high root -pulling resis­

tance in early July when corn rootworms are the most active 

was one o:f' the ma,j or objectives of this study. Many plant 

breeders feel that high root volume in late June and early 

July is one of the most important traits that contributes to 

rootworm tolerance. It should be emphasized at this point 

that all da.ta gathered in this study of root-pulling resistance 

was from rootworm-free plants. Root-pulling resistance values 

at pull 1 of 44 inbred lines of corn are shown in Table 2. 

The mean square among entries for pull 1 is shown in 

Table 3 and is !'1ighly significar..t., This difference amonc 

genotypes supports the findings of many other researchers when 

studying r oot-pulling resistan ce. A number of the entries had 

high pulling resistance at this pre-tassel stage. Inbreds 

NG72227� NG72312, NG72317, SDl-1261, SDlO, SD30 and W202 are 

exrunples of lines that apparently develop extensive root systems 

early in the growing season. Inbreds A427, A619, A66o, Wll7 

and Wl82E are examples of lines that had relatively low pulling 

resistance. Mean pulling values varied widely among the four 

environments , ranging from 90.0 kg at Centerville in 

1975 to 174.1 kg at Brookings in 1975. The relative pulling 

resistance of the individual lines was reasonably consistent, 

however, in spite of the wide differences in the environments 

17 
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Table 2. Root-pulli�g resistance (kg) at pull 1 of 44 inbred li�es of corn. 

orC'okin��s Cer.tervi l.! e 
l cation loca-cion 

!!ntrz to74 (7 /17 '8 1975 (7/28)a r.l�a..91. l?"."4 (81:?.a 1075 (8/25)8 r.iean 
A238 98.4 145.0 121.7 107.4 56.8 82.1 
A344 98.2 136.3 lli.2 94. 7 79.0 86.8 
A427 77.9. 148.o 113.0 85 .5 77.3 81.4 
A556 104.8 168.3 136.5 91.4 78.3 84.8 
A619 88.7 132.8 1.10.7 90.9 77 .3 84.1 
.\624 99.3 169.0 134.2 88.3 73.8 81.0 
..\629 89.8 140.5 115.2 814.2 76.5 80.3 
.\632 93.0 147.5 120.3 lOJ. 7 76.3 89.0 
A634 108.7 180.3 144.5 124.5 101.3 112.9 
;.648 122.7 159.0 140.8 105.2 95 . 0 100.l 
A657 136.o 98.8 J.67.4 123.4 117.8 120.6 
A659 89.4 181.8 135.6 98.2 75 . 0 86.6 
A660 72.0 146.8 109.4 63.2 69.3 66.2 
A70-l2 12.1 115.3 94.o 68.2 66.5 67 .3 
Cl23 96.0 151.3 123.6 00.1 79.8 90.2 
Mi214 98.3 l.53.8 126.o 81.7 78.5 80.1 
"!IG72227 161.5 228.8 195.l 123.2 125;5 124.3 
!llif2232 143.4 208.5 176.o 138.2 u8.5 128.4 
11G72254 121.4 186.o 153. 7 � llli.9 95.3 105.1 
lG72303 .147 . 1 213.8 180.4 132.6 112. 8 122.7 
!IG72309 122.l 162.5 152.3 lll.6 86.5 9S.O 
�G723l2 l:il.8 213.5 182.:r L"'.12.9 111.8 117.) 
;iG72314 146.2 198.0 172.l 122.5 101.8 112.1 
JG723li 150.7 214.5 182.6 124.3 103.8 ll3.9 
IG72325 104.0 172.0 138.o 112.0 92.0 102.0 
lG72335 123 .8 212.5 168.2 124.2 94.3 109.2 
lG72336 129.6 215.0 172.3 149.0 97.8 123.4 
�G72353 122.6 180.0 151.3 113.0 83.5 98.3 
lG72358 139.4 199.8 169.6 125.7 92.8 l09.2 
Oh545 86.3 l.51.0 ll8.6 78.3 71.3 7a. 8 
sm-1261 146.7 210.3 178.5 131.2 122.8 127.tJ 
SDl-1412 114.9 176.5 145.7 lo8.7 97.3 103.0 
SDl-143'" 131.1 213.8 172.4 126.8 123.5 125.1 
SDlO 154.5 193.5 174.0 124.6 112.3 118 . 4 
SD23 94.1 142.5 U8.3 93.7 74.5 84.l 
SD29 105.0 156.5 130.7 107.4 80 .0 93.T 
SD30 140.4 206.5 173.4 133.2 118.0 125.6 
SDP2A 103.3 151.0 127.l 87.4 71.8 19.6 
SDP309 108.6 168.8 138.7 79 . 3 83.5 81.4 
SDP317W 9J3.9 176.8 137.8 96.l 90.8 93.4 
ii64A 100.5 154.8 127.6 108.8 92.8 100.8 
illlT 76.6 116.0 96.3 8.4 65.0 71 . 7 
'll.82E 61.1 130.0 95.6 69.5 62.0 65.8 
il202 133.l 21.2.8 172.9 123.5 98.8 111.l 

•an 112.8 174.1 143.4 106.l 90.0 98.1 

a '1ate ot pull 



Table 3. Mean squares fo r four variables from the analyses of  varianc e at Brookings and 
Centerville, 1974 and 1975. 

Source of ·Degrees of Root dry 
variation fre edom Pull 1 Pull 2 ·weight 

Ra 3 877.45 513.71 36.06 
Eb 43 8198.30** 14897.87** 307.22** 
R x E 129 219.83 443.39 8.88 
LC 1 362841.63** 1394270.00** 3745.40** 
Rx 1 3 1005.14 2293.58 10.31 
E x L 43 588.49 ** 1834.59** 27.53** 
R x E x 1 129 207.77 405.38 8.67 
yd 89462.44** 2062.43 

; 
1233.86** 1 

R x Y 3 833.93 686.89 34.09 
E x Y 43 297.86* 787.71* 17.86** 
Rx Ex Y 129 203.96 488.12 8.70 
L x Y 1 263790.25** 8360.28 2.56 
Rx 1 x Y 3 637.44 3501.39 31.66 
E x 1 x Y 43 354.92* 500.83 15.51* 
R x E x 1 x Y 129 203.45 488.27 10.09 

Total 703 

*, ** Significant at the 1 and 5% levels of probability, respec tively. 

a Replications (random) 
b Entries (fixed) 
c Locations (fixed) 
d Years (fixed) 

Root 
spread 

5.33 
92.45** 

1.46 
310.72* 

10.71 
4.87** 
1.35 

199.01** 
3.28 
6.35** 
1.36 

220.62* 
8.78 
4.96** 
1.45 

� \0 



indicated by the differences in mean pulling values among 

environments. Figure 2 illustrates the wide range of root 

development at pull 1 among several inbred lines of corn. 

Root volume reaches a maximum by silking time or shortly 

thereaf'ter, and steadily decreases as maturity is app:roa.ched,. 

It was· for this reason that pull 2 was made approximately 

.·thre�· ·\tt_eeks after silking. Root-pulling resistar!ce values at 

pull ·2 of 44 inbred lines of corn are shown in Table 4. 

The mean square among entries for pull 2 is shown in 

Table 3 and is highly significant. A number of those entries 

that had high pulling resistance at pull 1 also had high pulling 

resistance at pull 2. Inbreds NG72227 � NG723J.2, NG72�17, 

SDl-1261, SD30 and W202 are examples of lines which responded 

in this .mannero Other inbreds such as NG72254, NG72303 and 

SDlO that were high at pull 1, were only slightly above average 

at pull 2. 

None of the entries responded between pulls 1 and 2 in 

such an extreme manner as inbred A659. It was below average 

in pulling resistance at pull 1, but was well above average 

at pull 2o Its pulling resistance increased by 142.5 kg between 

pulls 1 and 2 at Brookings in 1974. This increase was nearly 

40 kg greater than most of the entries. Inbreds A624 and 

NG72335 responded similarly, but to a lesser degree. Inbred 

A659 and five other l in e s  are shown in Figures 3�5 to illustrat e 

20 
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Table li .  Root-·pulling resi stance ( kg )  a t  pull 2 of 44 inbred li�es of corn . 
3 roo k i � •s Ce:i "':. e rvi l l e  

location locat icn 
Ent;a: lOI4 {8 / 22 \ a  i o:r2  ! 8l:?:2 \ a :i:e s..'1 1C74 �8/27 ) a 1orc; ! 8 ! '.?8�a ::ean 

A238 185 . 6  154 . o  169 . 8  9 5 . 5  58 . o  76 . 7  
A344 130 . 5  152 . 0  141 . 3  85 . 9  80 . 3  83 . 1  
Ali27 150 . 4  149 . 5  149 . 9  85 . 3  90 . 3 s-r . 8  
A556 167 . 4 155 . 0  161 . 2  97 . 9  88 . 8 93 . 3  
A619 162 . 4  164 . 5  163 . 4  91.8 . 93 .8 92 . 8  
A624 177 . 9  201 . 8  189 . 8 113 . 5  96 . 8  105 . 1  
A629 146� 3 153. 0  149 . 6 85 . 5 78 . 5  82 . 0 
A632 1 68 . 7  138 . 5  15 3 . 6  91 . l  69 . 8  8o . 4  
A634 219 . 2  192. 3 205 . 7  134 . 9  87 . 0 :.11 . 0  
A648 174 . 7  171 . 5 173 . l  113.2 85 . 5  99 . 3  
A657 208 . 9 20'.) . 5  207 . 2  :12 . 0  102 . 3  :01 . 1 
A659 2 31 . 9  2 39 . 5  235 . 7  U4 . 5  101 . 0  107 . 8  
A66o 1 41 . T  154 . o  147 . 9  6 3 . 9 81 . 0  72 . 4  
A70-12 161 . 8  136 . 3 149 . 0  76 . 3  79 .8 78 . o  
Cl23 1 73 . 4  166 . 3  169 . 8  96 . 3 108 . 3  :02 . 3 
?E214 201 . 7  199 . 8  200 . 7  104 . 9  113 . 3  :09 . 1  
?IG72227 2 39 . 8  265 . 8  252 . 8  :.44 . 7  129 . 5 137 . l  
11GT2232 209 . 8  225 . 5  217 . 6  134 . o  126 . 5  130 . 3  
11G72254 181 . 2  194 . 8  188 . o  114 . 2  113 . 3  :.13 .7 
IG72303 184 . 9  225 . 5  205 .2 117 . 3 117 . 5  117 . 4  
NG72,09 205 . 3  197 . 8 201 . 5  111 . 6  97 . 5  104 . 5  
?1G72312 ::!64 . 4  268 . 8  266 . 6  :.58 . 6  118 . 5  :38 . 6  
11Ci7 2314 2 34 . o 243 . 3  238 . 6  134 .4 128 . 8  131 . 6 
IG72317 297 . 0  250 . 0  273 . 5  l31 . 4  103 . 3  117 . 3  
1'G72325 176 . 1  184 . 3  180. 2 97 . 5  96 . 5  97 .0 
IG72335 258 . 3 274 . 0  266 . 2  166 .T  1 39 . 8  153 .2 
llG72336 251 . 8  282 . 8  267 . 3 162 . 4  129 . 3 :4 5 . 8  
llG72353 177 . 9  198 . o 188. o  114 . 5 108 . 3  111 . 4  
BG72358 204 . 1  204 . 8  204 . 4  119 . 9  110 . 0  :..14 . 9 
Ob545 159. 6 155 . 8  157 .7 72 . 3  75 . 5  7 3 . 9  
SDl-1261 240 . 5  2 34 . 3  2 37 . 4  137 . 9  126 . 8 :.32 . 3  
SDl-1412 201 . 8  173. 8  187 . 8  100 . 9  106 . 3  :.03 . 6  
SDl-1434 2 34 . 2  259 . 8  247 . 0  1 33 . 0  1 34 . 8  :.33 . ?  
SDlO 185 . T  217 . 3  201 . 5  :15 . 8  109 . 8 :.12 . 8  
SD23 1 45 " 4 151 . 3  151 . 3  85 . 6  90 . 8  a8 .2 
SD29 163. 9 162 . 8  163. 3 113 . 2  83 . 8  98 .'5 
SD30 217 . l 2 30 . 8  223 . 9  149 . 8  121 . 8  1 35 . 8  
SDP2A 167 . 8  165 . 8 166 . B  9 3 . 3  63 . 8  78 . 5  
SDP309 210. 8 193 . 8  202. 3 96 . 1  90 . a  93 . 7  
SDP31Tfl 166. 7 199 . 5  183 . 1  114 . 4  93 . 0 :()3 . 7  
W64A 191 . 5  183 . 0  187 . 3  :.09 . 8  90 . 0  n . 9  
illl7 137 . 6  120 . 5  129.l 67 . 6  67 . 5  67 . 5  
wl82E 118 . 3  153 . 0  135 . 6  60 . 0  74 . 5  67 . 2  
il202 238 . l. 263. 0  250 . 6  1 3 3 . 5  1 37 . 5  : 35 . 5  

mean 192 . 4  195 . 9  194 .l 110 . 3  100 . 0  :15 . 1  

a date 0 r pull 



thei r  respective root development between pulls l and 2 .  

The magnitude o f  the pulling resistance values was 

strikingly di f ferent between locations at pull 2 as well as at 

pu.ll 1 .  The relative pulling resistance o f  individual lines, 

such as A344 , A427 , A66o , NG7227 , NG72336 and SD30 , was rea­

sonably consistent in spite o f  severe drought conditions in 

both years at Centerville . 

· Table 5 shows the corr�lation coe fficients between loca­

tions and years for pulls 1 and 2. All correlations were 

posit ive and highly significant . 

The entries x locations interaction mean squares for 

pulls and 2 ,  although much smaller than that as sociat ed with 

entries me an squares, were highly signifi cant . The entries x 

years i nteraction mean squares for both pulls were signi ficant 

at the . 05 level . The years and the lo cations x years mean 

square for pull 1 were highly significant , but non-signi ficant 

for pull 2 .  One reason for the signifi can ce may have been 

the later date at whi ch pull 1 was made in _97 5 as compared 

to 1974 .  The later date o f  pull 1 in 197 5 seemed to have a 

significant effect at Brookings, but the severe drought at 

Centerville suppressed thi s interact ion . 

III. Effect o f  Changing Envi ronment on Upper Root System 

Characteristi cs 

Another maj or obj ecti ve was to study the e ffec t  of changing 
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Table 5 .  Correlat ion coe ffi c i ent s between locat i ons and years 

for pulls 1 and 2 at Brookings ( B )  and Cent e rvill e ( C ) , 
1974 and 197 5 . 

Pull Pull Pull Pul l Pull Pull Pull Pull 

l 1 2 2 l 1 2 2 
B74 C74 B74 C74 B75 c75 BI S C7 5 

Pull 1 - B74 . 66** . 5 6** . 66* *  . 71** . 66* *  . 62 ** 
• 56 *1<· 

Pull l - c74 .54 *.* 
• 75* * . 67** . 62 ** . 60** . 5 7* * 

Pull 2 - B74 . 60* *  
0 63* * . 51** . 6 3 ** . 5 1* * 

Pul l 2 - C74 . Jl** . 60** . 74 * * . 60* *  

Pull l - B75 . 66** 
• 7 9** . 67 ** 

Pull 1 - C75 .. 56** . 5 9** 

Pull 2 - B75 . 67** 

** S i gn i fi e ant at the 1% level of probab i lity . 
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environment on upper root system characteri st i c s . 

A .  Root dry weight 

Root dry we i ght s at the pull 2 st age o f  4� inbred lines 

o"f' corn are li sted in Table 6 ,.  

The me an s quare among ent ri e s  for root dry we ight i s  shown 

in Table 3 and i s  highly s i gn i fi cant . Eleven o f  the 1 3  entrie s 

submitted by the Northern Grain Insect Re search Laborat ory had 

very hi gh root dry we ight s at both lo cat ion s . The s e  line s have 

resulte d  from intens ive sele ct ion pre s sur e  fo r rootwo rm toler­

ance . Mean root dry wei ght s for in divi dual line s ranged from 

4 . 33 g "f'or Wl 82E at Centerville t o  2 6 . 87 g for NG72 312 at 

Brook ings . S evere drought a.t C�nt eriri J.J e reduce d  root develop­

ment and prob ably was one o f  the maj or fact ors in c ausing 

the hi ghly s i gni fic ant entries x locations and entries x ye ars 

interaction . The me an s quare s assoc iated wit h  t he s e  sources o f  

vari at i on were much smaller , however ,  than that as soc i ated with 

the main facto r · di fferences among entrie s .  

B. Root s p read 

Root spread at the pull 2 st age o f  44 inbre d line s o f  

corn are li sted i n  Table 7 .  

The mean s quare among entri e s  for root spre ad i s  shown 

24 

in Table 3 and i s  highly s i gni fi cant . Me an root spre ad measure­

ments "f'or indivi dual lines range d from 11 . 3 cm for A556 

at Centerville to 21 . 7  cm for A6 34 at Brookings . 



Table 6 .  

Entrz 

A238 
A344 
A427 
A556 
A619 
A624 
A629 
A632 
A634 
A648 
A657 
A659 
A660 
A70-12 
C123 
Ms214 
NG72227 
NG72232 
NG72254 
NG72303 
NG72309 
NG72312 
NG72314 
NG72317 
NG72325 
NG72335 
NG72336 
NG7235 3 
NG72358 
Oh545 
SDl-1261 
SDl-1412 
SDl-14 34 
SDlO 
SD23 

. SD29 

. SD30 
SDP2A 
SDP309 
SDP317W 
W64A 
Wll7 
W182E 
W202 

mean 

Root dry veight ( g ) at t he-. pu.ll 2 stage o f  44 inbred 
lines of corn . 

Brook ini:rs 

1274 1 975 

12 . 98 8 . 89 ·. 

6 .  73 5 .  77 
10 . 95 10 . 29 
20 . 89 14 . 41 
10. 52 9 . 80 
10 . 78 14 . 04 
10 . 99 10 . 60 
17 . 37 12 . 32 
22 . 88 16 . 21 
1 9 . 40 18_ . 14 
18 . 75 14 . 15 
19 . 68 17 . 12 
17 . 66 1 3 0 97 
14 . 60 9 . 5 3  
ll . 05 8 . 92 
14 . 88 10 . 5 5 
22 . 9 5  22 . 02 
17 . 21 14 . 24 
14 . 33 12 . 43 
21 . 32 20 . 93 
2 3 . 34 18 . 24 
2 8 . 61 25 . 13 
24 . 57 21 . 20 
25 . 30 22 . 36 
12 . 84 9 . 87 
26 . 44 19 . 54 
24 . 22 22 . 75 
19 . 5 6 18 . 51 
21 . 42 1 5 . 28 
14 . 12 13 . 51 
19 . 99 18 . 35 
15 . 52 10 . 07 
22 . 08 19 . 87 
19 . 21 19 . 49 
10 . 92 9 . 91 
19 .2 5 1 3 . 33 
19 . 1 8  17 . 12 
1 5 . 21 12 . 38 
14 . 67 13 . 08 
11 . 61 10 . 2 4  
14 . 26 12 . 4 5  
12 . 77 l0 . 48 

1. 08 6 . 92 
2 8 . 1 3  20 . 01 

17 . 41 14 . 64 

lo c at i on 
mean 

10. 93 
6 . 25 

10 . 62 
17 . 65 
10 . 16 

. 12 . 41 
10 . 79 
14 . 85 
19 . 55 
1 8 .  TT 
1 6 . 45 
18 . 40 
15 . 82 
12 . 06 

9 . 99 
12 . 71 
22 . 48 
1 5 . 72 
1 3 . 38 
21 . 12 
20 . 79 
2 6 . 87 
22 . 89 
2 3 . 83 
11 . 35 
22 . 99 
2 3 . 49 
19 . 03 
18 . 3 5 
13 . 81 
19 . 17 
12 . 79 
20 . 97 
19 . 35 
10 . 42 
16 . 29 
18 . 1 5  
1 3 . 80 
13 . 87 
10 . 92 
1 3 . 3 5  
11 . 62 

1 . 00 
24 . 07 

16 . 03 

Centervi lle 
locat ion 

1215 1975 me an 

6 . 46 3 . 11 4 .  79 
5 . 28 4 . 64 4 . 96 
9 . 1�2 6 . 78 8 . 10 

14 - �-5 8 . 5 3  '11 . 49 
7 . 81 4 . 64 6 . 2 3 

12 . 16 8 . 21 10 . 18 
8 .. 91 6 . 96 7 . 94 

10 . 49 8 . 92 9 . 70 
12 . 58 8 . 5 6  10 . 57 
14 . 14 1 0 . 39 12 . 26 
10. 60 1 . 99 9 . 29 
13 . 59 14 . 33 1 3 . 96 

7 . 28 9 . 05 8 . 16 
9 . 06 7 . 47 8 . 27 
7 . 52 6_. 85 7 . 18 

1 0 . 47 9 . 97 . 10 . 22 
2 3 . 16 1 5 . 38 19 . 27 
12 . 98 11. 9 5  12 . 46 

9 . 6 5  9 . 72 9 . 68 
17 . 16 15 . 07 16 . 12 
14 . 47 11 . 7 5 1 3 . 11 
2 3 . 44 16 . 02 19 . 7 3 
15 . 86 1 3 . 06 14 . 4 6 
13 . 30 14 . 21 16 . 25 

9 . 48 6 . 81 8 . 1 5 
19 . 50 1 5 . 36 17 . 43 
17 . 76 13 . 99 15 . 87 
li o 61 1 3 . 84 1 5 . 7 3 
11 . 05 9 . 94 10 . 49 

8 .  71 6 . 56 7 . 64 
21 . 27 14 . 21 17 . 74 

9 . 82 8 . 29 9 . 05 
17 . 72 14 . 14 1 5 . 9 3 
15 . 90 11 . 5 5 1 3 . 72 

1 . 12 8 . 5 5 8 . 13 
14 . 70 8 . 51 11 . 61 
19 .; 61 14 . 5 5 17 . 08 

9 .J9 6 . 04 7 . 72 
12 . 12 8 . 76 1 0 . 4 4 

9 . 39 6 . 87 8 . 13 
11 . 5 8 8 . 49 1 0 . 03 

7 . 2 0  4 . 94 6 . 07 
4 o 83 3 . 8 3 4 . 33 

17 . 3 4 12 . 67 1 5 . 01 

12 . 68 9 . 80 11 . 24 

2 5  
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Table 1 .  Root spread ( cm ) at the pull 2 stage o f  4 4  inbred 
lines of c o rn . 

Brookings Cent ervi lle 
location location 

�� 1974 in� me an 1914 1275 me an 

A238 20 . 2  17 . 4  18 . 8  18 . 0 10 . 0  14 . o  

A344 15 . 2  14 . • 6 14 . 9 13 . 7 14 . o  13 . 8  

A427 15 . 2  1 7  . 9 16 � 5  17 . 0  13 . 7 15 . 4  

A556 12 . 7  12 . 9 12 . 8  12 . l  10 . 5  11 . 3  

A619 15 . 8 17 . 5  16 . 6  16 . 7  1 1 . 8 14 . 3  

A624 15 . 8  16 . 3 16 . o  14 . 5  13 . 4 13 . 9 

A629 16 . 1  14 . 8 15 . 4  15 . 5  14 . 1  14 . 8  

A632 20 . l  1 5 . 7  17 . 9  17 . 7  17 . 3  17 . 5 
A634 22 . 8 20 . 7  21 . 7 20 . 8  16 . l  18 . 5  

A648 15 . 7  18 . 2  16 . 9  15 . 9  14 . o  14 . 9 

A657 15 . 6  lli . 2  14 . 9  16 . 3  13 . 8 15 . 1 

A659 15 . 8 17 . 1  16 . 4 14 . 2  14 . 9  14 . 5  

A660 1 5 . 0 14 . 5  14 . 7  12 . 4  13 . 5  12 . 9  

A70-12 17 . 3  14 . 2  15 . 7  17 . 0 14 . 3  15 . 6  

Cl23 14 .4  13 . 9  14 . 2  12 . 9 11 . 6  12 . 2  
Ms214 14 . 3 17 . 2  15 . 7  14 . 6  12 . 8  1 3 . 7 

MG72227 20 . 6  20 . 3 20 . 5 21 . 8 18 . 1  20 . 0  
NG72232 15 . 0  13 . 9  14 . 4 13 . 6  12 . 7  1 3  .. l 
NG'r22 5 4  14 . 3 15 . ·r 15 . 0  1 3 . 8 12 . 9  13 . 4 

NG7� 303 18 . 4 18 . 6  18 . 5  18. 7  17 . 2  17 . 9  

NG72309 17 . 3 18 . 2  17 . 8  17 . 6 1 5 . 4 16. 5 
NG72 312 20 . 3  20 . 0 20 . l 19 . 2  17 . 8  18 . 5  

NG72314 21 . 4  21 . 1  21 . 3  19 . 2  16 . 5 17 . 8  

NG72 317 19 . 7 19 . 7  19 . 7  18 . 4  16 . 9 17 . 6  
NG7232 5  1 3 . 2 13 . 2 13 . 2 11 . 4  12 . 0  11 . 7  
NG72 335 21 . 0  21 . 5  21. 3  21 . 3 18 . 5  19 . 9  
NG72336 20 . 4  21 . 4  20 . 9  22 . 3  17 . 5  19 . 9  
NG72353  1 5 . 8  1 5 . 6  15 . 7 18 . l  1 3 . l 15 . 6  
NG72358 14 . 7 14 . 5  14 . 6  1 3 . l  12 . 5 12 . 8 

Oh54 5 20 . 4  19 . 1  19 . 7 20 o 0 1 5 . 4 17 . 7 

SDl-1261 1 8 . l  18 . 2  18 . 2  20 . 5  16 0 8  18 . 7  

SDl-1412 17 . 2  18 . 2  17 . 7  19 o l  16 . o  17 . 5  

SDl-1434 1 8 . 1 19 . 3  18 . 7  20 . 7  17 . 7 19 . 2 
SDlO 17 . 0 20 . 3  18 . 6 16 . 9  16 . 1  16 . 5 

SD23 15 . 6 15 . 4  15 . 5 14 . 1 14 . 7 14 . 4  

SD29 17 . 3  18 . 8  18 . 1 17 . 7  15 � 4  16 . 5  

SD30 21 . 0 20 . 7  20 . 8  23 . 1 19 . 6  21 . 4 

SDP2A 19 . 6  20 . 1 19 . 9  18 . 6 15 . 2  16 . 9  

SDP309 13 . 0  13 . 8  1 3 . 4  12 . 1  11 . 3  11 . 7 
SDP317W 16 . 3  17 . 0  16 . 6  11 . 0  14 . 9  15 . 9 

W64A 17 . 8  17 . 1  17 . 4  19 . l 16 . o  17 . 5  

Wll7 17 . 6  16 . 3  16 . 9  17 . 3  14 . 4  15 . 8  

Wl82E 14 . o  15 . 3  14 . 6  13 . 5  12 . 3  12 . 9  
W202 15 . 7 15 . 2  15 . 5  15 . 6  15 . 1  1 5 . 3 

mean 17 . 1  17. 2  17 . l  16 . 9 14 . 7  15 . 8  



Root spread measurement s did not seem to be as severely affected 

by the drought as did root dry weight s .  The root spread of 

a number of lines seemed to be remarkably consistent between 

years and locations ( Figure 6 ) . The entries x locations and 

entries x years interactions were highly signi fi cant , however , 

the mean squares associated with these were much smaller than 

that associated with the main factor di fferences among entries . 

Figures 7-9 illustrate the consistency in root spread o f  indi­

vidual lines between locat ions . Figures 10-12 show the range 

of root spread evident in this study . 

Table 8 shows the correlation coefficient s between locations 

and years for pu l l  2 ,  root dry weight , and root spread . All 

correlations between pull 2 and root dry weight , regardless 

of the location or year , were positive and highly significant . 

Thi s supports the findings of other reports �uggesting that 

both root dry weight and root volume are highly correlated 

with pulling resistance . There seemed to be a trend in this 

study for a s ignificant positive correlation between root spread 

and pulling resistance . Ortman , Peters and Fitzgerald ( 15 )  

found no significant correlation between root spread an d  ptill­

ing resistance . 

C • Root abundance ratings 

Root abundance rat ings of 44 inbred lines of corn 

at two locations in 197 5 are shown in Table 9. 
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Table 8 .  Correlation coefficients between locations an d  years for pull 2 ,  root d ry  wei ght an d  root 
spread at Brookings ( B )  and Centerville ( C ) , 1974 and 1975 . 

Pull Pull Root Root Root Root Pull Pull Root Root Root 
2 2 drl wt d.rl wt SE read SEread 2 2 d_!Z wt drl wt SEread 

B74 C74 B74 c74 B74 c74 B75 C75 B75 c75 B75 

Pull 2 - B74 . 60** . 67 ** . 59**  . 37* 
• 34 * . 63** . 51**  . 61** . 58** . 38* 

Pul l 2 - C74 . 6 3* *  . 75 ** . 40** . 4 9** . 74 **  . 60** . 66** . 62** . 52** 

Root dry wt - B74 . 82* *  . 4 6** . 39* . 67** . 51** . 82**  . 71 ** . 4 4 ** 

Root dry wt - C74 . 40-+1 . 52** . 72** . 59** . 82**  • 74 ** . 52*1t 

Root spread - B74 . 75** . 33* . 14 . 45** . 31* • 71**  

Root spread - C74 . 40**  . 22 . 44 ** . 34 � . 74** 

Pull 2 - B75 . 67** . 77**  . 72** . 117** 

Pul l 2 - C75 . 5 5 ** . 69** . 24 

Root dry wt - B75 . 76H . 56** 

Root dry wt - C75 . 39* 

Root spread - B75 

* , ** S i gni fi c ant at the 1 and 5% levels ot probabilit y ,  respectively . 

Root 
S;eread 

C75 

. 38* 

. 49** 

. 48** 

. 57** 

. 63n 

. 68** 

. 51** 

. 39* 

0 55 ** 

. €2** 

. 63H 

IV 
CX> 
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Table 9 .  Root abundance ratings of 41� fo.bred lines of corn a.t two locat i ons in 1975 .  

Root Abun c a."l c e  
Total Crmrn .:: econ cary: 

Entrz B rookin >rsb Center;il lec 3roc kino:s 0 Centerri l le c  B !"ookin ;;::s ;,: Centervifle c 

A238 4 . o  2 . 3 3 . 8  2 . 5  3 . 3  3 . 0  

· A344 2 . 8  3 . 3  2 . 8  3 . 5  l . O 1 . 3 
A427 3 . 8  3 . 8  3 . 8 3 . 5  3 . 5 5 . 0 

A556 4 . 5 3 . 6  4 . 3  3 . 5  4 . o  5 . 5  

A619 4 . 8 3 . 3 5 . 5 3 . 3 4 . 8 3 . 8  

A624 5 . 0  4 . o  5 . 5 4 . 3  1 . 5 - 4 . o  

A629 3 . 5 3 . 0  3 . 5 3 . e 1 . 8  1 . 0  

A632 5 . 0  3 . 5 5 . 0  3 . 8  3 . 0 3 . 5  

A634 6 . o  4 . 3  6 . 3  4 . s 3 . 8 3 . 5 

A648 5 . 3  4 . 5 4 . 8 4 . 8  5 . 3  6 . o  

A657 5 . 5  4 . 5 5 . 3  4 . 5 3 . 3  3 . 0  

A659 4 . 8 4 . 8  4 .. 3 4 . 5 4 . o  5 . 0 

A660 5 . 0  3 . 3  4 . o  3 . 3  5 . 3  5 . 8  

A70-12 4 . 8  3 . 5 4 . o  3 . 0  5 . 0  5 . 8  

Cl23 3 . 8  3 . 0  3 . 8  4 . o  1 . 8  1 . 8  

Ms214 4 . 5 4 . o  4 . 3 3 . 3  3 . 8  1 . 0  

NG72227 7 . 3  6 . 5 7 . 3  6 . 3 4 . 5 6 . o  

NG72232 4 . 8  5 . 3  5 . 3' 5 . 0  2 . 0  6 . o  

11G72254 4 . 8  3 . 8  4 . 8  4 . o  2 . 8 4 . 5 

NG72303 5 . 3  5 . 3 5 , 5 5 . 0 3 . 3  7 . 0 

NG72 309 5 . 8 5 . 3  6 . o  5 . 0 4 . o  6 . o  
NG72312 7 . 3 6 . o  7 . 3  5 . 3  5 . 0 6 . 5 
NG72314 6 . 5 4 . 8 7 . 3  5 . 0 3 . 8  4 . 8  

llGT2317 6 . o 5 . 3  6 . o  5 . 0  4 . o  6 . o 

11G7232 5 3 . 8  3 . 8 3 . 8  3 . 8  2 . 0  3 . 5  

NG72335 6 . 8  6 . o  1 . 0  6 . 5 3 . 8  5 . 3  

lfG72 336 6 . o  5 . 8  6 . 5 5 . 8 2 . 8  6 . o  

IG72 35 3 6 . 3 4 . 3  6 . 3  3 . 3  5 . 5 6 . 3  

11G72358 5 . 0  4 . 5 5 . 3 4 . 5 2 . 8 5 . 0 

Oh545 5 . 0  3 . 0  4 . 8  2 . 8 4 . o 4 . 8  

SDl-1261 1 . 0 6 . o  6 . 5 5 . 0  6 . o  7 . 0  

SDl-1412 5 . 5  3 . 8  5 . 8  4 . o  3 . 0  2 . 3  

SDl-1434 7 . 5 5 . 8  8 . o  5 . 3 3 . 8  6 . 8  

SDlO 4 . 5 5 . 3  4 . 8  5 . 5 2 . 8  3 . 5  

SD23 4 . o 4 . 5 3 . 8  3 . 8  3 . 3 5 . 0  

SD29 5 . 3 3 . 5  5 . 5  3 . 8  2 . 5  4 . o  

SD30 6 . o 6 . 3 6. 8 6 . 3 3 . 5 6 . o  

SDP2A 5 . 0  3 . 8  5 . 3  3 . 8 2 . 5 3 . 5  

SDP309 4 . 8  4 . 3  4 . 3  3 . 8  5 . 0  6 . o  

SDP317W 5 . 0  - 4 . 3  4 . 0  4 . 3  5 . 3  5 . 8  

W64A 5 . 0  5 . 0  4. 8  5 . 0  1 . 5  2 . 8 

Wll7 4 . 8  3 . 0  4 . 8  3 . 5  2 . 8  2 . 0  

Wl82E 4 . 5 2 . 3  4 . 8  3 . 0 1 . 8  2 . 5  

W202 1 . 0  5 . 3 6 . 5  4 . 8 7 . 3  8 . o  

mean 5 . 2 4 . 3  5 . 2  4 . 3  3 . 5  4 . 7  

& 1 • low abundance ,  1 0  = high abundance 

b Ratings t aken on roots from pull 3 

c Ratings taken on roots from pull 2 



Tne mean s quares among entries for the three root abun­

dance ratings in Table 10 are highly s igni fi cant . Ratings for 

total root abundance ranged from 2 . 3 for A238 and Wl82E at 

Centervi lle to 7 . 5  for SDl-1434 at Brookings . Ratings for 

crown root abundance ranged from 2 . 5 for A238 at Centerville 

to 8 . 0  for SDl-1 4 34 at Brookings . Rat ings for secondary root 

abundance ranged from 1 . 0  for A344 and A629 to 8 . 0  for W202 . 

Total and crown root abundan�e ratings between locat ions for 

indivi dual lines were s imilar even though root development 

was severely inhibited due to drought at Centerville . Simi­

larities exist because each lo cat ion was read independently 

o f  the ot her with L.i.bred Wll 7 used at both lo c at ions as the 

low root mass st andard by whi ch all other ent ries were compared . 

The mean secondary root abundance rat ing was higher at Center­

ville than at Brook ings . Thi s  may have been the result o f  

drought condit ions at Centerville whi ch induced extens ive 

secondary root proli ferat ion . 

Table 11 shows the correlation coeffi cients between 

. locat i ons for three root abundance rat ings . 

Correlat i ons between total and c rown root abundance at 

both locations were po s it ive and highly s ignificant . The high 

posit ive co rrelati on suggests that either one or the other , 

but not both, be used in future investigations o f  thi s  nature . 
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Table 10 . Mea.."l squares for three root abundance ratings from 
the analyses of variance at Brookings and Centerville , 
19'T 5 . 

Total Crown Secondary 
Source o f  Degrees o f  root root root 
variati on freedom abundance abundance abu..�danc e 

Ra 3 0 . 10 0 . 96 5 . 24 

Eb 4 3 8 . 03** 8 . 17** 16 . 26** 

R x  E 129 o . 42 o . 46 0 . 99 

LC 1 65 . 64 ** 7 5 . 48** 117 . 07** 

R x  L 3 o . 86 0 .. 89 1 . 65 

E x L 4 3 1 . 27** 1 . 58** 2 . 98** 

R x E  x L 129 0 . 51 0 . 56 1 . 10 

Total 35J. 

** 

a 

Significant at the 1% level of probability . 

Replications ( random ) 

b Entries ( fixed ) 

c Location ( fixed ) 
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Table 11 . Correlation coefficients between locat ions for three root ratings at Brookings ( B )  
and Centerville ( C ) , 1975 0 

Total root abundance - B 

Total root abundance - C 

Crown root abundance - B 

Crown root abundance - C 

Secondary root abundance - B 

Total 
root 

abundance 
B 

Tot al 
root 

abundance 
c 

0 54** 

Crown Crown 
root root 

abundance abundanc e 

B · C 

. 85** 
I . 72** 

. 74** . 85** 

. 78** 

* , ** Signifi cant at the 1 a.pd 5% levels of probability , respectively . 

Se condary Secondary 
root root 

abundan c e  abundan c e  

B c 

. 51** . 64 ** 

. 50** . 59** 

. 24 . 31* 

. 26 . 42** 

. 68** 

w I\) 



The ent ri e s  x lo cat i on s  mean s quare s fo r t he three root 

abundance rat ings as shown i n  Table 10 were hi ghly s i gn i fic ant . 

Tho se interac t ion mean s quare s ,  although s igni fi c ant , were 

much small e r  t h an the ent ri e s  mean square . 

IV. Root Charact eri st i c s  As s oc i ated with Pul.l ing Re s i st an c e .  

Abundan c e  r at in gs fo r t otal , crown , and s ec o ndary roo t s 

were t aken on pull 2 roo t s  at Cent erville and p ul l  3 root s 

at Brookings in 197 5  to determi ne what root charact er i st i c s  

were as soc i ate d with pull ing re s i stance . 

Table 12 shows the correlat i ons betwe en pulling re s i s t an c e  

an d  various root me asurement s .  

All the va� i able s exc ept s e c ondary root abun danc e  wer e  

po s i t ive and hi ghly s i gn i fi cant when correlat e d  wit h  pull 2 .  

Root dry we i ght had t he h i ghe st po s i t i ve c orrelat i on wit h  

pull 2,  whi le t o t al and c rown ro ot abundance were next h i ghe st . 

Root s p read al s o  was hi ghly s i gni fi cant and po s it i ve ly c or­

relat e d  with pul l ing r e s i s t ance . 

V.  Lo s s  i n  Pul l i ng Res i s t anc e Between Pul l s  2 and 3 .  

Anothe r maj or ob j ec t ive pursued was t o  study t he rela­

tion s hi p o f  root rot to root -pulling re s i stance . Alt hough 

root rot i s  usual ly not a part of the select ion pro c e s s  fo r 

Yield o r rootworm toleran c e ,  i t s  ne glect i n  i nbred l ine develop­

ment may le ad to seri ous st alk and root lodgin g  i n  t he end­

product .  Thi s problem i s  evi dent in a maj ority o f  t he pub l i c 
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Table 120 Correlat �on coefficients between pull 2 and various root character i st i c s  at 

Brookings and Centerville , 1975 . 

Total Crown Secondary 

Pull 2 

Root dry we i ght 

Root spread 

Tot al root abundanc e 

C rown root abundanc e  

Pull 

2 
Root 

dry wt .  

. 7 7* *  

Root root 
spread abundance 

. 58** . 62* *  

. 67** . 78* *  

. 63* *  

* , ** S i gn i fi c ant at the l and 5% levels o f  pro1mbility , respec tively . 

root root 
abundance abundance 

. 62 ** - . 08 

. 72 * *  . 25 

. 6 5 ** . 02 

. 86* *  . 39* 

. 12 

w 
.;:::-



line s rele a s e d  to dat e . The t ime o f  eight weeks aft e r  s ilking 

was cho s e n  for a thi r d  pull at Brookings in 197 5 t o  evaluat e 

root det eri o rat i on b e c ause root an d stalk rot usually appe ar 

near s i lking and become in crea s ingly s eve re as matur ity i s  

appro ache d .  Table 1 3  shows the root rot rat ings and lo s s  in 

pulling re s i st an c e  for 44  inbred lines of corn . 

The mean s quare s among entrie s for pull 3 ,  lo s s  in pul l­

ing re s i s t ance , and root rot �re shown in T.abl e 14 and are 

hi ghly s igni fi c ant . The lo s s  in pulling re s i st an c e  between 

pulls 2· and 3 range d  from 7 . 5  to 64 . 8  perc ent . I f  an ent ry 

had a los s o f  20 % or le s s  it usually had a root rot 

rating o f  5 . 0  or le s s . (A  1 . 0 rating denot e s  a root nearly 

free o f  rot ) . I f  an entry had a lo s s  greater t han 20% , it 

usually had a root rot rat ing of 5 . 3  or gre at e r . For example , 

inbre d  A344 l o s t  64 . 2% o f  its pulling r e s i s t an c e  b etween pull s 

2 and 3 ,  an d  had a rot rat ing o f  8 . 8  whi c h  denot ed a seve rely 

rotte d  root . Inbred A624 lost 17 . 9% and had a rot rat ing o f  

5 . 0  whic h  deno t e d  a moderat e ly rotted root . Fi gure s 13- 1 5  

compare root rot re s i stant with root rot sus c ept ible l in e s  

o f s imi lar maturit i e s . 

Table 1 5  give s the correlat ion coe ffi c i ent s between vari ables 

li s t e d  i n  Table 13 . The correlat ion between root rot and pull 

3 was negat i ve an d hi ghly s i gni fi c ant . The c o rrel at i on betwe e n  

Pull 3 a n d  days to s i lk was po s it ive and hi ghly s i gni f i c ant . 
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"IW.ble 1 3 .  Loss in root-pullin� re� ist ance betw e n  pulls 2 anJ � o f  41. inbred lines of c o nt  
&t Brookiugs , 1 97 5 .  

Lo s s  Lo s :;  
Between :et een 

Pull 2& Pull 3& Pulls Pul l s  Root Rot Days t o  
Entrx (kd (k5) (kd (':) ( l -lO ) b  s i lkC 

A238 154 . o  17 . 8  76 . 2  4 9 . 2  8 . 5  35 . 3  
.A344 152 . 0  54 . 0  98 . 0  64 .2 3 . 8  26 . 8  
A1'27 149 . 5  61 . 0 88 . 5  5 8 . 9  1 . 5  38 . 8  
A556 155 . 0  ne . o  37 . 0 23 . 7 5 . 0 30 . 5 
.A619 164 . 5 11 5 . 3  49 . 2 27 . 7  6 . 3  36 . 5  
A624 201 . B  167 . 0  34 . 8 17 . 9 5 . 0 32 . 0  
A629 153 . 0  97 . 5  5 5 . 5 36 . 3  7 . 5  32 . 5 
A632 138 . 5  120 . 3  18 . 2  12 . 9 4 . 8 34 . 3  
A634 192 . 3  157 . 5  34 . 8  17 .7 4 . 8 34 . 5  
A648 171 . 5  98 . 8  12 . 1  42 . 7  7 . 8 34 . 3  
A657 205 . 5  156 . o  '•9 . 5  24 .4  5 . 3 35 . 0  
A659 239 . 5  19 5 . 8  4 3 . 7  17 . 5 5 . 0 39 . 8  
A66o 154 . o  109 . 8  4l1 . 2  28 . 7 5 .8 36 . 3 
A70-l2 136 . 3  103 . 5  32 . 8  24 . 2  6 . 8 43 . 8  
Cl23 166 . 3  110 . 0  56 . 3  32 . 8 4 . 3  34 . 8  
IC321� 199 . 8  14 3 . 5  56 . 3  28. 6 6 . 5  35 . 3  
llG72227 265 . 8  178. 5 87 . 3  32 . 8  5 . 3 36 . 3  
IG72232 225 . 5  15 3 . 0  72 . 5 32 . l  5 . 8  34 . o 
IG72254 194 . 8 126 . 3 68 . 5  35 . 1  1 . 0  32 . 3 
llG72 303 225 . 5  81 . 0  144 . 5  64 . o  7 . 8  36 . o  
1072309 197 . 8  14 5 . 0  52 . 8  26 .6 5 . 0  38 . 3 
IG72312 268. 8  216 . 5  52 . 3  19 . 4  4 . 5 39 . 3  
JG723l4 2 4 3 . 3  181.0 62 . 3 25 . 6  5 , 5 41 . 8  
IG72317 250. 0  170 . 8  79 . 2  31 . 6  . 6 . � 38 . e  

IG72325 184 . 3  153 . 0  3l . 3  16 . 9  6 . 3  37 . 3  
IG72335 274 . 0  183 . 5  90 . s 3 3 . 0  5 . 0 37 . o  
11G72336 2 82 . 8  204 . 0  78. 8 27 . 8  7 . 3  37 . 5  
IG72353 198.0 136 . 8  61 . 2 30 . 9  4 . 5 37 . 8  
IG72358 2o4 . 8  146 . 5  58. 3 2 8 . 4  5 . 0 34 . o  
Oh545 155 . 8  119 . 5  36 . 3  2 3 . 0  5 . 5  38 . o  
SDl-1261 234 . 3  214 . 8  19 . 5 7 . 5  4 . 3  37 . 3  
SDl-1412 173. 8 148.o 2 5 . 8  14 . 2  3 . 0 38 . o  
SDl-1434 259 . 8  224 .0 35 . 8 13 . l  3 . 3 44 . 8 
SDlO 217. 3 75 . 3  142 . 0  64 . 8 7 . 8  32 . 0  
SD23 157 . 3  1.20 . 3  37 . 0  2 3 . l  7 . 0  35 . 3  

5'029 162 . 8  121 . 3  41. 5 25 . 6  6 . 5  33 . 8 

SD30 230 . 8  1.25 . 0  105 . 8  44 . 9  6 . 0  34 . 5 

SDP2A 165 . 8  103 . 0 62 . 8  37 . 9  6 . 8  3 1 . 3 
SDP309 193 . 8  177 . 5  16 . 3  8 . 3  3 .0 39 . 8  

SDP311il 199 . 5 130 . 5  69 . 0  34 . 9  6 . 5  36 . 3  

W64A 183 . 0  87 . 0 96 . 0 52 . 3  6 . 8  32 . 3 
Wl.17 120. 5  107 . 5  1 3 . 0  10 . 6  6 . 3  31 . 5  
Wl.82E 153. 0 104 . 0  4 9 . 0  31 . 8 7 . 3  30 . 0  

V202 263.0 213 . 8  49. 2 18 . 4  4 . 8  37 . 3  

•ao 195 .9 137 . l  58. 8 30. l  5 . 9 35 . 8  

a August 2 5  an d  'Jctober 5 for pulls 2 an d  3 ,  respect iv�ly .  

b 1 • resistant . 10 :er susceptible 

c Da;/• arter June 30 to 50% s ilk - 2 year mean at B rockiniss 0:::.y . 



T able 14 . Mean s s quares o f  four var i able s from the analyses  o f  var i ance at 

Brookings , 1975 0 

S our c e  o f  Degree s o f  Root 

variation freedom Pull 3 Rot 

Ra 3 883 . 01 2 . 11 

Eb 4 3  7 579 . 88** 7 . 77** 

R x  E 129 5 32 . 83 0 . 99 

Tot al 175 

** S i gn i fi c ant at the 1% leve l o f  probability . 

a Repl i c at ions ( ran dom ) 

b Entrie s ( fixed ) 

Lo s s  ( kg ) between
- Loss- T% ) between 

pulls 2 and 3 pulls 2 and 3 

4752 . 93** 

3516 . 52** 

4 97 . 23 

8 51 . 64**  

847 . 71** 

106 . 48 

l..., 
-.J 



Table 15 . Correlat ion coe ffic ient s  betwee� pull 3 and five other root characteri st i c s  

at Brookings , 1975 0 

Total Crown Secondary Days 
Pull Root root root root t o  

3 rot abundance abundance abundance s i lk 

Pul l 3 - . 5 5** . 67** . 62** . 36* . 4 8** 

Root rot I - . 41** - . 33* - . 34* - . 36* 

Total root abundance . 85** . 51 ** . 4 3** 

Crown root abundance . 24 . 36* 

Secondary root abundance . 4 3** 

* , ** S i gn i fi c ant at the 1 and 5 %  levels o f  probability , respect ively . 

w °' 



.,, 

�here al so see med to be a trend for a significant, negative 

correlat i on between root rot an d  the three root abundance 

ratings. 

The mean square among entri es for percent l oss in pul l i ng 

resistan ce b etween pul l s  2 and 3 as shown in Tabl e 14 was 

highl y  signi fi cant. Root rot was suspecte d as being the mai n  

cause of these differences. The correl ation be tween root 

rot and percent l oss in pul ling resistance was r = +0. 61 which 

was high l y  si gni ficant. 

Tab l e  16 sh ows the means for al l variables of 44. i nbred 

l ines of corn summarized over locations and years. 

Thos e  l i n e s  wi th h igh pulli ng resista nce at pul l  1 ma y 

offer potenti al tolerance to rootworm feeding. I nbreds NG72227 , 

NG72232 , NG72303, NG72312, NG72317, NG72336, SDl-1261, SDl- 14 34 , 

SDlO,  SD30, an d  W202 were among those li ne s  wi th high pull ing 

resistance at the pre- tassel stage. Seve ral of these li nes, 

such as N G72312 and NG723 36 conti nued exte nsive. root devel opme nt 

between pull s 1 anQ 2. This is apparent when one compares 

Pul l ing resis tan ce at pull s 1 and 2 for each of the lines. 

Inbreds suc h as NG72303, NG723 5 3, NG7235 8 and SD lO appa re ntly 

di d not continue to de velo p an extensive root system after 

Pull 1. I nbre ds A344, A l t 27, A619, Wll 7, and Wl82E that we re 

quite l ow i n  pul l ing resistance might be considere d to have 

les s potential for rootworm tolerance than those listed above . 
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Table 16.  t-!ea."ls o!' all vari ables of 44 inbred l ines o f  con1 s�1::1Mari :ed over ye a:-s and locations . 

Root 
dry 

Entry Pull la Pull 2a Pull 3c wei ght ( kfi) ( kf::) ( k�) ( I!: ) 
A238 101 . 9  123 . 3  77 . 8  7 . 86 
A344 102 . 1  112 . 2  5 4 . o 5 . 61 
A427 97 . 2 118 . 9  61 . 0 9 . 36 
A556 11 0 . 7  127 . 3 118 . 0  14 . 57 
A619 97 . 4 128 . l  115 . 3  8 . 19 
A624 107 . 6 147 . 5  167 . 0  11 . 30 
A629 97 . 8 11 5 . 8 97 . 5  9 . 37 
A6)2 1 04 . 6 11 . o  120 . 3 12 . 28 
A634 128 . 7 158 . 4  157 . 5  15 . 06 
A648 120 . 5  136 . 2 98 . 8 15 . 52 
A657 128 . 3 157 . 2  156 . o  12 . 87 
A659 111 . l 171 . 7  195 . 8  16 . 18 
A660 87 . 8 110 . 2  109 . 8  11 . 99 
A70-12 80 . 7  113 . 6  10 3 . 5 10 . 17 
Cl23 lo·r . o  1 36 . l  110 . 0  8 . 59 
M32ll. 10 3 . 1  1 5 4 . 9  14 3 . 5  11 . 47 
RG72227 159 . 8  195 . 0  178 . 5 20 . 88 
IG722 32 1 5 2 . 2  174 . 0 15 3 . 0  14 . 10 
IG72254 129 . 4  150 . 9  126 . 3 11 . 53 
IG72303 151. 6 161 . 3  81 . 0 18 . 62 
IG72309 125 . 7  1 5 3 . l 1 45 . 0 16 . 95 
IG72312 1 50 . 0  202 . 6  216 . 5 23 . 30 
IG72314 142 . l  185 . l  181 . 0  18 . 67 
llG72 :17 148 . 3  195 . 11  170 . 8  20 . 01� 
1072325 120 . 0 1·�8 . 6  15 3 . 0  9 . 75 
10723 35 1 38 . 7 209 . 7 1 8 3 . 5  20 . 21 
IG72336 147 . 9  206 . 6  2 04 . o  19 . 68 
IG72353 124 . 8 149 . 7  136 . 8 17 . 38 
t1G72 358 1 39 . 4 159 . 7  146 . 5  14 . 42 

Oh545 96 . 7  115 . 8  119 . 5  10 . 73 
SDl-1261 152 . 8 184 . 9  214 . 8  18 . 46 
SDl-1412 124 . 4 14 5 .  7 148 . 0 10 . 93 
SDl-14 34 148 . 8  190 . 5  224 . o  18 . 45 
SDlO 146 . 2  157 . 2  75 , 3  16 . 54 
SD23 101 . 2  119 . 8  120 . 3  9 . 28 
SD29 112 . 2  12 3 . 4 121 . 3  1 3 . 95 

SD30 1 49 . 5  179 . 9  125 . 0  17 . 62 
SDP2;,, 103 . 4 122 . 7  103 . 0  1 0 . 76 
SDP3C9 110 . 1  14 8 . o  177 . 5  12 . 16 
SDP3:7W 115 . 7  l4 ; . 4  1 30 . 5  9 , 5 3 
W64A 114 . 2 14 3 . 6  87 . 0  11 . 70 
Wl.17 84 . o 9 8 . 3 107 . 5  3 . 85 
Wl.82:: 80 . 1  101 . 5  104 . o  5 . 67 
W202 142 . l 193 . 0  21 3 . 8  19 . 54 

me an  120 . 7  149 . 6  1 37 . 1 13 . 63 

a B�".>kings and Cente rv i lle , 1974 and 1975 

b Br-:.okings an 1  Ce�ter-1 i :  le , 1 97 5  

c Brookings , 1975 

d Broi:>kings • 1 974 and 1975 

Tot al 
Root RoC't rcot 

spread a r<'t � a un . 0  
( cm )  \ :- 1 2  
16 . 4  8 . 5  3 . 1 
l li . 4 8 . 8  3 . 0  
16 . o  7 . 5  3 . 8 
12 . 1 5 . 0  4 . 1  
15 . 5  6 . 3 4 . o 
15 . 0  5 . 0  4 . 5  
15 . l 7 . 5  3 . 3  
17 .. 7 .  4 . 8 4 . 3  
20:1 4 . 8  5 . 1  
16 . o  .,. . 8  4 . 9  
1 5 . 0  5 . 3  5 .  '.) 
1 5 . 5  5 . 0  4 . 8  
1 3 . 9 5 . 8  4 . 1  
15 . 7  6 . 8  4 . 1  
13 . 2 4 . 3 3 . 4 
14 . 7  6 . 5  4 . 3  
20 . 2  5 . 3 6 . 9 
13 . 8  5 . 8  5 . 0  

14 . 2  1 . 0  4 . 3  
18 . 2  7 . 8  5 , 3  
17 . l  5 . '.)  5 , 5  
19 . 3  4 . 5 6 . 6  
19 . 6  5 . 5  5 . 6 
18 . T 6 . 5  5 . 6  
12 . 5  6 . 3  3 . 8  
20 . 6 5 . 0 6 . 4 
20 . 4 7 , 3  5 . 9  
15 . 7  4 . 5  5 , 3  

13 . 7  5 . 0  4 . 8 

18 . 7  5 . 5  4 . o 
18 . 4  4 . 3  6 . 5 

17 . 6  3 . 0  4 . 6  
19 . 0  3 , 3  6 . 6  
11 . 6 7 . 8  4 . 9  
1 5 . 0  7 . 0  4 . 2  

17 . 3  6 . 5  4 . 4 

21 . l 6 . 0  6 . 1 

18 . 4  6 . 8  4 . 3 
12 . 6 3 . :) u . 5 
16 . 3  6 . 5 4 . 6  

17 . 5  6 . 8  5 . 0 
16 . 4  6 . 3  3 . 9  
1 3 . 8  7 , 3  3 . 4 

15 . 4  4 . 8  6 . 1  

16 . 5  5 , 9  4 . 8  

l'r<"l\,-:1 
roct 

abur. . b 
( - :  ... l 

3 . :  
3 . 1  
3 . 6  
3 , 9  , ' "' . . 
4 . a 
3 . E 
4 · '"'  
5 . :.  
4 � 
4 . 9  
4 . !.  
3 . 6 
3 . 5  
3 . 9 
3 . 5 
6 . 8  
5 . � 
I ' :+ , -
5 , 3  
5 , 5 
6 . 3  
6 . l.  
5 , 5  
3 . ri 
6 . 8  
6 . 1  
4 . 8  
4 . 9 
3 , 8 
5 . 8  
4 , 9 
6 . 6  
5 , _  
3 . 8  
4 . 6 
6 . 5  
4 . 5  
4 . ::J  
4 . 1  
4 . 9 
4 . 1 
3 , 9  
5 , 6  
4 . 7  

s�c ndarr 
root 

ac'..in . b 
( 1- 10 ) 

3 . 1  
1 . 1  , -.. .  _, 
4 . 8 
4 . 3  
2 . 8 
1 . 4 
3 . 3  
3 . 6  
5 . 6 
3 . 4  
4 . 5  
5 . 5  
5 . 4  
1 . 8  
5 . 4 
5 . 3  
4 . 0 
3 . 6  
5 . 1 
5 . 0  
5 . 8  
4 . 3 
5 . 0  
2 . 8  
4 . 5  
4 . 4  
5 . 9  
3 . 9 
4 . 4  
6 . 5  
2 . 6  
5 , 3  
3 . 1 
4 . 1  
3 , 3  

4 . 8  
3 . 0  
5 . 5  
5 . 5  
2 . 1  
2 . 4  
2 . 1  
7 . 6  

4 . 1  

Days 
to 

silkd 

35 . 3  
26 . 8  
38 . 8  
30 . 5  
36 . 5  
32 . 0  
32 . 5  
34 . 3  
34 . 5  
34 . 3  
35 . 0  
39 . 8  
36 . 3  
4 3 . 8  
34 . 8 
35 . 3  
36 . 3  
34 . o  
32 . 3  
36 . o 
38 , 3  
39 , 3  
41 . 8 
38 . 8 
37 , 3  
37 . 0  
37 . 5  
37 . 8  
34 . 0 
38 . o 
37 . 3  
38 . o  
44 . 8  
32 . 0 
3 5 , 3 
3 3 . 8  

34 . 5  
31 . 3 
39 , 8  
36 , 3  
32 . 3 
31 . 5  
30 . 0 
37 . 3  

35 . 8 
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Only a few o f  the inbreds retained the i r  pulling re s i s t an c e  

through maturity , and this usually corre sponded to a healt hy 

root system . Inbreds A5 5 6 ,  A624 , A6 32 , A634 , A659 , N G72312 , 

SDl-1261 , SDP309 , an d  W2 02 were · examples of this type . 

Inbre d W202 was a rather unusual line in that it produced 

a very ext en s ive s ec ondary root system as can be not ed by the 

secondary root abundance rating in Table 16 . 



. . . 

CONCLUSIONS 

An estima.ted 88% o f  the upper root system was recovered 

by pulling as compared to digging . Thi s e stimate will probably 

var-f among envi ronment s ,  but under normal condit ions it s eems 

attainable . Whether pulling or digging eq_uipment i s  used 

depends on one ' s  obj e ct ive s , however , a mechani cal met hod of 

digging roots such a s  de scribed by Nagel ( 13 ) , rather t han pulling , 

� 
will probably yield a more symmetri c al and complete upper root 

system .  

The highly s igni fi cant mean s q_uare s among ent ri e s  for 

root-:mlling resj st g,n.ce support � the findings of  other re searchers 

when studying root-pulling res i stance . It shoul d  be noted 

that to insure maximum di fferences among genotypes for po s s ible 

rootworm tole rance sele ction , one should pull plant s at least 

1-2 weeks before tas s eling . Thi s  would allow suffi c ient time , 

in the cas e o� s1 line s , for s election and recombinat ion i n  

the s ame generat i on a s  part of a recurrent select ion program 

leading to the development of corn _ rootworm tolerant germplasm . 

Early , extensive root development as measured by pulling res i s-

tance near t as s el ing may not , in it sel f ,  lead to rootworm 

tolerance (16 ) . It may , howeve r ,  be one o f  t he most import ant 

trait s involved in rootworm t olerance , and there fore should 

be pursued extensively ( 11 ,  16 ) . 
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Severe drought at Centerville in both years undoubt e dly 

contributed t o  the si gni fi cant main e ffect s and first o rder 

interact ions as apparent in Table 3 for pulls l and 2 ,  root 

dry wei ght , and root spread . The vari ation due t o  the main 

facto r o f  di fferen c e s  among ent ri e s  was much great er than any 

of the inte ract ions . The highly signi fi c ant , first o rder 

int e ract i on s  i n di cat e  that some of the line s did not per form 

simil arly b etween lo cat ions or years . All correlat ion c o e �­

fi c i ent s , howeve r , between lo c at ions and ye ars for pul l s  l and 

2 were po s it i ve and hi ghly s i gn i fi cant . Thi s indi c at e s  that 

effe c t ive sele ction for high root-pulling res i st ance i s  po s s ible , 

but that s i gni fi c ant interaction s may oc cur unde r  c ert ai n  

conditi on s . Further root .studi e s  are needed to e st abli s h  the 

ext ent of t he s e  interact ion s  under more normal c ondit i on s . 

The ent ri e s  x locations mean square s for all root abundanc e  

rat ings were h ighly s igni fic ant . These interac t i on s  wer e  

expected as drought condit ions s eriously affect ed plant growth 

and ro ot development at Centerville in both year s . All cor­

relat ions between lo c ations , however , for root rat ings ( except 

secondary root abun dance ) , root spread , and root dry we i ght 

were hi ghly s i gn i fi c ant . Root abundance ratings s eemed t o  

pre s ent a reasonably accurate e stimation o f  root m as s a s  t he 

correl at ions b etween tot al root abl.llldance , ( r = +0 . 78 ) , and 

crown root abundan c e , ( r = +0 . 72 ) , with root dry we i ght 
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were hi ghly s i gni ficant . The po sit ive and highly s i gni ficant 

correlation , ( r = +0 . 86 ) ,  between total and crown root abundance 

over both loc ations suggests that either one or the othe r , 

but not neces s arily both , be used in future inve st i gations 

of thi s nat ure . 

Root dry weight had the highe st pos itive correlation 

with root-pulling resi stance at the milk stage , while c rown 

root abundanc e was next hi ghe st . The correlat ion between 

root spread and pull 2 was pos itive and highly si gni fi c ant . 

The speci fi c  time o f  pull 2 in regard to plant growth may be 

one of the c riti c al factors in determining such a s i gni fic ant 

relation ship . I f  the root system i s  completely developed at 

the time o f  pull 2 ,  then a s igni fic ant correlation may result , 

whereas it may not i f  pull 2 were to come at a time o f  incom-
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plete root develovment . Root spread was not s i gni fi c antly �o rrelated , 

( r = +0 . 22 ) , with days to silk whi ch di sagrees  · with the po s it ive 

signi fi cant c orrelat ion found by We iking ( 2 3 ) in hi s root study . 

The mean s quare for percent lo s s  in pulling resi st ance 

between pul l s  2 and 3 was highly s igni ficant . The correlat ion , 

( r = - 0 . 5 5 ) ,  between root rot seve rity and pull 3 was hi ghly 

signi ficant . The correlation , ( r = +0 . 48 ) ,  between pull 3 and 

days to s ilk als o  was highly signi fi c ant . The correlation , 

( r  = -0 . 36 ) ,  between root rot s everity and days to s i lk was 

signi ficant .  Seve ral reasons may exist for thi s s i gni fic ant , 



negative correlat ion . Mo st of  the line s chosen as ent ries  

in  thi s  study were developed in breeding programs where very 

little , i f  any , s election pres sure for root rot re s i st ance 

was pract iced . The chance was slight , there fore , of having 

early ·s i lking , root rot res ist ant lines in thi s study . In 

additi on , the set o f  lines selected were to be of s imilar 

maturity , however , silking date di fferences did exi st . One 

would expect les s root rot to be pre sent in tho s e  later silking 

line s simply because the root s probably were developed l ater 

in the growin g  seas on and were expo sed to rot-causing . organi sms 

for a shorter period o f  t ime than .. the root s of e arly s i lking 

lines . The s elect ion pre s sure used for the past 15 years 

in the South Dakota State Univers ity corn pro j ect has been 

for root rot re si st ance in early maturing , corn germplasm . 

Several e arly maturing line s  with good root rot re si stance 

have been developed through such a select ion pro cedure . It 

seems lo gic al , therefore , to sugge st that the s i gni fi c ant , 

negat ive correlat ion between root rot severity and days to 

s ilk may be probable but such that it could be overcome by 

breeding . 

There was a de finite trend , as shown in Table 1 4 , for a 

signi fi c ant , negative cor�elat ion between root rot s everity 

and root abundance . Thi s  suggests that lines with low root 

mas ses  generally have more root rot . Holbert and Koehl er ( 6 )  



and Semeniuk ( 18 )  al s o  foun d that root rot sus c ept ible line s 

seeme d to have root volume de fi c i enc ie s .  

By taking the t ime t o  make an addit i on al  pl ant pull o r  a 

vi sual ob s e rvat ion o f  the root s at or near matur ity , pl a�t 

bre e ders s houl d b e  able to re fine any previous
.

s ele ction s made , 

and at the s ame t ime rea s sure themselve s that root and s t alk 

rot sus c eptibility woul d not be a limiting factor in the develop-

ment of superior inbre d line s of c orn . 

The res ult s . o f  t hi s study indi c ate that the re are l arge 

di ffe ren c es in root development among i nbred l i ne s  o f  c orn . 

Root-pulling r e s i st ance seems to be an ac curat e method fo r 

measuri n g  the s e  di fference s . It i s  apparent that , by select ing 

those genotyp e s  wit h  hi gh pulling res i s t anc e  at e it her pull 1 

or 2 ,  one coul d de vel op line s or improve So populati o n s  that 

woul d pos s e s s  pro fuse root systems . Thi s  info rmat ion i s  likely 

to b e  o f  value t o  corn breeders who se obj ective s  are to develop 

rootworm tolerant ge rmplasm . Further inve st i gat ion i s  n e c e s s ary , 

however , t o  det e rmine what e ffect pro fus e root systems have in 

drought t oleranc e an d  hi gh plant populat ion ·re s pon s e . Sull ivan 

and Blum ( 21 )  s peculat ed , 

"Unde r mode rat e  drought or short , severe drought , 
the pro fu s e  root system may cont inue to provide for the 
s hoot , b ut in a prot ract ed , s e vere drought , it me.v ex­

haust t he avai l able mo i sture and suc cumb t o  the drought . 
The de s i r ability of root si ze and development may depend 
on the c l imat i c  re gion and expect ed frequency and d urat ion 
o f  the drought . If the plant has a great e r  he at and 
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des s i c at i on tolerance , a smalle r root system may be more 
de s i rable during a long drought than a more pro fus e root 

syst em. " 

Burstrom ( 1 )  sugge s t s  that there i s  no volunt ary partnership 

between root and top growth , but a case o f " hard compet it i on " 

fo r the n ec e s s ary compounds . Tryptophane , whi c h  root s may 

not be able t o  synthe s i z e , i s  one o f  those compounds that i s  

of spe c i al interest not only for protein synthe s i s , but also 

as a mother s ub st ance o f  the indole acetic auxin s whi ch are 

directly att ributed to flower development . Thus , in t ime s o f  

stre s s  ext en s ive root proli feration may be consumin g  a l ar ge 

share of the t ryptophane , as well as other e s s ent i al c ompounds , 

ma.king them le s s  avai lable for e ar development . 

Mo st o f  t he relat ionships sugge st ed above pre s ent val i d  

�ue s t i o ns that n e e d  to be answered i f  plant breeder s are t o  

increase product i on o f  agricultural crops in general . One 

c an  c ompare the root system of a co rn plant t o  t he foundat i on 

o f  a hous e ; without reas onably st rong foun dat ion s the hou s e  

an d - the corn plant ma y  collaps e .  Plant bre e ders need t o  ex-

pend mo re e ffo rt toward studying the root syst ems of ·.  ·. rn as 

well as other crops to det e :nnine what root charact e r i � ·  : c s  are 

important in crop product ion . 
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Table Al .  

Inbred 

A235 
A344 
A427 
A556 
A619 
A624 
A629 
A632 
A634 
A648 
A654 
A659 
A660 
A70-12 
Cl2 3  
M>214 

NG72227 
NG72232 
NG72254 
NG72 30 3 
NG72 309 
NG72312 
NG72 314 
NG72317 
NG72325 
NG72335 
NG72336 
NG72 3 5 3  
NG72 3 5 8  

Oh545 

·so1-1261 
SDl-1 412 
SDl-1434 
SDlO 
SD2 3  
SD29 
SD30 
SDP2A 
SDP309 
S�P317H 

W64A 
�n11 
Wl82E 
�12n2 

Line numbe r s  and parenta6e s of the 44  inb red lines 
of corn used in the 1974-75 root study . 

Parentage 

( A347 x AB ) 
U.S . 15 3 ( Iowa ) 
( A405 x CC36 ) 
( Bl64 x 886 ) A2 37 
(A171 x Oh4 3 ) 0h4 3 
( A629 x ND203 )A295  
( CV3 x WF9 )WF9 
(Mt42 x Bl4 ) Bl43 
(Mt42 x Bl4 ) Bl4 x Bl42 
Minn . Syn 3 
Iowa Stiff Stalk Synthet i c  
Minn . S yn.  3 
Minn . Syn 3 
unknown 
Cl02 x Cl03 
Iowa. Stiff Stalk Synthet i c  

( B57 x SDlO ) 
( SDlO x B69 ) 
( M012 x A251 ) 
(SDlO x Bfi9 ) 
( SDlO x B69 ) 
( B57 x SDlO ) 
( B57 x SDlO ) 
( B57 x S DlO ) 
( P246 x MY8 ) 
( Zap 15 x B57 ) 
( Zap 15 x B57 ) 
( B69 x A251 ) 
( B69 x MS107 ) 

( Ml.4 x CI187-2 ) 0h452 x ( Oh45 CIDSh x 
Cash O . P )  x ( Ml.4 x CI1 87-2 ) x Jh4 52 ) 
x Oh45A 

Poelstra O . P .  
Poelstra O . P . 
?oelstra O . P .  
( Oh56A x B8 ) 
( Oh43 x Ell i s  O . P . ) 
( SD14 x S . C .  2 8 )  ( Released in �976 ) 
Pioneer 3 5 5 8  ( Released in 197 6 ) 
Fulton ' s  Ye llow Dent 
( K63 x SDP2 36 ) 
( K63 x SDP2 36 ) 

(WF9 x 187-2 ) 
( 64 3 x o .  P .  rvann. : 3 ) 
(W'J x �-1':2 ) 
C,:, rn 2:Jre r Sy::t he't i c  ( I>'..; n '  
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Fi gure l .  Root-pulling apparatus and root spread measuring te chni�ue 
used in thi s  study . 

A .  Cast-iron clamp whi ch hooks on ring att ached to 
s cale of root-pulling apparatus . 

B .  Complete root-puliing apparat us 

C .  Root spread measurement taken at the wi de st po rt ion 
o f  the upper root system . 
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Figure 2 .  Root development compari sons at pull 1 among various 
inbred l ines grown at Brookings ,  197 5 .  

A .  · SDlO ( E )  ( top ) vs . Wll 7 ( E )  ( bott om ) 

E .  Nu72227 ( L )  ( top ) vs . A659 I ..,.  \ � L } ( bottom ) 

C .  SDlO ( E )  ( top ) vs . NG72227 ( L )  ( bottom ) 

( E  = early s i lking , L = late silking ) 

Silking dates  were us ed in this study as a measure o f  
maturity . 
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Figure 3 .  Root development between pulls 1 (top ) and 2 (bottom ) 
o f  two inbred lines grown at Brookings , 197 5 .  

A .  Wll7 ( E )  

B .  SDP309 ( L )  

( E  = -early silking , L = late silking ) 
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Figure 4 .  Root development between pulls 1 ( top ) and 2 ( bottom)  
of  two inbre d  lines grown at Brookings , 1 97 5 . 

A .  SDlO ( E )  

B .  NG72227 ( L )  

( E  = early s ilking , L = late s ilking ) 
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Figure 5 . Root development between pulls 1 (top ) an d  2 ( bottom ) 
o f  two inbred line s grown at Brookings , 197 5 .  

A .  A659 ( L )  

B .  SDl-1261 ( 1 )  

( L = lat e  silking )  
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Figure 6 .  Root spread consi stency o f  two inbred lines within and 
between loc at ions in l975 . 

SDP309 ( left half by replicat ions 1-4 ) vs . w64A ( right 
half by replicat ions l-4 ) at Brookings ,  1975 . 

( Each root i s  a typical representative of  the l ine for 
that speci fi c  replication . )  

SDP309 ( left half by replications 1-4 ) vs . W64A ( right 
half by replicat ions 1-4 ) at Centerville , 1975 . 

( Each root i s  a typical repre sentat ive o f  the l ine for 
that specific replicat ion . )  

SDP309 ( left hal f )  vs . W64A ( right hal f)  at Brookings 
( A )  and Centerville ( B ) ,  1975 . 

( Each root i s  a typi c al representative o f  the line for 
that spe c i fic  location . )  
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Figure 7 .  Second pull root s of  two inbred lines grown at Brookings 
( A )  and Centerville ( B ) , 197 5 . 

1 . SD30 

2 .  SDl-1261 
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Figure 8 .  Second pull root s o f  two inbred lines grown at Brookings 
( A )  and C�nterville ( B ) , 1975 . 

1 .  W64A 

-2 .  NG72227 
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Figure 9 .  Second pull roots o f  two inbred lines grown at Brookings 
( A )  and Centervi lle ( B ) , 1975 . 

1 .  SDP309 

2 .  Wll7 
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Figure 10 . Range o �  root spread at pull 2 among various inbred 
l j nes  grown at Brookings , 1975 . 

A .  SDlO (top ) vs . Wll7 (bottom) 

B .  SDlO ( top ) vs . NG72227 ( bottom ) 
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Figure 11 . Range o f  ro ot spread at pull 2 amon g  vari ous inb red 

lines of co rn grown
.

at Brook i n g s , 1 97 5 . 

A .  NG72227 ( top ) v s . SDP309 ( bottom )  

B .  SD30 ( t op ) vs . Cl23 ( bottom ) 
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Figure 12 . Range o f  root spread at pull 2 among various inbred 
lines o f  corn grown at Centerville ,  1975 . 

A .  MS214 ( top ) vs . Cl23 ( bottom ) 

B . SD30 ( top ) vs . SDP309 ( bottom ) 

c .  SDlO ( top ) vs . Wll7 ( bottom ) 
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Figure 13 . Comparison o f  root rot res istant ( R )  with root rot 
sus c eptible ( S )  lines grown at Brookings , 197 5  . 

. 
A .  NG72 3 5 3  ( R )  ( L ) °  vs . NG72336 ( S ) ( L ) 

B .  NG7 2 3 36 ( S ) ( L )  vs . SDP309 ( R ) ( L ) 

( L  = late s ilking ) 
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Figure 14 . Comparison o f  root rot resist ant ( R ) with ro t rot 
susceptible ( S )  lines grown at Brookings , 197 5 . 

A.  NG72312. ( R )  ( L )  vs . SD�309 ( R )  ( L ) 

B .  A624 ( R )  ( E )  vs . Wl82E ( S )  ( E )  

( E  = early s ilking , L = late silking ) 
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Figure 1 5 . Compari son o f  root rot res i stant ( R ) with root rot 
sus cept ible ( S ) lines grown at Brookings ,  197 5 . 

A .  A62 4 ( R )  ( E ) vs . A344 ( S )  ( E )  

B .  A624 ( R )  ( E )  vs . SDP309 ( R )  ( L )  

( E  = early s ilking , L = late  silking ) 
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