ISSN 0003-1216

JOURNAL

OF THE
AMERICAN SOCIETY

OF

SUGAR BEET
TECHNOLOGISTS

OCTOBER 1979 VOL. 20, No. 4



EXECUTIVE COMMITTEE

President M. A. Woods
Union Sugar Division
Santa Maria, California
Vice President Stewart Bass
American Crystal Sugar Co.
Moorhead, Minnesota
Secretary Treasurer James H. Fischer
Beet Sugar Development Foundation
Fort Collins, Colorado

Immediate Past President Glen W. Yeager
Holly Sugar Corporation
Colorado Springs, Colorado

BOARD OF DIRECTORS

Pacific Coast Region: John M. Kendrick

Intermountain Region: A. Kent Nielson

Eastern Rocky Mountain
D. D. Dickenson

Region:
North Central Region: E. L. Swift
Great Lakes Region: Richard Zielke
Canada: John W. Hall

Processing at Large: Stanley E. Bichsel

Agriculture at Large: John T. Alexander

Manuscripts submitted for publication and communications pertaining to editorial matters should
be sent to James H. Fischer, Secretary-Treasurer, American Society of Sugar Beet Technologists,
P. O. Box 1546, Fort Collins, Colorado 80522.

Each manuscript received for publication will be appraised for its technical and historical value
by a Publications Committee. The Publications Committee shall have final authority regarding
publication of manuscripts. The Journal of the American Society of Sugar Beet Technologists shall
contain papers presented at General and Regional meetings and articles of immediate interest prepared
specifically for this periodical.



LSS 00
JOURNAL
of the
American Society of Sugar
Beet Technologists

Volume 20
Number 4
October 1979

Published semi-annually by

American Society of Sugar Beet Technologists
Office of the Secretary
P.O. Box 1546
Fort Collins. Colorado 80522

Subscription prices:
$4.30 per year, domestic
S3.00 per year, foreign
$2.50 per copy, domestic
$2.80 per copy, foreign

Made in the United States of America



TABLE OF CONTENTS

Title

I'ntroduction

| deot ype concepts for
sugar beet i nprovenents

Gowh patterns in sugarbeet
producti on

Paraneters control ling sucrose
content and yield of
sugar beet roots

Selecting for taproot to
leaf-weight ratio and its

effect on yield and physi ol ogy

Seedl i ng physi ol ogy and
sugar beet yield

Sone new t echni ques for
sugar beet i mpr ovenent

Can we break present barriers to
i nprovenents in sugarbeet

yi el ds?

Sunmmar y

Aut hor
Devon L. Doney

R S Loonis

J. D. Theurer

Roger Wse

Snyder
Carl son
Silvius

_c_.uo—|
>Mms=s

Bunce

Devon L. Doney

Peter S. Carlson

Robert E. Wtters

Devon L. Doney

Page
321

323

343

368

386

399

419

426

432


http://VJ.it

Physiological Selection in Sugarbeet

Symposium presented at the
20th General Meetings of the
American Society of Sugarbeet Technologists
held at
San Diego, California
February 26 March 2, 1978

Edited by:
Devon L. Doney



| NTRODUCTI ON

Perhaps the nost inportant problemfacing the sugarbeet industry
today is the narrowmargin of profit or lack of profit in sugarbeet
production. There have been nunerous proposals on howto solve this
problem One of these solutions is the purpose of this synposium—
that is to inprove sugar production per unit land area.

| nprovenent in sugar production per acre over the past 30 years has
not been spectacul ar, but there has been sone najor progress. In
this period of time we have seen the use and nmisuse of conmercial
fertilizer, the introduction of hybrids, nonogermseed, disease

resi stance, and many other inportant contributions. As aresult,
root yields have increased from12.5 tons per acre to 20.6 tons per’
acre in 1977. Sharp increases in root yield were obtained in the 50's
and early 70's; however, a plateauing effect occurred during the
60's and appears to be re-occurring now. |nprovenent in sugar
production per acre has been | ess successful. A gradual rise
occurred throughout the 40's and 50's. The 60's showed a drop in
sugar production per acre, and at present we are producing only
slightly nore sugar per acre than we were in the late 50's and 60's.
This is true in spite of significantly higher root yields. There
are many factors affecting these trends, but one thing is apparent,
that is, "inproving sugar production is a long difficult process."

The reasons are nunerous, the negative relationship between root
yield and sugar percent, the expense and difficulty of testing and
handling a | arge bul ky crop, the high genotype tines environnental
interaction, the biannual habit of the crop, and the bel ow ground
growth habit are a few exanpl es.

The nost difficult job for a plant breeder Is to select and exploit
superior genotypes. Breeding techniques have consistently failed
because of the inability of the breeder to identify and isolate
superior lines per se, or line with superior conbining ability.
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To adequately test sugarbeet genotypes requires large field "trials.
Thi s reduces the number of genotypes that can be tested, and when
testing for yield (which involves 100's of growth genes) the
probability of selecting the best genotypes is reduced to al nbst zero.
For exanple, an F, popul ation segregating for 10 genes would have
only from1 in a thousand to 1 in a mllion plants carrying the best
conbi nation of those 10 genes (depending on the heterozygosity of

the best conmbination). Wth these kinds of odds, it is encouraging
that any significant inprovenents have been nade.

This brings us to the purpose of this synposium "Physiol ogical

Sel ection in Sugarbeet.” What is physiological selection? The
dictionary says that physiology is the science of the functions of
living organi sns; therefore, physiological selection would be a

sel ection technique utilizing one or nore fundanental functions of
the plant as a selection criteria. W have seen great technol ogical
advances in the past 30 years that have added many-fold to our

basi c understanding of the plant and its growth processes. These
growth processes can be accurately neasured and controlled in the
lab or greenhouse with nuch greater precision than the bulky field
tests. To use our know edge of these growth processes should meke
it possible to develop selection criteria and to nore accurately and
efficiently select superior genotypes.

in this synposium we have assenbl ed experts in a nunber of disciplines
and have asked themto assess the possibilities of devel oping
physi ol ogi cal selection criteria for use by sugarbeet breeders.



Ideotype Concepts for Sugarbeet Improvement
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The devel opment of the beet as a sugar crop in the 18th and 19th
centuries through sel ections anong fodder beets represents one of
the more successful efforts at plant inprovenent involving

nor phol ogi cal and physiological traits. The sinple objective was to
increase the sucrose concentration to a level sufficient for
effective processing while maintaining yield level. Progress was
particularly rapid after Vilmorin (21) introduced juice density and
pol ari scope neasurenments as estimates of sucrose concentration.

Further progress in inproving yield performance since that tine has
come slowy. On the one hand, breeding efforts, of necessity, have
focused principally on "defect elimination"—disease resistance and
secondary attributes such as the nobnogermtrait, bolting resistance,
and processing quality—and on genetic structure (male sterility,
hybrid formation, and polyploidy), with only general breeding effort
for yield. On the other hand, we have not yet fornulated sets of
characteristics which would be expected theoretically to enhance

per f ormance when conbined in a single genotype in particular
production systens.

“Depart nent of Agronorry and Range Science, University of
California, Davis, CA 956
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The |deotype Concept
I will use the term "ideotype" (3) to describe the collec-
tive norphol ogi cal and physiological traits of such ideal
genotypes. The question before us is whether we can now
define such ideotypes for sugarbeet. A logical point of
departure would be to seek an increase in photosynthate
supply either through alterations of the physiol ogical
processes or through manipul ation of the foliage, canopy.
Qur own experience (7) suggests that sugarbeet has a high
quantum efficiency and a high capacity for |eaf photo-
synthesis when conpared to other 03 plants (C; referring to
plants carrying photorespiration and ribul ose bisphosphate
carboxyl ase as central features of their photosynthetic
systems in contrast to C, plants such as corn). Sel ection
for inmproved photosynthetic rates will be very difficult
because of variations with environment and with age, as well
as previous history and current status of the |eaf. Unl ess
one approaches the problem with rather sophisticated tech-
niques and with plants grown under highly controlled condi-
tions, there is little chance for the detection of genetic
di fferences.

It may also be that we are already rather close to environ-
mental (solar radiation, CO, supply and growi ng season)
limts of production potential. Certainly the sugarbeet
reveals itself as the npst productive of bionass of any G
species (9), and G plants appear to be superior to C
plants at middle and high latitudes with npderate levels
of light and tenperature (5, 9, 10).

Opportunities do exist for inprovenents in |eaf display.

Wat son (22) outlined how the small size of sugarbeet

enbryos (relative to mature plant size), low seedling vigor,
and a poor ability to grow at low tenperatures conbine to
greatly delay the achievenent of full cover. These probl ens
remain with us today (2). But beyond full cover, it does
not seemreasonable to expect to increase production nore
than slightly through alterations in |leaf density and |eaf
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di spl ay since sugarbeet canopies generally possess near |deal
structure (4, 14, Loom s, and co-workers unpublished). Increasing
leaf densities to a |eaf-area index of 8 to 10 with very erect |eaves
woul d hel p, but one unit |eaf area (1 ha ha'!) of sugarbeet costs
about 20 kg of reduced nitrogen and 800 kg of dry matter for bl ades
and petioles. Using Penning de Vries' product value approach (17)

as a basis for calculation, that corresponds to enough original gross
phot osynt hesis (approximately 1200 kg as carbohydrate) to produce
900 kg dry wei ght or 4500 kg fresh wei ght of beet roots.

If the plant recovers significant amounts of material from senescing
| eaves, the ratio of 1 ha |eaves/ 4500 kg roots would increase. It
woul d appear that our ideal crop should have only a noderate |eaf
area index near the "critical" value (LAl - 4) (14). Viewing the
problemin that light turns our attention fromthe anmount of
photosynthesis to the question of what that crop does with its
photosynthate. M feeling is that there may be considerable room
for yield inprovenent through selection for inproved partitioning

of photosynthates to sucrose storage in the root while mnimzing
the associated structural and nai ntenance costs. It is occasionally
found that root sucrose equals only 30%or |less of the final dry
wei ght of the total crop.

Vilmorin's work is still viable as a nodel of how inprovenents in
partitioning can be achieved. Physiol ogical perfornance and

nor phol ogi cal structure are Integrated within the plant and
Vilnmorin was able to identify sinple selection criteria which
reflected that integration. "Integration" and "sinple" are the key
words. The fact that our progress has slowed suggests that we

nust now reach deeper into our understanding of plant growth and
devel op in ideotype fornulation to structure new conbinations of
traits suitable to particular cultural practices. There are three
elements to that approach: identification of linmting ("pacenaker")
processes or norphol ogy at cellular and organisnal |evels; fornu-
lation of predictive hypotheses of how changes in such traits wll
quantitatively affect crop behavior; and settling on appropriate
selection criteria.
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The recent; literature in crop physiology provides nunerous
exanpl es of disappointnments in expectations because the
second step, the quantitative predictions about integrated
behavi or, was overl ooked. Several of the steps in nitrogen
assim lation, "mtochondrial efficiency" and other issues
have been touted as pacemaker controls over plant growth and
yield. But integrative physiology studies have shown that
plant behavior is insensitive to rather wide variation in
such traits (e.g., Penning de Vries assessnent of mto-
chondrial efficiency, 17).

One of the key difficulties found with such physiol ogical
hypotheses is that a single step is seldom "always limt-
ing." Different processes limt different parts of the
plant at different tines. It is also clear that higher
plants are rather capable in homeostasis—a deficiency in
the capacity of one process or organ may be quickly bal -
anced by an increase in the size of that systemor a reduc-
tion in the size of dependent processes or organs. A
sinple analysis of that situation m ght suggest that noth-
ing is limting since all parts seem in bal ance. Clearly,
advanced ideotype fornulation may prove difficult and
conpl ex, requiring best efforts by physiologists, norpholo-
gi sts, ecologists, and geneticists. It also will require
some nmeans for formalizing the |deotype quantitatively in
terns of whole-plant and field behavior. I am convi nced
that the latter task requires the use of mathematical

nodel s. In some cases sinple and, In others, quite advanced
model s with hierarcheal structure are required to handle
the integrative equations. Hi erarcheal nodels involve
several levels of biological organization so that field
behavior is predicted fromthe underlying tissue and organ
I evel physiology and norphol ogy. That permits one to deal
quantitatively with time-varying limting processes. I'n
the following sections, | will develop nostly from our

own work sone ideas about integrative behavior, and outline
what | think may be prom sing nethods and areas for sugar-
beet inprovenent.
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A Spatial Ideotype Devel oped froma Sinple Experinent
A key ideotype feature is the rapid and conpl ete occupation of
avai | abl e space (e.g., conplete light interception, efficient soil
exploration), and avail abl e space depends upon plant density. The
problem for the early achievenent of full cover nmight be aneliorated
through the use of higher densities. An opportunity may al so exi st
to markedly alter the plant type to better tolerate high densities
subsequently during m dseason. W obtained clues on this from
two experinents. In a field experinment with conparisons between
hi gh and | ow nitrogen supply (15), we encountered a heavy soil
with high reserves of organic nitrogen which nitrified at a rate
adequate to support rapid but |ess than maxi mal growth. By the end
of the season, those |ownitrogen plants achieved 40 tons of roots
per acre (conpared to 44 tons per acre in the high-nitrogen control),
al t hough they never exceeded covering about 65% of the ground area
with | eaves. Aerial space was available for a 50%increase in plant
popul ation (but with nitrogen limiting, an increase in nitrogen
supply al so woul d have been necessary). The dwarfed plants al so
di spl ayed a high harvest-index with over 50% of their dry matter
found as root sucrose conpared to 40% in the high-nitrogen plants
whi ch acconpl i shed nore photosynthesis, but partitioned nuch nore of
it toleaf growth.

Alterations in partitioning have been the objective of a nunber of
selection efforts (Doney and Snyder, this issue) and of many growh
regul ator studies. Those field results pointed directly to a geno-
type x density solution—a dwarf, root-partitioning ideotype to be
grown at high density. This was tested first by conmparing a series
of genotypes varying strongly in foliar devel opnent in a pot-culture
experiment conducted outdoors (Loom s, previously unpublished). The
vermculite-nutrient culture (13) allowed potential growth by the
nonconpetitive plants with high and |ow | evels of nitrogen. Two
conpari sons were obtai ned: anong three sugarbeet inbreds; and

anong chard, a sugarbeet hybrid and mangel. Results are presented
in Table 1 for the inbreds.

At high nitrogen, beet and sucrose production was simlar for the
three inbreds although weights of fresh tops varied from 620 g/ pot



Tabl e 1.

CGenotype-nitrogen interaction. The plants were grown outdoors at Davis, CA, in40-¢ pots filled with
verraiculite. Daily watering fromthe planting date on 5 May was with nodified hal f-strength Hoagl and
solution. After an initial harvest on 15 August; (data not shown) the remaining plants were divided

into two groups; one receiving the normal solution (+N) and the other chloride instead of nitrate (-N.

Data are presented for the weights per pot (2 plants) at: the final harvest on 15 Cctober; neans of 8
replications.
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INBS, nonbol ting inbred with large top (F60-547); NB4, inbred with mediumtop (6554);
and NB1, inbred with small top (5502). Supplied by J. S. MFarlane, USDA-SEA
Salinas, CA

2k: coefficient of economic yield: root sucrose as a % of top + storage root dry
wei ght .
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Table 2. An estimate of potential field performance drawn fromthe
pot-cul ture experinenn presented in Table 1. The dianeter
of the foliage on 19 Cctober (near maxi numvalue for +N;
neans of 2 observations per pot with 3 replications) was
used to estimate foliage area required for two plants and
assuning cl ose spacing with no gaps or overlaps, a possible
popul ation and yield per hectare. The lownitrogen plants
are assuned to have had small foliage areas throughout the
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for the nonleafy inbred NB1 to 2190 g/pot for NB5, and beet sucrose
varied from39 to 54 percent of the total dry weight at harvest. Top
wei ghts were reduced sharply without nitrogen. Wthout nitrogen, NB4
had a greater decrease in beet weight and increase in sucrose concen-
tration than MB1 and NB5. The three genotypes thus appeared to
differ markedly in the amount of reduced nitrogen which could be
renobilized for further growh, and in the type of growth which was
made. The key point is that NBL did very well at either high or

low nitrogen despite its small size of tops and thus appeared suit-
abl e for high-density plantings.

Field experiments were attenpted twice with the above inbreds and
their conparison hybrids presented over a w de range of plant
densities. Both experiments were failures due to the difficulty in
achi eving adequate stands of inbreds in flat plantings, and the
hybrids differed too little in leaf-area to justify intensive study.

But even in the absence of appropriate genotypes with which to test
the dwarf ideotype hypothesis in the field, we still can evaluate

the concept through nodels. A very sinple approach is illustrated

in Table 2 where the |argest foliage areas observed per pot (2 plants)
were used to establish: a mininmumestimate of the number of plants
needed to fully occupy a field area with no overlap anong adjacent
plants (except for that between the two plants). Usi ng the root
yields obtained with water and nutrients nonlimting (Table 1 -
nitrogen limting), a strong genotype x spacing interaction is
predicted in Table 2 with marked advantage to the dwarf-foliaged
genotypes at high density. The optinumfield situations would be

nore conplex with higher plant density providing sone |eaf overlap,
root conpetition and with variations in time in the degree of conpeti-
tion and partitioning. A nore conplex, dynamic sinmulation nodel with
sufficient structure to predict partitioning behavior under
conpetition is needed. That can be done only with a nultilevel,
integrative-physiol ogy nodel of the crop such as our sugarbeet
sinulator (6, 8). Unfortunately, the SUBGOL nodel is not yet
sufficiently sophisticated to handl e density variations (11).
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Figure 1. Relative effects of tenperature with different diurnal
anplitudes on the growth rate of |eaves (left) and storage
roots (right) as they operate in the SUBGOL sinulation
nmode. These data are for a midseason date at Davis, CA,
when nean tenperatures were optimal for growth. The |.G
curves are for the normal diurnal anplitude of air
(17°C) and soil 7.5°C) tenperatures for that date;
the O.G 0.5 1.5 and 2.0 curves depict the effects on
growt h when diurnal anplitude is nultiplied by those
factors.

only 0.07 (7% of Lhe daily photosynthate production. After 40 days,
root-sink capacity greatly exceeded photosynthate supply, and beet
growth was sinulated to use between 40 and 50% of that supply. Very
large |eaves are produced during the juvenile period (day 20 to 35)
when photosynthate supply is not limting to |eaf growh.

It appears that a larger initial storage-root size and/or growth
capacity m ght be desirable ideotype characteristics. However,

ot her sinulations indicate that would detract from|leaf-area devel op-
nment and woul d reduce root yields except over a long grow ng season.
The effect could be offset by increased plant density (e.g., narrower
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Table 3. Early growth of a sugar beet crop simulated with the SUBGOL
nmodel .  The daily totals of gross photosynthesis and the
accunul at ed beet weight and the absolute and rel ative beet
growth rates are given in dry weight equivalent to the
chemi cal conposition of sugar. The absolute growth rate
is then shown as a fraction of the daily photosynthesis.

The beets achieve a very high relative growth rate of 0.30
on day 30, but they are unable to use a significant fraction
of DPH until they reach a larger size, after dr;a?y 40.
Enmergence on 16 May; Davis weather, 7 plants/ .

[y Zrom - -
Drerrpanon apt TORGY st

|
T
37
3
[}
EC

J'Si:m_'ia—_ed Qaily s e oy b

955.1’:11}1;1?Cd dry weipht oF Lools In

"hatly growth mats of deme oweipht of
L

Rimuiated relative gros

Tiorvte al lasels The maMInun olseresd value

PN (R EET

[ . . . - S
(=% az a fracticn of Lthe T2l owrvent Pruss photesynTassis of thn

ST,

rows) or by larger enbryo size. Savitsky's (18) work on selection
for increased enbryo size nerits additional effort.

Respiration
The respiration activities of higher plants can be divided into two

conponents; one associated with the energy costs of growh

(bi osynt heses) and one associ ated wi th mai ntenance (16, 17). The
current view is that biochenical pathways are nore or less fixed, and
growth respiration is, thus, dependent on the anount and chenical
conposi tion of synthesized materials. H ghly reduced conpounds, such
as fats and proteins, generate nore respiration than do cellul ose and
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and sugar storage. The nost efficient sugar- beet then is one which
mekes a mininum expenditure for proteins (particularly in |eaves)
for each anpunt of sucrose which it stores.

Mai nt enance respiration is chiefly concerned with repair of proteins
and menbranes and wi th mai ntenance of chenical gradients. The need
for such reoair seens to increase geonetrically with tenperature.
Qur crop should maintain |ow tenperatures (conplete |eaf cover and
freely transpiring so that net radient energy is dissipated to
evaporation) and have a | ow percentage, of |abile proteins and |ipids
with a |ow propensity to increase turnover as tenperature increases.
Sel ective turnover may be desirable since that is one way plants
avoid the necessity cf having all enzymes for all systenms at all

ti mes—ol d enzynmes are hydrolyzed into the free amino-acid pool, and
the new enzynes of the nonment can be induced as needed. Selection
for |ow maintenance respiration may prove difficult. MCree (16)
suggests that the respiration rate of starved tissue (no growh.) is
the best index, and it should be expressed per unit protoplasm
(e.g., per ng protein-N) since wall material, starch and stored
sugar have little or no maintenance requirements, and their weight
woul d dilute the observed rate. Sel ection for low sensitivity to
tenperature seens particularly inportant.
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Cell Size

The integration of structure and function is seen particularly clear
at the cellular level. The size of the cells conprising a tissue
affects their surface/volume ratio, and, thus, the proportion of the
bi omass which is wall nmaterial. for the same degree of secondary wall
formation (the addition of lignin and hem cel lul ose), small cells
have nore of their dry matter allocated to wall naterial when conpared
to large cells, and the walls occupy a larger fraction of the fresh



Table 4. The influence of plant composition and the maintenance requirements of biomass on the seasonal yield and
respiration of a sugar beet crop. Simulated with the SB3OL model with emergence on 1 June; 140 days
of growth, 1967 Davis weather, and 7 plants/m?. Adapted from Hunt (8).
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volume. This fact has important consequences to the behavior of the
tissue. For example, the interconnected wall spaces are important
avenues for transport of organic and inorganic substances between the
tissue and the vascular strands which supply it (Wyse, this issue).
This space is termed the apoplast (in contrast to the symplast of
interconnected protoplasts) and, theoretically, we expect

more apoplast and perhaps lower intratissue transport resistance with
small cells. In addition, for a given density of carriers per unit
area, of cell membrane (plasmalemma) , the greater surface to volume
ration of such cells might allow more membrane carriers per unit of
cytoplasm for the uptake of ions and organic substances.

Such a hypothesis of more rapid movement and uptake of materials by
small-celled tissues does not seem to have been studied experimentally
although a number of implications about the growth and development of

sugarbeet roots can be drawn from it.

There has been work on the influence of cell size on the water rela-
tions of plant tissues. For example, in cotton leaves, small cells
were found to be an important feature, of hardening to drought stress
(1). With small cells, a smaller fraction of the plant's water con-
tent is withLn the plasmalemma-bound osmotic space and less increase
in solutes is required per unit volume of tissue for osmotic

adjustment to changing water potentials.

The model and the method of calculation employed in that cotton work
can be applied to the guestion of the possible sucrose concentration
in sugarbeet storage roots. Sucrose concentration is normally
expressed as a percentage of fresh weight. Considering a turgid root
such as we would find in well-watered soil, a percentage of weight
can also be expressed as a percentage of tissue volume to the extent
that volume remains constant. But within this tissue, the stored
sucrose 1is largely confined to the osmotic space of the symplast and
may be mostly within the vacuoles of that space.

The water potential of the root tissue will be in equilibrium with

the. soil-water potential and, during times of the. day when transpir-

ation gradients are small (such as just prior to dawn), we can write:
Usoil = Yroot = Yosmetic - Yturgor;
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where the {'s are water-potential terms measured in bars or Joules/kg.
The turgor value thus determines the amount of osmotically active
solutes which can be. accumulated within the symplast. Measurements of
turgor potentials for fleshy tissues like sugar-beet roots are
difficult and uncertain, and we know little about, how that value may
vary with variations in tissue morphology. We can assume, since
turgid beets ordinarily do not split, open when the outer tissues are
ruptured, that turgor pressure is maintained by the tensile strength
of the walls of each cell rather than by a contrasting or binding
action of just the outer cell layers. We can also assume that the
tensile strength of walls is, in part, a property of wall thickness

with greater strength in thicker walls.

With that background, we can now consider some of the implications
of cell size on sucrose storage. A simple model for the calculation
of wall and osmotic volumes is established in Figure 2. Large cells
with thin walls will have a larger traction of their total volume as
osmetic space suitable for sucrose, storage than will small cells
and/or cells with thick walls. When such cells are packed into
tissues, three types of space can be identified: osmotic, wall, and
intercellular air spaces. With close-packed, round cells, the
percent of air space is independent of cell size. Whether that is

also true in real tissues with more complex cell shapes is unknown.

r
Pt Vv = 3w

v, = Taie-t?

/| (3%t -3et2 4 t3)
|

[

t

Yo=Y

= + 1;; = .
cell solute turgor 50il

£C
]

Figure 2. A conceptual model for partitioning cell volume (V) into
osmotic (V) and wall (V,) space depending upon cell

radius (R) and wall thickness (t).
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In Table 5, calculations are presented for tissue-water relations in
sugarbeet roots with three cell sizes and two wall thicknesses. For
simplicity, these cells are assumed to be closely packed with no air
spaces. It is further assumed that the tissue has a bulk density of
1.0 and that the matrix potential of the cytoplasm and the physical
volume of the cytoplasmic material are zero. This permits us to
predict sucrose concentration for the whole tissue on the basis of
sucrose concentration in the osmotic space. Table 5 is based on 0.44
molar sucrose (a 15% solution) in that osmotic space generating

Ve = 10.6 bars (from ¢, = -RT/V). With ¥, = 0, then
turgor = 10.6 bars. large, thin-walled cells are found then to

s0il

yield 14.5% sucrose on a fresh weight of tissue basis, whereas

small cells with thick walls yield only 12.2%. That difference is
due to the change in wall volume from 3.5 to 18.7% of the whole
tissue. We can only guess the extent to which smaller cells or
thicker walls would increase the permissible turgor. Based on the
sucrose concentrations observed in sugarbeets grown with a low
supply of nitrogen or at low night temperatures, turgor pressures in

the range of 13 to 15 bars seem possible.

The 30p and 15p radii used here are typical mean values for the
parenchymatous cells in sugarbeet: and chard roots, respectively
(Rapoport, 20th Genl. Mtg. , Am. Soc. Sugar Beet Technol.). There

is considerable variation in cell size in the intercambial zones of
sugarbeet with small cells near the vascular cambia and larger cells
(r = 60pn) in midzone. The small cells presumably are immature and
progress with time tO large cells. The model predicts (Table 5)

that The greatest concentration of sucrose per weight of tissue would
be found in midzone parenchyma. However, this is not the case with
real beets where small beets have greater concentrations than large
beets (13) and cambial zones greater than midzone parenchyma (20) .
This seems likely to be cue to the occurrence of other solutes within
the osmotic space of midzone cells, thus limiting the proportion of
V...... due to sucrose. Such solutes include amino acids, organic
acids, inorganic: ions and other sugars. At least Na+ and K+ (and
presumably equal concentrations of anions such as Cl and organic
acids) have been shown to vary across the intercambial zone (D. F.

Cole, 20th Genl. Mtg., Am. Soc. Sugar Beet Technol.). Rough



Table 5.

The potential influence of cell size and wall thickness on sucrose concentration expressed as a percent
of tissue fresh weight. Calculations based on the nodel in Figure 1 assuning close-packed cells

(0 air space) with 0.44 M (-9.8 bars) sucrose solution in the osmotic space and a tissue bulk,

density of 1.0 g cm®.
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calculations with one of Cole's data sets indicate than Na+, K+ and
their counter ions contribute -2 bar to solute in cambial zones and
-4- bars in midzone parenchyra. The 2-bar difference, taken at the
expense, of sucrose, would reduce tissue sucrose concentration by
nearly 20%, from -10.6 bars to -8.6 bars. Another data set showed

even larger differences.
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Growth Patterns in Sugarbeet Production*
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For decades the. sugarbeet plant has been studied to learn
about its growth processes and how they interact with the
environment to influence sucrose yield. Growth studies
have also been used as a way to discover inefficiency in
sugar beet production and to develop) techniques and cul tural
practices that can be used to remedy such inefficiencies.

Pl ant physiol ogists have mainly used pot cultures in the
greenhouse, growth chamber, or phytoiron in their sugar-
beet growth experiments. Much of the research has been
done with a. limted number of commercial varieties, with
little attention given the effect of genotype. Agronom sts
have conducted field trials testing cultural practices
such as the effects of fertilization, irrigation, and

pl anting density. Sugar beet breeders have continued to
follow routine methods for the devel opment of commerci al
varieties based upon their combining ability and performance
for root yield, sucrose content, and pest resistance.

They have censistantly struggled with the apparent inverse
relationship between root yield and sucrose content.
Breeders have directed little effort toward selecting a
particular type of |eaf canopy or internal root structure
that is more efficient in partitioning of photosynthate to
growth and to sucrose storage in the root. Physi ol ogi sts
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and geneticists are now becom ng aware of the need for

team research to study the variation anong genotypes and

to develop principles, nmethods, and nodels for the selection
and breeding of superior cultivars.

The purpose of this paper is to: 1) summarize sone of the
general characteristic patterns of growth and sucrose
accunul ation that have been observed in sugarbeet as a
sumrer crop in a tenperate region and 2) to present data
we have obtained in recent years on growth and sucrose
accunul ation patterns in inbreds and hybrids, and the

rel ationships that exist between inbreds and their
hybrids for these characteristics.

General Growth Pattern

Early scientists such as Bouillene et al. (3) and van de
Sande Bakhuyzen (31) distinguished three phases of grow h
in the sugarbeet: | eaf formation from enmergence until
the end of July, "root formation or tuberization during
August, and storage, or ripening, through the rest of

the season. Watson and Selman (39) agreed that early
growth is domnated by the foliage and |ater devel opnent
by the root, but they were unable to distinguish a
separate phase for sucrose storage in the root.

Leaves and petioles have the first priority for netabolic
products during seasonal devel opment of a plant as |ong
as conditions favor vegetative growth. During the first
few weeks of growth, |eaves and petioles constitute the
main part of the plant and account for nost of the plant
dry matter (34, 10, 21, 33). At about 6 weeks, the root
begins to accunulate dry matter nore rapidly than do
petiol es and |eaves conbined. From that point on, the
root shows an accelerated |inear accunulation throughout
the season, while the dry matter content of blades and
petioles tends to accunulate at a constant rate. This is
illustrated with data froma test of 24 hybrids and inbreds
grown at Logan in 1974 (Figure 1). This suggests that
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Figure 1. Seasonal accumul ation of dry matter for bl ades,
petioles, and roots of 2' genotypes. Logan,
Ut ah. 1974.

the earlier the |eaf canopy devel ops, the better the
chance for higher sucrose production because the root,
rather than the foliage, receives the bulk of Lhe photo-
synthetic assimlate for a |longer period.

Leaf Area

Leaf area has been one cf the main parameters to measure
growth in plants. According to Storer et al. (33), it
appears to approxi mate photosynthetic production as well
as any measureable leaf attribute.
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As early as 1947, Watson (36) observed that |eaf area was
a main constituent in determ ning sugarbeet yield. Ot hers
have substantiated that root yield was correlated with a

rapidly devel oped, large leaf area index (LAlI) (12).

Several workers (4, 14, 15, 16, 19, 21, 32, 33, 37) have
noted the distinct pattern of |eaf area increase and

decrease during the growing season.

A typical seasonal change in leaf area in the northern

hem sphere with N fertilization to maxim ze sucrose
production is shown in Figure 2. If is a typical
-
-
L3
(Y7
- 4
e
[T
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Figure 2. General pattern of seasonal changes in |eaf
area. See Watson (37), Campbell and Viets (4)
Il odanova (15), and Storer et al . (37).

logarithm c growth curve maxi m zing mdway in the grow ng
season; it then decreases because as the ol der |eaves die,
their leaf area is not entirely replaced by that of the
newy forned | eaves.

In the northern latitudes under normal N fertilization,
plants usually reach their maxi mum LAl in the latter part
of July or the first part of August, then decrease until
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harvest. The rate of decrease in leaf area after the

maxi mum is dependent wupon nitrogen availability. W th high
rates of nitrogen, the |leaf area does not decrease as
rapidly as illustrated in Figure 2.

Goodman (14) collected data at seven locations in England,
using two varieties, and found significantly different
leaf areas for |ocations but simlar seasonal growth

patterns at all |ocations. We have observed the same
general |eaf area growth curves in diverse inbreds and
hybrids as observed in various open-pollinated varieties
studi ed by other scientists (Figures 3 and 4). There

were differences between genotypes and between years for

osje

Area /Plant

Mean Leaf

A i A

-}
14 3 L) B.4 an B8 8.2
Date

Figure 3. Seascnal pattern of leaf area Tar inbreds at
Logan, Utah.
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Seasonal pattern of |eaf area for hybrids at
Logan, Utah. Each curve represents the mean
of five hybrids of the indicated pollen parent
crossed to the same cytoplasmc male sterile-
femal e parents.

the mexi mum | eaf area was reached, but the
erns remained relatively sinmlar for all of

the genotypes during different growi ng seasons.

Si gni fi cant

differences in |eaf area were observed between

i nbreds and between hybrids. Sone hybrids showed | eaf

growth sim
exhibited h
inbred has
(Figure 3).
| arge | eaf

lar to the nmean of their parent inbreds. Qhers

eterosis for |eaf area. For exanple, L53

the smallest canopy of the inbreds we studied
However, in hybrid conbinations, it produced

areas (Figure4) . It appears that |eaf area



VOL. 20, No. 4, OCTOBER 1979 349

is a multigenic character governed mainly by nonadditive
genetic factors. These data and data from other unpublished
experiments denonstrate that the total seasonal |eaf area
of a hybrid in the field cannot be accurately predicted
from the leaf area of its parents.

From the literature, we would conclude that: |eaf area
indexes of 3 to M in August are nearly optimal for sugar-
beet growth (10, 13, 14, 32, 33, 37). However, no | eaf

area is optimal from year-to-year (33). Goodman (14)
pointed out that: an increase in root yield has been
associated with an increase in LAl up to 5.5. He suggested

that, beyond an LAl of 4 the added canopy may contribute
to total plant dry matter yield because of the foliage,
but the |leaves on the average are so deficient for

mai ntenance carbohydrate that they do not contribute to
root growth and sugar accumul ation.

One of the most likely ways to increase sucrose yield would
be to develop varieties that reach their maxi mum | eaf

areas early in the growing season and thereafter do not
surpass the LAl for optimum growth. This partitioning of
assimlate to the root and the early establishment of a
large sink size in the root are necessary for high sucrose

yield.

In a 1976 test at Logan, |eaf areas of nine inbreds gave

a correlation of 0.80** with root weight at the July 21
harvest date. The correlation coefficient for leaf area
and root weight of six hybrids developed from these inbreds
was 0.60**. Campbel |l and Viets (4) reported that the
correl ation between LAl and root weight approached 0.90**
by the end of June but dropped to 0.33 at harvest. Thus,

meani ngful relationships must be defined, and selection
for leaf area should be mace early in the growth season
while the canopy is being formed.
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Leaf area is greatly influenced by environmental factors.

Wat son, et al. (38) reported that | eaves expand more in
moi st years than in dry years, and that shading decreases
| eaf size. Nitrogen fertilizer increases |eaf growh-
arid al so delays maxi mum "leaf canopy devel opment until the

|l ast of August (6, 9, 33). M | ford and Thorne (25) found
that cold temperatures late in trie growing season resulted
in plants having slightly smaller |eaf areas, and halving
light intensify had little effect en |eaf area. Lenton
and M lford (18) reported that increased photoperiod in
controlled environments increased |eaf area 47%; however,
|l eaves were thinner and had dry weight production simlar
to sugarbeets grown in a normal environment.

Leaf Nunber

The number of |eaves on a plant continually increases in
a |linear manner throughout the growing season for all
genotypes. We have observed simlar growth patterns for
both inbreds and hybrids (Figures 5 and 6). Signi ficant
differences in |eaf number ana heterosis occur for this
character. However, |eaf number is relatively unaffected
by cultural practices or environmental factors (38).

Canopy Type
The multiplicity of canopy types in sugarbeet further com

plicates the problem of selecting the nost: efficient
plants for breeding and production. Much of this
variation has nor been critically studied because
scientists have used commercial varieties in their growth
studi es, and most of our commercial varieties are quite
simlar in canopy type.

Foliar geonetry of |oaf placenent:, horizontal or erect
growt h habit, differences in |ight-absorbing capacity, and
photosynthetic efficiency could all affect production.
Kiyaura et dl . (27) have reported that erect and horizontal
canopy types are different: in their transition from one
stage of devel opnent to another during the grow ng season.
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Fi gure 5. Seasonal pattern of leaf accretion for inbreds
at Logan, Wah..

Loom s and W lliams (22) reported that |eaf angle distri-
butions are quite cifferent from different strata in the
canopy, and a single mean angle for each stratum would
be a poor representation of canopy morphol ogy. So far
we have railed to develop reliable techniques that can
be used as selection criteria for the nost effective
canopy type for sugarbeets. Some attempts to study Lhe
effects of the canopy have been made by defoliation or
decapitation of the term nal bud (5, 8, 11). These
practices have resulted in decreased root yield and
sucrose production. Early leaf removal stimulated the
remai ning leaves to increase in size at the expense of
root growth; late removal of |eaves also reduced sucrose
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Figure 6. Seasonal pattern of leaf accretion for hybrids
at Logan, Utah.
contort. Gerra (31) estimated that |oaf removal caused

a 40% decrease in cell number and a 50% decrease in the
wi dt hof vascular rings in the root.
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the field. One genotype had a prostrate growth habit

with |leaves on, or near, the soil surface. A second
genotype had an extremely erect growth habit, and the third
genotype was intermediate between the ether two. The

erect and sem -erect canopy types tended to be less erect

in the wider spacings, but the growth habit of the prostrate

genotype remained unchanged. The interaction of genotypes
x density was not significant. Al'l three canopy types gave
the highest yield at the same density and had simlar

sucrose contents. Data from a 1976 study also demonstrated

that plant density affects sugar production, but canopy
types of different growth habit showed little interaction
with plant density. Simlar results have been observed
by Loach (19).
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According to Arrschwager CD, the sugarbeet root: is
derived from a series of concentric cambia devel oped at
a very early stage. He suggested that all of the vascular-

rings of the root arc devel oped concurrently and just
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Figure 7. Root/shoot ratio of 24 genotypes.

expand with growth. Kilford (23) recently concurred that

rings develop together and not sequentially. Our research

at HO supports this conclusion.
The sugarbeet root begins an accelerated growth about 6

weeks after germi nation and continues to accumulate dry

matter linearly throughout the growi ng season (Figure 1).

Root growth occurs by both cell division and cell enlarge

nerit , and individual varieties may differ greatly in the
proportion of each of these two processes.
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Vascul ar _Ri ngs

It is generally assumed that high-sucrose types have many
narrow vascul ar rings, whereas high-root-yield types show
the opposite pattern. This was first suggested by Roemer
(30) and Pack (2S). Pack observed a correlation of 0.30
for sucrose content and ring density and suggested that
ring density could be used by breeders as a selection
criterion for high-sucrose |ines. Artschwager (1) noted
that large ring number, high ring density, broad vascul ar

zones, narrow parenchymal zones, well devel oped phloem,
absence of lignification in the sugar sheath and white
tissue color were all indicative of a high-sucrose content.

However, he cautioned that the relative influence of

these traits on sucrose can differ with the genetic
material, and systematic study would bo required to define
the effect for a given selection. He found no relation-
ship with the size of the central core, nor a consistent
relationship between the number of vascular bundles in
the root and sucrose production. He al so concluded that
the shape of the root has little consistent relationship
to its internal structure.

In a 1974 study at Logan, 24 inbreds and hybrids were
harvested five times during the growing season, and the
vascul ar ring numbers and ring widths determ ned. wel | -
devel oped ring numbers increased on the average from
seven on July 28 to 11 on October 15, the date of final

harvest. The relative growth rate of the rings showed
that they grew in a parallel manner at quite simlar
rates during the season (Figure 8). Ri ngs decreased

in width fromthe central core outward. Ring wi dths were
influenced by different plant densities; however, geno-
types showed simlar patterns of behavior. M | ford and
Wat son (26) found that the heavier roots of nitrogen-
fertilized beets had the same number of rings as roots
grown with low nitrogen, but root enlargement was due

to increased width of individual rings. The nunber of

cells was not affected, but mean cell volumes were 40%
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larger in the high-nitrogen plants

10 =

-]
L 2l

Ring Widih mm.

40 [-]s] B0 100 129
Days From Emergence

Figure 8. Seasonal change in ring width for 24 genotypes
of sugarbeet at Logan, Utah. 1974.

I'n our studies we have significant, positive correlations
of ring width wth root yield and negative correlations
of ring widthwithsucrose content. An exanple of these
correlations is given in Table 1 for 18 hybrids grown

at Logan in ]976.
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Cell Size and Cell Volume

M Iford (23) recently made a detailed anatom cal study of
The vascular rings of the sugar-beet root. He found that
The mean cell volume within both parenchymal and vascul ar
zones of the roo: were larger in each successive ring
from the corner outward . However, the vascul ar zones
contained two to throe times as mny cells as The

adj oi ning parenchyma. Cells enlarged less with each

successive ring outward, expandi ng parenchymal cells
increased six to eight times in volume and 10 to 15
times in number from June, to September. Vascul ar cel |

volume remained constant cell cell number increased 10
TO 30 times during This growth period. The parenchymal
tissues had |ower sucrose concentrations than the vascul ar

zones conposed of smaller cells. Water per cell and
non-sucrose dry matter per cell were directly proportional
to cell volume. He concluded that sugar concentrations

in the root is determined on the basis of The relative
proportions of the two types of tissue in the root.
Pilot studies in our |aboratory have also indicated that
cell size is highly correlated with sucrose content.
More research needs to be done to study root growth at
the cellular level.
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Root Di amet er
Gemma (11) reported that root diameter was highly corre-
lated with root weight: 0.82** for subarbeet, 0.84** for
fodder beet, and 0.75** for chard. He observed that
root diameter was also correlated wirh the number of
rings in the root: 0.80** in sugarbeet, 0.52** in fodder
beet, and 0.79** .in chard. Pack's (29) correlation was
0.86** for root diameter and yield. At Logan, our root
di ameter ard yield correlations have varied from 0.60**
Lo 0.80"" (See paper by D. T,.. Doney in this symposium)

Sugar Accumul ation
Several of our studies at Logan have demonstrated that
sucrose accumul ation in the root begins very early in the
seedling stage of development and occurs concurrently

with root growth. On a fresh weight basis, sucrose content

increases in an almost linear matter during the growing
season (Figure 9). Our results are supported by those of
’- oM
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Figure 9. Seasonal changes in sucrose accumul ation, fresh
wei ght (F.W ) and dry matter (D.M ) basis.
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Bergen (?), Gemma (11), Goodman (12), Follett et al. (18),

Ml ford (23), and Watson and Selman (39). Sucrose percent
of the root dry matter shows the nmost rapid rate of accunmu-
lation during June (Figure 9). The rate is decreased
slightly in July and then remains relatively constant until
harvest . This is in contrast to previous concepts (35)
that sucrose does not accumulate until the root is fairly
wel | devel oped, ana results from residual photosynthate not

required for growth.

inbreds and hybrids follow simlar |inear patterns of
sucrose accumul ation, with the highest rate of accumulation
occurring early in the season (Figures 10 and 11).
Significant differences were noted between inbreds and

bet ween hybrids, and in a few cases heterosis was observed
for sucrose percent. Since sucrose content is inherited
mainly in an additive manner, the sucrose content of

nost of the hybrids was equal to Their m d-parent mean.
Correlation of sucrose in inbreds with sucrose in hybrids
was 0.9]**.

usual ly inbreds, or hybrids, high in sucrose at the

begi nning; of the season were also high at the end of the
season. Those low in sucrose remained |low during the
entire growth period. The high-sucrose inbred L19 was
an exception since it had a |ower sucrose content than
some inbreds at the first harvest in June and a nore
rapid rate of sugar accumulation than all other lines
during the remainder of the season. This suggests that
there may be different genetic and physiological mechan-
isms governing the amounts of photosynthate proportioned
for sucrose accumulation in L19 than in other inbreds.
The L53 inbred apparently receives a greater proportion
of photosynthate for sucrose storage during the early
stages of development, and L19 receives an increased
stimulus for sucrose accumul ation about 40 days after

t hinning. The same relationship is evident on a dry-
matter basis. At the first harvest in 1976, the percent
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Fi gure 10. Seasonal change in sucrose accunul ation for
si x inbreds, ogan, Utah. 1976. (Fres
wei ght basi s)

dry matter! of L53 was 67% and of L19, 64% At The final
harvest, L19 had 2% higher sugar in the root dry matter
than L53 (L53, 57% and L19, 59% . Oher inbreds shown

in Figure 10 averaged 60% sucrose in the dry matter for
the first harvest and 55% for the final harvest. Li ght,
soil conditions, tenperature, noisture, and nitrogen

could affect the control mechani sns. We need nore research

in these areas.

Sucrose percentage generally has a correlation of 0.7 to
0.8 with dry matter of the root. Di fferences in sucrose
percentage on a fresh-weight basis often appear to be
reflections of water content of the cells rather than
sucrose per se. \Wen sucrose content is determ ned on a
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Figure 11. Seasonal change in sucrose accumul ation for
hybrids, Logan, Utah. 1978. (Fresh weight:
basi s)

dry-wei ght basis, there is often little difference between
varieties. Bergen (2) compared a high yield with a high
sucrose type variety and found that, although the varieties
showed consistent significant differences on a fresh-

wei ght basis, the differences were significant on a dry-
wei ght basis for only the l|ast harvest. Goodman (13)

and Follett et al. (10) reported simlar results.

Pl ant breeders generally select for high sucrose on a
fresh-wei ght basis. More meani ngful selection m ght
result if breeders made their selections on a dry-weight
basis.
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Summary
There are consistent patterns of growh of |eaves and roots

of sugarbeets and fairly consistent patterns of sugar
accunul ation during the season. These nay be altered by
environnental factors, cultural practices, or genotypes;
however, the patterns remain relatively consistent. Leaf
area increases rapidly for all genotypes until the |ast
part: of July, or first part of August (approximately 80

to SO days afrer emergence), and then decreases during

the rest of the season. Leaf numbers, root/shoot ration,
dry matter, root diameter, the nunber and wi dth of vascul ar
rings in the root, and sucrose accunul ation on a fresh-weight
basis have linear patterns of devel opnment. On a dry-nmtter
basis, the pattern of sucrose accunulation is curvilinear,
with the greatest rate of accunulation occuring m d-season.

Significant differences are noted between inbreds and
hybrids for all growth characteristics. Heterosis occurs
for sone genotypes for all characters. Inbred and hybrid
performance are not well related, except for additive
factors such as sucrose accunul ation.

Based on growth patterns, if we were to characterize an
ideal beef, it would include the follow ng:

1. Early devel opnent of maximum leaf area to LAl 3
to 4, then longer |eaf duration.

2. Smaller leaf nunbers and leaf orientation that
favors nore effective light utilization by the
canopy with vertical |eaves in the upper part
of the canopy strata.

3. Plants with large root/shoot ratios - early in
the season.

4. High sucrose percentage in the. dry matter of the
root .

5. Roots in which cell nultiplication dom nates over
cell expansion for a longer devel opment period.

6. Large nunber of developed rings in the root with
broad zones of vascular tissue and narrow bands

of parenchyma.
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Growth and sucrose accumul ation patterns demonstrate that
sel ection of genotypes for optimum sucrose production is
not an easy task. No single, nor group of, growth factor(s)
have yet proved to be a good index of genotype performance.
However, recent studies suggest that the opportunity for
improvement may be nmore effectively realized in the early
stages of growth than we have previously supposed. Sugar -
beet geneticists and physiologists need TO work as a team
to devel op new selection techniques to identify genotypes
that partition photosynthate more efficiently for plant
growth and sucrose accumul ation. This appears to be the
nmost prom sing approach to attain new genotypes having
both high yield and high sucrose content.



364

CD

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

JOURNAL OF THE A S.S.B. T.
LI TERATURE CI TED

Artschwagsr, H. 1930. A study of the structure of
sugar beets in relation to sugar content and type.
J. Agr. Res. 40:867-915.

Bergen, P. 1967. Seasonal patterns of sucrose
accumul ation and weight increase in sugar beets.
J. Amor. Sec. Sugar Beet Technol. 14:538-545.

Bouillene, R, P. Kronacher, and J. DeRoubai x. 1940.
Et apes mor phol ogi ques et chim ques dans l|le cycle
vegetatis de las bettarave sucriere. Publications
Instifut Belee pour 1'Amelioration de |a Bettarave.
8:87-166.

Campbell, R E. and F. G Viets, Jr. 1967. Yield
and sugar production by sugar beets as affected
by leaf area variations induced by stand density
and nitrogen fertilization. Agron. J. 59:349-354.

Das Gupta, D. K 1972. Devel opment al physiol ogy of
sugar beet: L. Ef fects of decapitation,
defoliation, and removing part of the root and
shoot on subsequent growth of the sugar beet.

J. Exp. Bot. 23:93-102.

Draycott, AL F., M J. Durrant, and D. J. Webb. 1974.
Effects of plant density, |Irrigation and potassium,
and sodium fertilizers on sugar beet. J. Agric.

Sci. Camb. 82:251-259.

Draycott, A. P. and D. J. Webb. 1971. Effects of

nitrogen fertilizer, plant population, and irrigation
on sugar beet: l. Yields. J. Agric. Sci. Camb.

76: 261-267.

Dunning, R. A and G H. W nder. 1972. Some effects

especially on yield of artificially defoliated sugar-
beet . Ann. Appl. Biol. 70:89-98.

Farley, R. A. and A. P. Draycott. 1974. Growt h
and yield of sugarbeet in relation to potassium
and sodium supply. J. Sci. Food Agric. 26:385-392.

Follett., R F., W R Schmehl, and F. G Viets, Jr.
1970. Seasonal |eaf area, dry weight, and sucrose
accumul ati on by sugarbeets. J. Am Soc. Sugar Beet
Technol . 16:235-253.

Gemma, T. 1971. Mor phol ogi cal studies in the
thickening growth of sugarbeet root. Obi hiro.
Zootech. Univ. Res. Bull, (Ser. 1). 7(1):131-164.



VOL. 20, NO. 4, OCTOBER 1979 365

(12) Goodman, P. J. 1963. Some effects of different
soils on composition and growth of sugar beet.
J. Sci. Fd. Agric. 14:196-203.

(13) Goodman, P. J. 1966. Ef fect of varying plant popu-
lations on growth and yield of sugar beet. Agric.
Prog. 41:89-107.

(14) Goodman, P. J. 1968. Physi ol ogi cal analysis of
the effects of different, soils on sugar beet crops

in different years. J. Appl. Ecol. 5:339-357.

(15) Hodanova, D. 1972. Structure and devel opment of
sugar beet canopy: I. Leaf Area - |eaf angle
rel ations. Phot osynthetica 5:401-4009.

(16) Humphries, E. C. and S. A. W French. 1969. Phot o-
synthesis in sugar beet depends on root growth.
Planta 88:87-90.

(17) lvins, J. D. and P. M Bremer. 19 66. Gr owt h
studies with the sugar beet crop. Agric. Prog.
41:77-83.

(18) Lenton, J. R and G F. J. MIlford. 1977. Ef fects
of photoperiod and applied gibberellin on |oaf
growth in sugar! beet. J. Sci. Food Agric. 27:796.

(19) Loach, K. 1970. Anal ysis of differences in yield
bet ween six sugar-beet varieties. Ann. Appl.
Bi ol . 66:217-223.

(20) Loomis, R S. and A. Ulrich. 1962. Responses of
sugar beets to nitrogen deficiency as influenced
by plant competition. Crop. Sci. 2:37-40.

(21) Looms, R. S. and A. Ulrich and N. Terry. 1971.
Environmental factors. p. 19-48. In: R T. Johnson,
J. T. Alexander, R E. Rush, and G R Hawkes (eds.),
Advances in sugarbeet production: Principles and
practices. lowa State University Press, Ames, Iowa.

(22) Loom's, R. S. and W A WIliams. 1969. Productivity
and the morphol ogy of crop stands: Patterns with
| eaves. op. 27-48. In: J. D. Eastin, F. A. Haskins,
C. Y. Sullivan, and C. H M. van Banvel (eds.).
Physi ol ogical aspects of crop yield. Amer. Soc.
Agron., Madison, W sconsin.

(23) Ml ford, G F. J. 197 3. The growth and devel opment
of the storage root of sugar beet. Ann. Appl.
Bi ol . 75:427-438.

(24) M lford, G F. J. 1976. Sugar concentration in
sugarbeet; varietal differences and the effects of
soil type and planting density on the size of root
cells. Ann. Appl. Biol. 83:251-257.



366
(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(35)

(37)

JOURNAL OF THEASSBT

M lford, G F. J. and G- N. Thorne. 197 3. The
effect of light and temperature late in the season
on the growth of sugar-beet. Ann. Appl. Biol.
75:419-425.

Ml ford, G F. J. and D. J. Watson. 1971. The effect
of nitrogen on the growth and sugar content of sugar-
beet. Ann. Bot. 35:287-300.

Mi yaura, J., C Tsuda, and S. Hosakawa. 1972.
Statistical analysis of physiological and morpho-
logical characters of sugar beet varieties. Basi c
study on application of principle component analysis
for classification of sugar beet varieties (Jap.)
Univ. Fac. Agr. Mem 3(3):277-273. (Eng. summary).

Pack, D. A. 1927. Ring density of sugar-beets as a
character for selection. Am J. Bot. 14:238-245.

Pack, D. A. 1930. Sel ection characters as correlated
with percentage of sucrose, weight- and sucrose content
of sugar beefs. J. Agr. Res. 40:523-546.

Roemer , T. 1327. Handbuch des Zuckerrubenbaues .
P. Parey, Berlin.

Sance Bakhuyzer, H. L. van de. 1949. Growt h and
producti on of sugar beets. Versl agen van Land-
bouwkur. dige Giderzoeki ngen. 55: 1-227.

Scott, R K. and p. M Bremner. 1966. The effects
on growth, development, and yield of sugar boot

of extension of the growth period by transplantation.
J. Agr. Sci. Camb. 66: 379-388.

Storer, K P., W R Schmehl , and R J. Hecker. 1973.

Growt h analysis studies of sugarbeet. Col o. Agr.
Exp. Sta. Tech. Bull.. 118. 69 p.

Terry, N 1968. Devel opmental physiology of the
sugar beet. l. The influence of Ilght and tenmpera-
ture on growth. J. Exp. Bot. 19: 79 .1

Urich, A 1952. The influence of temperature and
light factors on the growth and devel opment of
sugar beets in controlled climatic environments.
Agron. J. 44:66-73.

Watson, D. J. 1947. Comparative physiological studies

on the growth of field crops. l. Variation in net
assim lation rate and |eaf area between species and
varieties, and within and between years. Ann. Bot.
N. S. 11:4 1-76.

Watson, D. J. 1952. The physiol ogical basis of
variation in yield. Adv. Agron. 4:101-145.



VOL. 20, NO. 4, OCTOBER 1979 367

(38) Watson, D. J., T. Motomatsu, K. Loach, and G F. J.
M | ford. 1972. Effects cf shading and seasonal
differences in weather on the growth, sugar content
and sugar yield of sugarbeet crops. Ann. Appl.
Biol. 71:159-185.

(39) Watson, D. J. and T. W Sel man. 1938. A comparative
physi ol ogi cal study of sugar-beet and mangold with
respect to growth and sugar accumul ation.

(N Changes in sugar content. Ann. Bot. N.S.
2:827-246.



Parameters Controlling Sucrose Content
and Yield of Sugarbeet Roots*
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Agronomi sts and plant breeders working with sugarbeets have
long been frustrated by the inverse relationship that
exists between sucrose content and root yield. Genetic

sel ection and agronomic practices that tend to increase
yield decrease sucrose content, and those that increase
sucrose content decrease yield.

In the past, plant breeders made significant gradual improve-
ments in the potential sucrose content of commercial
cultivars. In recent years, progress has slowed and we

seem to have reached an | mpasse. Significant progress

In the production of new genotypes possessing both high
yield and high sucrose will require new, innovative selec-
tion criteria. Simple selection criteria based on limted
physi ol ogical factors may be the answer. Such criteria

could also be used to evaluate chemi cal growth regul ators
for their ability to regulate partitioning of photosynthate
to maxim ze yields.
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**Plant Physiologist, Agricultural Research, Science
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This paper will discuss partitioning of photosynthate in
sugar beet and report the results of recent investigations
on the inverse relationship between sucrose content and
root yield. The objective of this work was to delineate
areas for needed research and to propose several physio-
logical principles for use as a basis in efficient genetic
sel ection.

Evidence for balanced partitioning of photosynthate between
root: growth and sucrose accumul ation will be presented.
This partitioning is regulated in the root and it operates
independently of photosynthate supply.

Sucrose is translocated to the root via the phloem and

evidence will be presented to show that it then passes
into the free space between the root cells and then diffuses
into the interring area. Our hypothesis is that the final

sucrose content of storage parenchyma cells is regulated by
length of the diffusion path and by the proportion of cells
| ocated near the vascular tissue where free-space sucrose
concentrations are highest. Large cells and wi de rings-

are related to high yield, whereas small cells and narrow
rings are related to high sucrose content.

Al l ocation of Photosynthate
Photosynthate is allocated to the sugarbeet root continu-

ously throughout the growing season. The priorities for
al l ocation proposed by Fick et al . (3) are respiration,
top growth, fibrous root growth, and storage root growth
including sucrose accumul ation. However, the proportion

of avail able photosynthate allocated to each sink varies
continuously throughout the season depending on the
relative "sink strength" of the individual plant part.

This type of continuous season-long partitioning is termed
"bal anced" as opposed to the "phasic" partitioning that
occurs in potatoes, corn, wheat, etc. (5).
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The photosynthate allocated to the root Is partitioned
between growth and sucrose storage. Root growth here
includes both fibrous and tap roots. Snyder et al. (9)
have good evidence that genetically controlled partitioning
occurs between the fibrous roots and tap root and that

this partitioning may be an inportant conponent of vyield.

Some controversy exists concerning the pattern of parti-
tioning between root growth and sucrose storage throughout
the growi ng season. Based on results of greenhouse and
growth chanmber studies, Urich (10) proposed that a mmjor
portion of the photosynthate translocated to the root was
allocated for root growth until late in the grow ng season
when growth was retarded by |ow Tenperature and nitrogen
deficiency. This confirmed the previous work of Bouillene
et al. (2) and van do Sande Bakhuyzen (12) who were able
to distinguish three growth phases in the devel opnent of
the sugarbeet plant; i.e., leaf formation, root formation,
and a ripening phase. This work suggested a phasic parti-
tioning of photosynthate for sucrose storage and assuned
that the sucrose stored in the root was sucrose In excess
of that utilized for growth and maintenance. In recent
work by our group at Logan, we have been unable to confirm
a phasic pattern for sucrose storage. Cur results confirned
those of Bergen (1), van Gnnekin (11), MIford (6), Storer
et al. (8), and r'ollett et al . (4), and indicated that
partitioning of photosynthate between root and shoot and
partitioning between growth and sucrose accurulation wthin
the root (Figure 1) occur continuously throughout the

growi ng season. The results of our work and of others are
summarized in figure 2. The only difference between these
results and those of Urich is the linear increase in sucrose
concentration throughout the season.

The theory that only sucrose not required for growh is
avai l able for storage (10) suggests that increasing
photosynthetic rates should enhance sucrose concentrations.
However, if sucrose partitioning is balanced between growh
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sucrose. Note l|inear pattern of sucrose
accumul ation. See Bergen (1); van Ginnekin

(11); Mlfcrd (6);
Pollett et al. (4).

Storer et al. (8);

and storage, then carbohydrate supply should increase
yield but have no effect on sucrose content. Field
photosynthetic rates and thus photosynthate supply can
be increased by CO, enrichment of the air within the |eaf

canooy. Results of such an experiment are given in Table 1.
Increasing the G-, level to 700 ppm increased root yield

by 21% but reduced the sucrose content from 15.4 to 15.1.
Therefore, the additional photosynthate was net utilized
for sucrose storage. This conclusion is confirmed by the
wor k of Watson et al. (13) who used shading to reduce

photosynthate supply. Shadi ng reduced root dry weight
yield but did not alter the sucrose to dry weight ratio.
Thus translocated photosynthate was partitioned within the
root between growth and sucrose storage and was independent
of photosynthate supply.

These data further substantiated the hypothesis of a
bal anced partitioning of sucrose between storage and growth
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in the sugarbeet root.
is inmportant to an understanding of

rel ationship.

The discrepancy between
(1), van Ginekin (1.1),
and Follet. L et al. (4)
In Urich's work
nutrient: solutions.
restraint to root
environmental changes
than field conditions do.
ment would tend
one environmental factor.
conducted in
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The results indicated that control of sucrose storage is
|l ocated in the root (Table 2). For example, the L19 root
increased the sucrose storage capabilities of Fodder tops
by 35% but the L19 top only increased the sucrose concen-
tration in Fodder roots by 13% Conversely, Fodder tops
reduced the sucrose content of the L19 root by only 5%
However, root weight was about equally controlled by the
shoot and root. Therefore, the photosynthetic capacity of
the | eaves and the growth potential of the root are both
important for maxim zing root growth, but the partitioning
bet ween growth and sucrose storage is controlled primarily
in the root.

Table 2. Rel ative effects of root and shoot on sucrose
content and root. size. Data are from grafts
of L19 and fodder.

Effect on
Sucrose Yield

percent change

L19? Scicr- +13 -21
St ock +35 -25
Fodder * Sci on - 5 CcT*
St ock -30 CcT

*Curly top infected

'L19 has a high sucrose content but |low root yield.
Fodder (Blanco) has a |ow sucrose content but a
high root vyield.

Lateral Movement of Sucrose

Determi nation of the pathway cf sucrose movement within
the storage root and of the biochem cal mechanism of its
upt ake into root storage cells may help explain the

bal ance between growth and sucrose storage.

Before biochem cal studies can be initialled, we must know
the morphol ogi cal pathway of sucrose movement from the
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phl oem cells to the storage parenchynma.

ways exisL (Figure 3). It

Sucrose
1

is possible for

375
Two possible path-
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Di agramati c
of lateral sucrose movement
root. Solid line,
sympl astic.

Figure 3.

from the phloem directly into adjacent

pl asmadesmat a. In this case,

representation of

apopl astic;

possi bl e pat hways
the sugar-beet
dashed line,

cells via
sucrose would be actively

held and actively transported at all times throughout its
movement from the phloem to The interior of the vascul ar
ring. This is an exanmple of nmovement through the symplast.

The second possible mechanism is movement
the phloem cells

apopl ast or free space. In this case
woul d unload sucrose directly into the free
the parenchyma cells where it

from the vascular ring.
woul d not

therefore, could easily be washed out

through the

space between

woul d move by diffusion away
Sucrose moving via this pathway
be actively held while in the free space and,

the tissue.

Two experiments were conducted to determ ne which of

these pathways

Experi ment 1, sugarbeet plants growi ng

is operable in the sugarbeet

root. I'n
the field were
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exposed to 'CO, for 30 minutes. Roots were then harvested
at regular intervals over a 24-hour period after exposure
to the '“CO,. At each harvest, a piece of tissue was
removed from the root and CUT into 1-mm slices. Smal |

di sks (4 mm di ameter) were punched out of the slices and
wat er solubles were extracted for either 30 seconds or 60
mi nutes in running tap water. Then the radioactivity
remaining in the tissue was determ ned and the percentage
of activity washed out was calcul ated.

The results indicated that a major portion of the sucrose
could be washed out immediately after translocation to
the root, but, after 24 hours of uptake, the sucrose was
actively held by the tissue (Table 3). This is consistent
with movement in the apoplast.

In a second experiment, the inhibitory properties of

glucose on sucrose uptake were utilized to substantiate the
apoplastic movement theory. Gl ucose strongly inhibits
sucrose uptake. Previous studies in our |aboratory with

glucose and glucose anal ogs have shown the site of
inhibition to be at the plasmalemma (Wse, unpublished
dat a) . Therefore, if glucose is introduced into the free-
space of a root, it should prevent sucrose uptake into
the cytoplasm This lack of uptake would |eave a greater
proportion of the sucrose in the free space, thus allowing
a greater proportion to be washed out of the tissue.

Glucose (0.1M), sucrose (0.1M or water were introduced
through a small hole punched into the root with an 18

gauge needle. Upt ake of the solutions was started 18
hours prior to !*CO, exposure and continued throughout

a 24-hour chase period. The water soluble compounds in
the area around the cavity were then extracted as described
previously. Gl ucose significantly increased the percentage
of translocated photosynthate washed out of the tissue,
which is consistent with the theory of apoplastic movement
of sucrose in sugarbeet root (Table 4).
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Table 3. Proportion of translocated photosynthate in
he free space of sugarbeet root tissue during
a 24-hour chase period

Time after Per cent
14C0, Exposur e Wash out
30mn 88
6 0mn 63
90mn 53
2 hr 29
4 hr 24
6 hr 15
24 hr 5

Leaves of field grown sugarbeet plants were exposed to

4co, for 30 min. At regular intervals the plants were
harvested and sections of root excised. Disks 1 X 4 nm
were prepared. Sampl es of disks were washed for either 30

sec or 60 mn and the. anpunt: of radioactivity remaining
in the tissue was determ ned by 80% ethanol extraction.

A 30 sec wash removed soluble materials from the cut
cells on the surface, a 60 mn wash removed soluble-
materials fromthe free space, and 80% hot ethanol
extraction removed the remaining soluble sugar, presumably
that stored in the vacuole. The percent of total counts
in the free space was cal cul ated as:

30 sec wash tissue. - 60 mn wash tissue X100
30 sec wash tissue

Table 4 . Effect of free space inhibitors on wash out of
transl ocated photosynthate.

Conmpeting Percent
Sugar Wash out
Control 27
Sucrose 34

Gl ucose 52

Sucrose (0.1M), glucose (0.1M), or water were introduced
into the root free space via a cavity punched into the
root with an 18 ga needle. The cavity was filled and
connected to a reservoir via a glass capillary tube. The
solutions were adm nistered continuously 18 hours prior

C0, exposure of the |eaves and during a 24-hour
chle)llse period. Extraction was as previously described in
Tabl e 3.
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Since sucrose moves through the free space, a potential factor liniting
sucrose accunul ation may be the ability of root cells to actively

nmove sucrose from the free space into the vacuole of the storage cells.
This process is against a concentration gradient and thus requires
consi derabl e energy.

To determine if the uptake nmechanismmay be the liniting factor, a
conparison of the mechanismin several cultivars differing greatly in
yield and sucrose storage potential was made (Table 5). The. cultivars
sel ected were Blanca (Fodder type, KWS), GAD2 (conmercial hybrid, GWS) ,
and L53XL19 (high sugar experinmental hybrid). The sucrose content of
the cultivars was 63, 70, 71 percent (dry weight), respectively, at
the tinme of the experinent.

Sanpl es of root tissue (1 X 4 nmmdisks) were exposed to radioactive
sucrose, glucose, and fructose for 3 hours, and the rate of uptake
into the vacuol e of each variety determ ned. Labeled sugar held by
the tissue after a 30-nminute wash with cold tap water was assuned to
be located in the vacuole. No significant differences in the rate of
sucrose uptake existed in the three cultivars (Table 6.) The disks
represented a constant volume of tissue; therefore, on a dry-weight
basis, the fodder beet was capable of taking UP considerably nore
sucrose than the sugar types. These data showed no cause and effect
rel ationship between the uptake capacity of the tissue and the
sucrose concentration in that tissue. The rates of glucose and
fructose uptake were nmuch lower than that of sucrose in all varieties.

Table 5. Conparison of percent dry matter, percent sucrose (fresh
wei ght basis), and percent sucrose (dry weight basis) of
Bl anca, L53XLI9, and GAD2 at harvest.

Dry Matter Sucr ose Sucrose

Per cent Percent of Percent of
fresh wt. dry wt.
Bl anca 15.0 9.5 63
L53XL19 24.5 17.5 71

GAD2 23.0 16.0 70
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Table 6. Interaction between sucrose, glucose, and fructose during
uptake into the storage cells of Blanca, L53XL19, and GWD2.

Uptake Uptake Inhibition

Variety Sugar Rate Sucrose Glucose Fructose

mol./3 hrs/20 disks Percent
+

GWD2 Sucrose 5.49 — 0.33 - 81.3 59.4
Glucose 0.55 £ 0.05 -11.4 - - 6.8
Fructose 0.29 * 0.03 2.5 74.1

L53XL19 Sucrose 5.17 * 0.36 - 86.3 58.5
Glucose C.99 * 0.01 7.7 - 2.7
Fructose 0.88 * 0.07 5.1 31.8

Blanca Sucrose 5.72 * 0.71 - 32.5 61.4
Glucose 0.69 + 0.02 -15.3 - -14.0
Fructose 0.48 + 0.07 12.8 63.1

Disks were washed 30 min in running tap water before incubation.
The incubation media contained the uptake sugar [0.1M, sp. act

(dpm/umol.): sucrose, 1.25 X 10; glucose, 1.15 X 10°; fructose,
2.2 X 10°] and the inhibiting sugar (0.05M) in 5 mM PO, buffer
(pH 6.5). After a 3 hr incubation the disks were washed for 30

min in tap water before extraction in hot 80% FmOH. Radioactivity
in the EmOH fraction was determined by liquid scintillation
counting.

The fodder beet: was intermediate to both the sugar types and again

showed a much higher rate of uptake on a dry-weight basis.

If two sugars are transported across a membrane by the same carrier-,
each sugar should competitively inhibit the uptake of the other.
This principle was used to determine if sucrose, glucose, and
fructose were accumulaled via the same mechanism in each variety.
Glucose and fructose strongly inhibited the uptake of sucrose in all
three varieties (Table 5). The similarity in the degree of
inhibition would indicate that the same mechanism was operating in
each case. Sucrose had little effect on the uptake of glucose and
fructose. The very similar pattern of inhibition indicated a
similar biochemical mechanism in each case. Therefore, the greater
sucrose storing capacity of the sugar types cannot be explained on
the basis of biochemical differences in the uptake mechanism.
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Since sucrose moves fromthe phloemto the center of the vascul ar
ring by diffusion, it is entirely possible That the rate-limiting
step is the rate of diffusion. Factors such as distance and diffusive
resistance could determine the relative number of cells exposed to
hi gh concentrations of sucrose in the free space. The greater the
proportion of total cells exposed to adequate concentrations, the

higher the sucrose content.

Figure 4. Ef fect of concentration on the uptake of sucrose.
l“r -
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Di sks of sugarbeet root tissue were incubated for 3 hours in

solutions containing various concentrations of sucrose. After
incubation, the tissue was washed for 30 minutes in running tap
water to remove free-space sugars. The tissue was then

extracted with hot 80% ethanol and the concentration of |abeled
soluble sugars in the ethanol extract was determ ned by |iquid

scintillation counting.

The rate of sucrose uptake into root storage cells is directly
proportional to the sucrose concentration in the free space

(Figure 4). Therefore, cells nearest the sites of phloem unloading
shoul d be exposed to the highest concentrations of sucrose for
longer periods of time and thus should contain the highest concen-

trations of sucrose.
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A nor phol ogi cal conparison of the roots of the sane cultivars used

in the uptake study indicated considerable differences in ring

nunber, ring diameter, and cell size distribution of sugar types and
fodder beets. A conparison of the inter-ring area between vascul ar
rings 3 and 4 is given in Table 7. The width of the ring was
approximately 1 cmin the fodder beet -ad about 0.6 cm for GAD2

and about 0.4 cmfor L53XL19. However, the nunber of cells across

the ring were the sanme for all three cultivars. The total volunme of
the largest cells of the fodder type was five-fold greater than that

of the high sugar hybrid, but the nean cell volune was ten-fold greater.

Takble 7.

snc ring width in foddor and
Are Trem ring 3 oat fipal
Fing Widvh el Wolume

s 2 P 3

L AU,
Zlanga AT 93 TEYLG LA E
QD3 & 50,5 14,6
AEANLLY il k7 3.8 5.7

sumner of ceils a:
ring 4.

Drasgimum well

3 ; B
fvarage 0oll wolanme Dor

Therefore, the high sugar hybrid had nore snall cells near the

vascul ar bundl es and the |ow sugar fodder beet had large cells and
very wide rings. The sugar types, L53XT19 in particular, produced
narrow rings and many snall cells near- trie vascular bundles. The
path of diffusion is, therefore, much shorter in the sugar types,
and the sucrose passes many small cells as it diffuses into the ring.
Kilford (GO found that large cells contained proportionately |ess
sucrose and nore nonsuerose soluble solids than small cells. 'The
additional cell volune is essentially made up of water.
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Di ffusion Controlled Partitioning

Since sucrose noves in the free spaces by diffusion, the concentration
woul d be highest near The unloading site of the vascul ar bundl es.
Al'so, since the rate of" sucrose uptake by parenchyma cells is
directly proportional to the sucrose concentration in the adjacent
free spaces, these parenchyna cells would contain the highest concen-
trations of sucrose. The proposed relationship between ceil size
and free space concentration is illustrated in Figure 5. Cells
furthest fromthe vascular area are exposed to |ow concentrations
of sucrose in the free space and, therefore, accunulate less in

High

Yield

Type

High
Sucgrase ; Centar of
Type - — \éril:;ulur

Free

Space
Sucrose
Concantration

Figure 5. Diagramof diffusion-controlled partitioning of sucrose
within the sugarbeet root. Note that the high sucrose
root has a high proportion of its cells located in the
area where free space sucrose concentrations should be
hi ghest .
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their vacuoles. Roots containing a high proportion of their cells

near the vascular systemare roots with a high sucrose concentration.
Since the capacity fcr sucrose uptake was the same in fodder beet

and L53XL19 (Table 5), the factor controlling sucrose uptake

apparently is not cell size per se but rather the distance of the

cell fromthe vascular system Cell size and/or cell: nunber determines
this distance.

Thus agrononic practices that pronote narrow rings should pronote

hi gh sucrose content. For exanple, excessive nitrogen fertilization
increases root size by cell enlargenent. Marrow row spacings or

hi gh stand density decrease root size by limting cell expansion (7).
Therefore, the effects of genotype, environment, and nitrogen fertili-
zation on sucrose concentration car. be explained by a diffusion-
limted or a diffusion-controlled partitioning of photosynthate within
the sugar-beet root.

If this hypothesis Is confirmed by further study, it is apparent that
high yield .ad hi gh sucrose are possible only if increased yield
resales froman increase in ring numbers nor freer, an enl argenent of
cells. Therefore, growth regulators and breeding |ines should be
screened, for their ability to pronote proliferation of secondary
canbia and to control cell enlargenent.

There are still many other factors that may affect sucrose partitioning
wi thin the sugarbeet root. For exanple, we knowvery little about

how the. phl oemunl oads sucrose into the free space. A sophisticated
control mechanismallows part of the translocated sucrose to nove

in the phloemthrough the tap root into the fibrous root system

G ven the dom nant sink strength and the large, surface area of the
vascul ar systemwithin the tap root, this control systemis indeed

i npressive.

The hornone rel ationships regulating secondary canbi al devel opnent,
cell division and cell expansion are not well known but appear to
be crucial in the control of the sucrose-yield relationship.
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Root yield of sugar-beet is determ ned by photosynthate supply
and bal anced partitioning of photosynthate between shoot and
root. There does not appear to be conflict™ between the

sink strength of the root and its ability "to store sucrose
(19). Roor size is controlled both by the ability of the
shoot to provide photosynthate and the growth potential of
the root.

Phot osynthate translocated to the sugarbeet root is parti-
tioned between growth and sucrose storage. This partitioning
is balanced and appears to be independent of photosynthate
supply, but is influenced by environnental and genetic
factors.

Because sucrose diffuses fromthe vascular tissue through
the free space of the root, diffusive, resistance and |ength
of the d if fusion pa::h may be factors controlling sucrose
accunul ation witlrin the root. Narrowrings allowa |arge
proportion of the total nunbers cf cells to be exposed to the
hi gh concentration of sucrose in close proximty to the

phl oem

Research efforts should be directed toward production of
large roots with an increased nunber of rings. This
criterion should be useful in selecting superior genotypes.
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Yiel d of sugarbect depends upon photosynthesis and subsequent

accumul ation of photosynthate in the taproot (2). Both production
and distribution of phoTosyrilLhalLc are under environnmental and
genetic control. W have attenpted to exploit genetic variation

in photosynthate distribution to increase economc yield. Sel ection
for photosynthate partitioning and root size appears to be an
efficient way to increase yield.

We made sel ections for® weight of |eaves and taproot of 21-day-old
sugar beet seecings, using Taproot-Leaf Weight Ratio (TLWR) as an
indicator of partitioning where:

Tarrocot + nvpocotyl trerh welphT.

TR o
LR TrnT Tilnce Fresn welghs

We found that TLWR may vary as nuch as three-fold anong plants
within a breeding line or hybrid at a given time in a given
environnent. W also found that nmean TLWR differed by nearly
Two-fold anong 3C unsel ected popul ati ons that were exanmined (5).

We hypot hesi zed that yield of sugarbeet would be inproved by
increasing The partitioning of photosynthate into the taproot,
assurring that |eaf area remai ned adequate and other plant functions
were not adversely affected.

#lonivibut on from the Light and TMant Groseth Laberatery, Flant
Fhysiolopgy Institute, AR-STA, USid, bBeltsville, MDD 20705,

%% Plant prysiclogists, Light and Flant Orowth laboratory, Plant

Thysiology Instirtore, AR-STA, USDA, Beltsville, D 20705,
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G ow h Chanber Studies

I ndivi dual seedlings were grown in 15-cmpots in vcrmculite and
received an excess of conplete mneral nutrient solution daily. W
used fresh weights at 21 days post-energence to identify plants of
differing TLMR  Tne selected plants were then grown to maturity for
seed production. TLWR s based on fresh, weight or dry weight, are
highly correlated (r = 0.98) (Figure 1); therefore, differences in
TLWR do not result fromdifferences in wafer® content.

B . «High
- *Low

=1

15
Days after Emergenoa
= 3 -] a 1a
Numher True Laaves

Figure 1. Rel ati onship of TLWR cal culated fromfresh and fromdry
wei ght of progenies of sugarbeet selected for |ow and
hi gh TLWR when grown in controlled environnent.

Havi ng found consi derable variation in TLWR anong seedlings, we
wonder ed whet her selection for low and for high TLWR woul d be
effective. W selected a nunber of seedlings of breeding |ine EL40
for lowand for high TLWR at 21 days post-energence. Polycrossed
seed was produced fromeach group. Progenies of each group

(Low and Hi gh TLWR) were grown in the growth chanber. TLWR was
determined at 71 days post-energence. This constituted the first
cycle of selection. CQut of these first-cycle progenies, another
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grvoup of | ow and of high- TLWR seedlings was selected for a second
cycle of seed production and progeny nesting. The results of these
sel ections are summari zed in Table 1. In both cycles of selection,
the percentage differential between the TLWR neans of the |ow arid
hi gh progeni es was about one-half of the differential between the

means of the low and the high- TLWR parents. We do not know

whet her progenies of other breeding lines will performsimlarly
to EL40.
Tubkle 1 il smelzotion {er CLWR In suparbest breeding ©ine

L 2 21 days poer-amergonce In che growth chanber.
The 156 cnsclected seedlings Toasured lad a mean TLWR

of 0.151.
Frarern. FPrujseoy
arter Tl
Prants Paroe te Bran Farveus:
Tille eenad  TLWE Lifler.+

0..23 + 0.C1 -} J.13FFH
1 High TLWE i3 C.217 + C.0z2 7€ 217 35
2 low TUWE Al 2,718 + 3.0 Luy
& .0z 11z luy L&

2 Migh TLWR 21 o242

tHigh TLWES Lo TEWI.

#hlow anc higlh orogenies in eacn eyeic differ at 0.3: lewvel acoord-
ing to analysiz of varlance test.

Field Studies

Do yields of the low- and the high- TLWR popul ations differ in the
field after a full season of growth? How does TLWR change during
the growing season? We used bul ked seeds from a number of second-
cycle-selection plants to answer these questions. In 1976, we grew
the low- and high- TLWR entries at stand densities of 17,920,
23,685, 27,550, and 32,660 plants per acre and a hybrid
(SP69561-01 x 70420) x SP6972-0) at 25,470 plants per acre. Each
density was replicated three times (4). In 1977, we. grew | ow- TLWR,
hi gh- TLWR, and unsel ected popul ations of breeding line EL40 and
unsel ected US H20 hybrid at stand densities of 14,265, 21,360,
32,585, and 49,050 plants per acre and replicated each four times.
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Taproot wei ght and TLWR were deternined on 20 plants per plot in
1976 and on 15 plants per plot in 1977. Each year 10 roots per plot
were anal yzed for sucrose and purity. The grow ng season was 170
days in 1976 and 163 in 1977.

TLWR increased with age in the field in 1976 (Figure 2) and was
simlar in 1977. At harvest, TLWR of the high- TLWR popul ati on was
20% greater in 1976 and 26%greater in 1977 than the | ow TLWR

popul ation. ROOT yield of the high-TLWR popul ation was 23% greater
in 1976 (Table 2) and 22%greater in 1977 (Table 3) than the |owTLVIR
popul ati on.

' L
80 120
Days after Planting

Figure 2. TLWR of low and high- TLWR sugarbeet selections grown in
the field at Beltsville, Maryland, in 1976.

Mean TLWR decreased as stand density increased (Table 3). Mean
root yield per acre was significantly |lower at the |owest stand
density as conpared to the. internediate densities (Table 3).

Hi gh-TLWR pl ants yielded | east at the |owstand density, whereas

US H20 had the highest yield at mediumplant densities. US H20 had
greater root weight, significantly greater |eaf blade weights
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and significantly lower TLWR than the other entries. At the two

hi ghest densities, US H20 had significantly greater |eaf weight

than the high-TLM R entry, but root yield did not differ. Apparently,
the greater partitioning of photosynthate to the root of the high-TLWR
entry of fset any advantage of the greater |eaf weight of US H20.

These results suggested that incorporation of TLWR into breeding
prograns nust be acconpani ed by appropriate managenent research.

Table 2. Mean ywield and TIWRE across all stand densitiss of
sugarbeet grown al Beltaville, Maryland, in 1276,

Rt ¥ield Recoverable White

Loy TLWER M.T./Ba.t Sugar M.T./Ha.'T
TLY], Low TLAR v Ey.3 g.0%
EL40, High TUJR 935 e 9.4t
Hytedcd =, 82 98.E¢ 10.48L

Hionversion factor o tons per acre, multiply by C. Uk,
*veans of the nigh and low TLWR selections are significartly different
at 0.05% lewcl.

+Flant spacing 71 x 75 omoenly.

Sucrose and purity percentages were, simlar for the high-TLWR and

| ow- TLWR popul ations at Beltsville in 1976. In 1977, a significant
increase in sucrose percentage acconpani ed the 22% increase in root
yield of the. high-TLWR popul ation (Table 4) .

The hi gh- TLWR popul ati on produced 35%nore recoverabl e white sugar
than the | ow TLWR popul ation and equal | ed that of US H20 (Table 4).
Simlarly selected | ow and high- TLWR popul ations were grown in

M chigan by G J. Hogaboamin 1977. He found that root yields did
not differ at the very |ow stand densities (9,150 to 13,625 plants
per acre), but all of the high-TLWR |ines had significantly higher
sucrose and purity than | ow TLWR |ines.
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Table. 3. Effect of stand density on root and |eaf weights and TLWR
of four sugarbeet entries grown in the field at Beltsville,
Maryland, in 1977.-

171,700 Masn

Gh.4 g

.1 ke
77.0 aix
Th.0 L=

a1 at

ocle EPE a.i b
@ 2.9 da 3.8 b
i d= %.1 d= A7 b
o LS5 Al 15.4 A
Mean .7 b TI1.8 al L. ab 17.+4 a
Lo TR T.T6 Al 503D E.U4l 31 o
Un=selected GLRF o 7081 ¢ 7.3l & 6 oab
ligh TLW= 2.%51 a 7.89 s £.51 6 a
LouE cle 8.8 o8 5.27 il o
ear T.L0 a T.15 a .91 ab 5,27 b

Duncan's nul tiple range analysis for each parameter. The set of
16 values of the interaction table were analyzed separately.
Each set of four neans was anal yzed separately. Wth each set,
neans with the same letter do not differ significant il at the
0.05 |eve.

+Conversion factor to tens per acre, nultiply by C-46.

These three experinments showed that high-TLWR plants partition
proportionately nore photosynrhate to the taproot than |ow TLVIR
plants, that root growth of the high-TLWR plants may be greater
than that of |ow TLWR plants, and that sucrose storage in high- TLWR
plants is equal to or greater than that in |ow TLWR plants. A
positive relationship may exist bet-ween TLMR and sucrose storage.
This aspect nmakes the TLWR approach to inprovenent of sugarbeet
yield even nore attractive than the increase in tonnage.
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Table 4. Sucrose and clear juice purity percentages and recoverable
white sugar by stand densities and entries of sugarbeet
grown at Beltsvilie Maryland, in 1977.*

Flants per llociars:
Cntry 32,250 52,775 Te, 050 121,200  Mean

Sucrnse Percentape

CIH0, Low ‘ITWE 13.7 be 13.9 b L4.Y abe 162 ab  IM.53 b
FIH0, mselected 12.9 o 138 Lo Zhov alx: 16.2 a TW.3 b
CLMO, High TTWR 15,6 an 18.5 &t 16.% a Jb.a a 13.9 a
s Hio IL.B ahe 4.2 abc 1B6.1 a 15.1 abc  15.Z ab
Mean 1.2 b 14.5 b 15.3 a 15.9 a
Clear Juice Purity Percentage
=LuD, Tomw TLWR 86.5 4 93.0 bl 93,6 a=d 9z2.8 a w.0 o
ELUO, “Irselected B30 7.7 bod 20450 a-d 9%.1 abe %0.3 1
ZIh0, High LR SULL laad Food G918 a—d 97,4 al: GLE Iy
U= H*O SC.8 a-d A oalx: 9209 a 9z.0 ab 9l.% a
Mean 23.% o SR e 31.2 b F2.4 a
Recoverable White Supar, .U per Halt
¥Lad, Low Lk .35 ghi F.P? ghd T.BP e=]  T.O7
Ik S Lo Le Fouh Fo0 : d.85h a-o V.52

LTy

a0, High TTHR a-T LG.12 alx 10,70 oD 9.58
Us HED Bh =2 1207 a 4.5C h=p ES.75
Muan T.39 b E.03 A 4.18% a HOEE o

“Duncan's nul tiple range analysis for each paraneter. The set of 16
val ues of the interaction table were analyzed separately. Each set
of four nmeans was anal yzed separately. Wthin each set, means with
the sane letter do not differ significantly at the 0.05 |evel.

+Conversion factor to pounds per acre, nultiply by 892.

These field studies indicated that selection for high TLWR has
potential for increasing yields of sugarbeet. The 1977 study al so
denpnstrated that yield and TLWR nust be conpared as a function of
stand density, and that managenent practices nust be devel oped to
maxi m ze yield.
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Bi ocheni cal _Studi es

Sugar beet seedlings that differed in TLWR as nuch as two-fold were
used to probe for a biochemcal basis of photosynthate partitioning
and enhance cur understanding of source/sink relationships.

Al lonetric growh analysis was used to determne the distribution of
dry wei ght anmong the various seedling parts of the |ow and high-
TLWR popul ations. Al though the two popul ations differed in TLWR,
they did not differ in root-shoot ratio (Table 5). The high-TLWR
plants retained relatively nore dry matter in the tap-root and had
less fibrous roots than the | ew TLWR pl ants.

Table 5. Dry weights of |eaf blades (LEW, petioles (FW, hypocotyl
(HW, taproot (TRW, fibrous roots (FRW, and relation-
shi ps anpbng these conponents in 21-day-ol d seedling
progenies fromparent plants selected for divergent
taproot-|eaf weight ratio (TLWR)*.

TLWR Shoot Root

(dry basis) Root / Shoot LBW PW HW TRW FRW
0.196 a C273 a i.270a 0.187 a 0.078 a 0.163 a 0.256 b
0.105 b C285 a 1.372 a 0.164 a 0.062b 0.084 b 0.389 a

*Each value is a nean of 12 replications. Wthin colums, a
different letter indicates a significant difference at the 0.05
| evel between nmeans by Duncan's multiple range anal ysis.

W investigated sucrose distribution in the taproots of seedlings
differing in TLMWR At about 50 days post-energence, the percentage
of sucrose in the vacuoles (storage) increased as the TLWR increased,
but decreased in the cytoplasm (Figure 3). This may explain the

hi gher sucrose content of high-TLWR taproots in the field as

conpared to the |ow TLWR taproots (Table 4). Distribution of sucrose
in the taproots was independent of taproot fresh weight and to-ral
sucrose content (80% ethanol extractable).

Acid and al kaline invertase and sucrose synthetase are the enzynes
responsi bl e for netabolizing the sucrose inported into sugarbeet
taproots. In vitro, acid invertase activity was higher in taproots
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of low-TLWR than in taproots of high-TLWR seedlings at 21 days post-
emergence (Table 6); alkaline invertase and sucrose synthetase

activities did not differ.

Peroent Percent
100 Vacuols Cytoplaam
a
a0 4 =
2 : * e
80 r= .33 r2x .40 ,\
O
B0 40 .50 .80 36 .46 .50 .80
TLWR TLWHR

Figure 3. Relationship between sucrose distribution in sugarbeet
taproot cell compartments and TLWR.

Table 6. In vitro acid and alkaline invertase activity in taproots
of 21-day-old sugar-beet plants differing in TLWR.

Invertase Activity'

TLWR Acid - pH 4.5 Alkaline - pH 7.0
0.129 + 0.023 105.3 + 51.7 93.0+ 40.3
0.056 +_0.010 222.0 +_58.6 117.4 + 30.4

'imoles glucose per gram dry weight per hour.

The difference in acid invertase activity associated with TLWR did
not seem to be caused by differential, solubilization of the protein
apparently associated with the cell walls. About 50% of the invertase

activity was in the soluble fraction (3).
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Acid invortase activity of taproots decreased from14 to 28 days

post - emergence, whereas al kaline invertase activity increased slightly
(Figure 4). During this period, sucrose storage begins. Thus,

both genetically and ontogonetlcally, acid invertase activity appears
to be Inversely related to devel opnment of the taproot as a storage
organ. The enzyme may regul ate cellular sucrose distribution which,
inturn, influences cellular! growth and differentiation, e.g.,

lateral root Initiation fromthe taproot.

A mol glucoss

mE pta/hr -
15}
,aoid
10}

A -

5 atkatipe -

e

14 21 28
Days After Emeargenca

Figure 4. Relationship between in vitro acid and al kaline invertase
activities and ontogenetic devel opment of the sugarbeet
t apr oot .

Procedures for Selection for TLWR

Al'l of our selections for TLMR in the growth chanber were made at
21 days post-enmergence. Those seedlings usually had 9 to 12 true

| eaves under our grow ng conditions (14-hour photoperiod, 3,000 to
4,000 foor candles, 27° Cday and 16° C night). The nunber of

| eaves produced was related to both inherent vigor and environnent.
Larger seedlings survived better after neasurenent of TLWR
Survival also varied with cultivar.
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TLWR changed with the age of the plant (Figures 1 and 2). The
differential between |ow and high- TLWR plants appeared as early as
the third and fourth true |eaf stage, but differences were not
identifiable with certainty because the plants were too snall.
Environnent al so influenced TLWR, as light intensity decreased, TLWR
of the seedlings decreased. For six cultivars, we found no cultivar
by light interaction. Gowi ng conditions such as pot: size, mneral
nutrition, and water supply also influence growth and TLMR.  Thus, in
sel ection for- TLWR anobng sugarbeet plants, age nust be identical and
environnments simlar.

We have mininized variations in the determination of TLMRwith the
foll owi ng procedures.

1. Discard petioles. Petioles constitute at |east 15 percent
of thel eaf wei ght, but theirphotosyntheticcontribution
per unit weight is nmuch less than blades. Furthernore,

the ratio of petiole weight to |eaf weight can vary two-
fold at 21 days post - ener gence
2. Discard the fibrous on fooder roots. Not only is the weight
of the fibrous roots appreciable, but nine-fold variations
in the ratio of fibrous root weight to taproot plus hypocotyl
weight can be found among 21-day-old seedlings.
3.Retainthesamequantityofleaftissue(smallleaves)
on each seedling for determ nation of taproot + hypocotyl
freshwei ght.
4. \Weigh leaf blades and roots inmediately.

Can the TLWR-sel ection procedure be sinplified? Determination of

| eaf blade fresh weight is essential and cannot be sinplified.

Tapr oot - hypocotyl fresh weight is the nobst accurate paraneter to
establish the relationship between | eaf blades and taproots. However,
hypocotyl diameter also relates to root weight. Doney and Theurer
(1) found a good correl ation between hypocotyl dianeter of 21-day-old
seedlings and taproot weight after a full season's growh. W have
used G E. Coe's data for two of his breeding lines to conpare TLWR
with Hypocotyl Dianeter Leaf Weight Ratio (HDLWR). This newratio
was cal cul ated by substituting hypocotyl dianeter for taproot-
hypocotyl weight. W then determined correlation coefficients for
two entries (df for entry 1 = 178; for entry 2 = 232).
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Correl ation Correl ation Coefficient for
Entry 1 Entry 2
Hypocotyl di am vs tapr oot - hypocot yl
fresh wt. 0.87 0. 88
TLWR vs. HDLWR 0.46 0.38

Hypocotyl dianeter and taproot-hypocotyl fresh weight correl ated
wel I, but TLWR and HDLWR correl ated poorly. Further, in the top 20%
of plants ranked by TLWR we found only 8% of those ranked by HDLWR.

Therefore, hypoctyl dianeter is not acceptable paranmeter for
selection for TLWR but nmay be useful in selection for root size

In the future we need to work in the follow ng areas:
1. Continue to evaluate and verify the validity of TLWR as a
sel ection criterion, continue inheritance studies of TLWR

and sinul taneously select for high TLWR and taproot size.
2. Deternmine how the sugarbeet plant controls the partitioning

of photosynthate to the various plant parts. W plan to
cross both chard and nangel with sugarbeet, which shoul d
give us a greater range than we have at present of
genetically controlled TLMR s for use in additional bio-
chemi cal studies

3. Produce a hybrid in which both the pollinator and the CVs
female lines have been selected primarily for high TLWR
Mbst of our selection and yield studies have been done with

one breeding |ine EL40.

Det ermi ne opti mum managenent practices (e.g.,spacing and
nutrition) for lines differing in TLWR

a.
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Seedling Physiology and Sugarbeet Yield*
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I'n sugarbeet, we have a nost unique crop plant: to study because of
the growth phase and plant part that is of economic inportance.

The physiol ogist likes tc divide yield into biological yield (BY) and
econonmic yield (EY). BYis total dry matter produced in the grow ng
season, whereas EY is the total dry matter of econom c inportance.

I'n many crop plants, the EY involves the reproductive growh phase
and is sonewhat unrelated to the BY; however, in sugarbeet the EY
invol ves the vegetative growh phase and is very closely related to
the BY. This makes the investigation of the BY somewhat easier.

Very little differentiation takes place during the vegetative growth
phase. The major differentiation between the time of germ nation
and harvest takes place in the first fewweeks of growth. Therefore,
our studies of sugarbeet yield can be focused on growth and the
growt h processes.

Mbst differentiation takes place in the first 30 days of growth. Germ
ination fakes place between 3 and 5 days after planting, depending on
tenperature. At about 3 days the germnating seed sends out a radicle,
and by 5 days the cotyl edons emerge. Gowth is very slow for the next
5 to 7 days until true leaves are formed. The first true |eaves

begin emerging at about 10 to 12 days after planting and energe at the
rate of about 2 to 4 per week for the rest of the growi ng season. By
the tinme the plants are 30 days old, they have 6 to 10 true | eaves.

*Cooperative investigations of Agricultural Research, Science
and Education Admi n., U.S. Departnent of Agriculture; the Beet Sugar
Devel opnent Foundation; and the Utah Agricul tural Experinent Station.
Approved as Journal Paper No. 2329, Utah State Agricul tural Exp. Sta. ,
Logan, UT.

**Research Geneticist, USDA, Science and Education Admi nistration,
Agricul tural Research, Crops Research Laboratory, UMC 63, Utah State
Uni versity, Logan, UT 84322
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The. root doesn't begin to thicken until the first true |eaves are
formed. Wen the radical first emerges from the germinating seedling,
it is conposed of nostly cortex material with a center core of
undifferentiated merstamatic tissue. The nunber of cortex cells
does not increase with expansion of the root, but the cells grew
insize and eventually break and are sluffed off as the true root
grows.

Differentiation begins imediately in the core, although it seens
rather slowat first (Figure 1). In about 10 to 12 days when the
first true leaves are forming, vascular material (Figure 2) can be
seen in the core as well as the beginning of the primary canbial
layer. This gives rise to fhe secondary canbial |ayer by about

18 days (Figure 3).

SRR

R T P T R e

Figure 1. Cross section of 9-day ol d sugar-beet root. C = cortex;
ph = phloem x = xylem x 150.
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Figure 2. Cross section of 13-day-old sugarbeet root. C = cortex;
ph = phloem; x = xylern; C= primary cambium; x 143.

Figure 3. Cross section of 20-day-old sugarbeet root. C = cortex;
ph = phloem; x = xylern; C= primary cambium; x 143.
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Al'l cell division takes place at the canbial layers fromwhich the
new cells differentiate into xylem phloem and storage parenchyma
cells. The secondary canbial |ayer gives rise to the third canbial
layer and so on until all the rings are formed, which occurs at
about 30 to 40 days or when the root is about 1.0 to 1.5 cmin

dianeter (1). Fromthen on growth is cell division and cell
expansi on, taking place sinultaneously in ail rings. The genetic
identity of a sugarbeet plant has been attained by this time. Its

ring nunber, cell size, photosynthate partitioning, and vigor in
relation to other genotypes have al ready been deternined. This nmeans
we should be able to neasure inportant; growth parameters in the
seedling stage rather than waiting until harvest tine.

Dr. Snyder reported (this issue) that he was able to select plants
genet leal |y different in their partitioning of photosynthate at a
rather young ago. Once the genetic relationship for partitioning of
phot osynthate occurs, it changes very little throughout the renainder
of the growi ng season. For exanple, two inbreds (L19 and 110) differ

intheir partitioning, as indicated by their root/shoot ratio
(Table 1) .

Table 1. Root/shoot ratio of inbreds F19 and L10 fromJuly 1 to
Sept enber 8.

Root / Shoot Ratio

L19 L10 L19 as %
of L10
July 1 0. 158 0. 241 66
July 28 0.419 0. 661 64
August 18 0. 692 1.125 62
Sept enber 8 0.890 1.364 65

FromJuly 1 to Septenber 8, the relationship between these, inbreds
in root/shoot renmined constant although the ratio was increasing
for both.
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The difference in root/shoot ratio between genotypes GAD2 and L19 is

small; yet, this genetic difference can be detected in plants 10 days
after planting (Figure 4). The relationship between these genotypes
remai ns constant al though the ratio changes with tine. |t decreases

for the first 15 days, levels off between 20 and 30 days, then begins
increasing and continues to increase throughout the renai nder of the
growi ng season. The leaves grownore rapidly at first until the root
is about 1 cmin dianeter, which is about the time all the rings are
formed. Then growth of the root increases. As nore neristematic

tissue is forned in the root, nore photosynthate is demanded for

cell division and growth. However, relative genetic partitioning is
determined as scon as the first true |eaves begin manufacturing food.
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Figure 4. Root/shoot ratio of genotypes GAD2 and L19 from10 to 60
days after planting.

The relative percent dry matter of |eaves is also determined very
early (Figure 5). At 10 days, genetic differences anong genotypes
L19, GWD2, and Blanca in percent dry matter of the |eaves were
already evident. These differences remained throughout the grow ng
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season. The relative percent dry matter of the roots followed a
simlar pattern (Figure 6); however, genetic differences were not
evident until about 15 days. The percent dry matter in the root
increased nore rapidly than in the |eaves.
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Days after planting

Figure 5. Percent dry matter of Leaves of genotypes L19, GAD2 , and
Bl anca from 10 to 25 days after planting.

Generic: differences in root diameter are also established very
early. Two genotypes, Blanca and L19, gave significant: differences

as early as 5 days (Figure 7).

These results lead me to believe that we can determine the potential
of a given genotype .in vigor!, growth, and sugar production at: a very
young age. The keys are: 1) control of the environnental variation,
and 2) know edge of the paraneters to neasure.
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Roots

% Dry Matter of

[ — _ i 4 ] i
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Days after planting

Figure 6. Percent dry matter of roots of genotypes L19, GAD2 , and
Blanca from 10 to 25 days after planting.

W have found that the environnental variation for root weight is
general ly greater in the seedling stage Than in mature plants
(Table 2). The coefficient of variation of a uniformhybrid was
about 10 percent greater for seedling root yield than for root
yield of nature plants.

Many wor kers have recogni zed the desirability and potential of
neasurenent of seedling paraneters. A very brief summary of sone
of the attenpts to correlate seedling characters with yield and
sugar production is given in Table 3.
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Figure 7. Root diameter of genotypes Blanca and L19 from5 to 35
days after planting.

Pannonhal m (14) in Hungary studied the effect of irradiation of the
seed and reported a positive effect on yield. The effect cf seed
size has been reported to influence yield by three workers: two
from USSR (8, 13) and one fromlreland (10). The effect of gernin-
ation on yield has generally given negative results (3, 6, 8, 15);
only one worker (8) has reported a positive effect. All workers

(5, 6, 9, 15, 18) who have studied effects of seedling root weight on
yield report a positive effect on root yield. Root di aneter has
been shown to be highly correlated with root yield by Shimanpto of
Japan (16, 17) and nyself (6). One worker in Belgium (7) reported
a correlation of peroxidase activity in seedlings with percent

sugar, and finally a Russian (4) has reported that seed treated
with ultrasonic sound germ nated sooner, and the seedlings grew
nmore rapidly than untreated seed.
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Table 2. Coefficient of variation of a uniformhybrid for root
wei ght of inature roots and 3-week-old seedlings.

Age Measur ement cv
5 nont hs Root wei ghr zfs%
3 weeks Root wei ght . 31.0%
3 veeks Hypocotyl di anet er 9.5%

Table 3. Seedling paraneters and their influence on growth and yield.

I nfl uence
Seedl i ng Paranet er Resear cher Country Positive Negative
X-lrradiation on
growth Pannoriha | m Cl14) Hungary X
Seed size on yield Efremov (8) USSR X
MacLachl an (10) Irel and X
Miratov (13) USSR X
Seed germ on yield Rostel (15) E. Gernmany X
Battle (3) Engl and X
Ereirov (8) USSR X
Doney (5)
Seedling root wt. .
on yield Kul enev (9) Bul gari a X
Rostel (15) E. Gernmany X
Buzanov (5) USSR X
Doney (6) USA X
Snyder (18) USA X
Root diam on yield Shimamoto (16,17) Japan X
Doney (6) USA X
Per oxi dase on % .
sugar Dubucq (7) Bel gi um X

U trasoni c sound
on growh Bulavin (4) USSR X
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We have studied a nunber of seedling characteristics in our |ab.
Several years ago we found that root dianeter gave us a better cor-
relation with harvest yield than the other norphol ogical factors
studied. A Japanese, worker, Shimanoto (16, 17), had earlier reported
that in young plants, root dianeter gave a better correlation with
harvest yield than root |ength. One reason for this better relation-
ship with yield is the cone shape of the sugarbeet. An increase in
the diameter of a cone has a greater influence on the total volune of
a cone than a similar increase in the length. W were able, to show
that this relationship was true in plants as young as 3 weeks old (6).
We originally neasured the hypocotyl because we were saving the plants,
but we have since found that better neasurenents can be made by
pulling the plant and neasuring the area of greatest expansion. A
detail ed description of our technique is given in Appendix I.

Over the past few years, we have conducted nunerous tests to
conpare our hypocotyl dianeter! rankings with the ranked yields in
replicated field trials (Table ~) . These conparisons gave, corre-
lations from-0.70 to 0.91; however, nost ranged from 0.60 to 0.90.
Poor correlations generally resulted frompoor field trials

(Tests 7, 8, and 12). In Test 3, lines were not significantly
different for hypocotyl diameter or harvest root yield; therefore,
the correlation for Test 3 has little neaning. Entries in test

8 and 9 were identical except they were grown at different |ocations.
Unknown residual fertilizer effects were observed in Test 8. This
resulted in a very high coefficient of variation and a non-
significant correlation (3.34) for root yield between these two
field trials. The poor correlation for Test |b is difficult to
explain. The field trial had excellent precision. The greenhouse
trials were conducted to verify the hypocotyl dianeter rankings and
they were identical.

In general, however, relative root yield can be predicted by
nmeasuring the hypocotyl dianmeter of 3-week-old seedlings. Qur
correlations are as good or better! than variety trial correlations
for root yield between |ocations.
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Tabic 4. Correl ations of hypocofyl diameter with harvest root yield
obtained in replicated field Trials.
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selected for large and small hypocotyl dianeter. The large hypocotyl
di aneter hybrids significantly outyielded the small hypoco-yl

di aneter hybr.ics for both root weight and gross sucrose (Table 5).
The sucrose percentage was not affected by the selection procedures.
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Figure 8. Goss sucrose, root yield, percent sucrose, arid hypocotyl
di aneter of a large, hypocotyl dianmeter population (1006)
and a small liypocotyl dianeter population (1005). Data
are presented as a percent of a check variety.

Table 5. Goss sucrose, root yield, and percent: sucrose for hybrids
selected for large and small hypocotyl diameter.

G oss Tons/ Per cent

Hybrids Sucr ose Acre Sucrose
Large hypocotyl dianeter 5839 21.1 13.8
Smal | hypocotyl dianeter 4910 17. 9 13.7

LSD at 0.05 870 2.6 0.7
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If this technique is to be of value, it nust be useful In a breeding
program W have, therefore, adapted it into a recurrent selection
breedi ng program (Figure 9). This programtakes only 1 year per
cycle, while the conventional recurrent selection breeding nethod
takes 3 to 4 years. Seed is space-planted in the field in July.

At harvest time, about Septenber 15, a selection is made for sucrose
percentage. Selected beets are cut, in half and one half placed in
the coldroomfor thernal induction. At the same tine, stecklings

of a CM5 tester are placed in the coldroomfor induction. Around
Decenber 15 these hal f-beets and the CMB tester plants are brought
fromthe coldroomand individually crossed. The other half-root is
then thermally induced. The testcross progeny harvested fromthe
CMS tester is then tested for hypocotyl diameter. The parents
(other half) of the best progenies (largest hypocotyl dianeter)
are. intercrossed to produce the selection population.

In order to determne, the achieved progress in one. cycle of selection
(1 year) , we crossed the new selection popul ation and the parent

popul ation to the COMS tester (L53 CMS). This resulted in four test
popul ations (Table 5). A conparison between the. parent testcross

and the new popul ation testcross indicates the effect on conbining
ability. Progress, per se, is indicated in the conparison between
the parent and the new popul ation.

From about 200 beefs, 17 were sel ected whose progeni es averaged

7 percent better than the parent progeny nean. The achieved
progress depends on the heritability and correlation with root
yield. A heritability of LOO and a correlation of 1-00 woul d
result ir: an increase of 7 percent in root yield (Table 6 -
Predicted Yield). Based on earlier estimates (6) , we woul d expect
a 3 to 4 percent increase in root yield.

These four popul ations were tested in the greenhouse, for hypocotyl
dianmeter and also in replicated field trials. The new popul ation
testcross gave a 5 percent increase in hypocotyl dianeter and a 2
percent increase in root yield over the parent popul ation testcross
(Table 6). The conbining ability effect was about what was expected
for hypocotyl dianmeter but a little |ower than expected for root vyield.
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Table 6. Hypocotyl dianeter and field data for parent popul ation
testcross, new selection popul ation testcross, parent
popul ati on and new sel ection popul ation. Data are in
percent of parent.

Hypocotyl Diameter Tield Data

#Predicted Sreenbtwuse  Root % Gross

Sopulation Yield Test Yield Sugar Sugar

L53rMS » Parent Fop. 1ca a0 ico 1an 100
LBEICMS =% New Sel. Pop. 107 20s 1oz 499 101
Farent Population io0a 1nn ] 100
New Selection Dop. 111 110 o5 ion
LSS0 2.0% 5 4 E 3 7

#Mean hypocotyl diameter of the selected plants ower Lhe perent
population mean based on hypocootyl diameter wrogery tests.

The new popul ati on exceeded the parent popul ation by 11 percent for
hypocotyl diameter and 10 percent for root yield. This increase
was acconpani ed by a significant decrease in sugar percentage. This
points out the need to consider sugar concentration in any breeding
program These sel ections were based only on hypocotyl dianeter

w thout regard to sugar percentage. For this reason we have
incorporated the sugar selection step .in the recurrent selection

net hod nentioned earlier (Figure 9). This step was added after the
first cycle of selection and, at present, we haven't determined its
ef fectiveness.

There ought to be other ways of deternining sugar potential in the
seedling stage. Some of the methods night be osmotic pressure, cell
size, ring number, or ring width. The osnotic pressure is easily
neasured in the seedling stage, as is ring number and ring width.
However, in a breeding programwhere it is necessary to evaluate a
| arge nunber of plants, the feasibility of these nmethods is
quest i onabl e.

Several workers have reported a good correlation between cell size
and percent sugar (2, 12, 11); however, neasurenent of cell size
poses a difficult problem Counting cells in a grid or across a
pl ane of a cross section is vary tedious and very difficult,
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consi dering the many sizes and shapes one observes in a cross
section. Cell size can also be determined by separating the cells
with the use of macerating enzynes and counting repeated sanples of
cells. This nethod is rather sophisticated and time consum ng. It
woi fLd not be practical in a breeding program Another suggestion
woul d be to scan for cell wall material either in a densitonmeter or
IR anal yzer fromthin cross sections. W are not sure how effective
or practical these nethods woul d be.

I'n summary, nmany of the genetic differences in the growth processes
are established in very young beets. Therefore, we ought to be able
to inprove sugar production by selecting for some of the inportant
growth and sugar paraneters in the seedling or young-plant stage.
The key is to be able to control the environnental variation and to
know what paranmeters to select.

I'n our greenhouse technique, we have been able to control nuch of
the environnental variation. W have also shown that selection by
use of the hypocotyl diameter of seedlings is effective in inproving
root yield. Sonme ot her inportant paraneters for measurement m ght
be phot osynt haLe partitioning, root dianeter, osnotic pressure, and
cell size. Theire also might be other nore inportant paraneters of
which we are currently unaware. At present, research in this area

shows proni se.
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APPENDI X |
HYPOCOTYL DI AVETER TECHNI QUE FOR PREDI CTI NG ROOT VI ELD

The key to prediction of root yield fromseedling hypocotyl dianeter
is control of environnental variation. The nore vigorous genotypes
will expand in root diameter nore rapidly than the |ess vigorous
genot ypes. Control of environnental variation will determ ne how
wel | we can detect true genetic differences. This requires extrene
care since root weight measurenents of seedlings usually have a
| arger environmental error than those of mature plants. I'n our
experinents, we have been able to exert excellent control for much
of the environnental variation and, thus, predict the harvest root
yield fairly well by the follow ng techniques:
1. Type of Container Used. Jdear plastic 185 nm vials,
45 mmdi ameter by 105 nmdeep. These can be obtained
for about 8c each. Ahole is drilled into the bottom for

dr ai nage.

2. Planting. The vials are filled with vermculite and
conpressed to 1 inch (25.4 nm) fromthe top. Two seeds are
placed in the center and covered with 1 inch (25.4 nm) of
vermiculite. The vernmiculite is wet down very carefully,
naking sure to wet conpletely but not to overflow ng.

3. Beddi ng. Pl anting takes place on Thursday. The plants
begi n energing on Tuesday, and all plants that have
enmerged by Wednesday are saved. The remainder are discarded.
We start with 36 pots per line and end up with about 30
pl ants per line. Because the nunber is not the same for all
lines, we use a conpletely randonm zed design (CRD). On
Wednesday, all the saved plants are placed in a noist
sand bed in a CRD. The pots are spaced on 3-inch (7.62 CM
centers. A3' x 29° (1 mx 6 m bed will hold about 880
pots. Pots are thinned to one plant per pot.

Hol es for the pots are made by inverting a plastic vial,
pressing it into the sand and withdrawing the sand. Wth

noi st nortar sand, this can be done rather easily and quickly.
The sand is kept noist by watering two to three tines a week.
This maintains the root zone tenperature at 20 C +_ 1.
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Nutrient:s. Each plant receives 10 ni of nutrient solution
daily (except on weekends). A diluter-disperser, adjusted
to deliver® 2-10 M. aliquats at each punp, is used to apply
the nutrient solution. This allows two plants to be watered
at atime. Using this method, 1500-1800 plants can be

wat ered per hour.

Rotation. There is still about a 15-20 percent gradient
inlight intensity over the bed. To conpensate tor this
variation in light, the plants core rotated twice a week frcn
front to rear and left to right.

Tenperature. Root zone “tenperature is 20 C+_1 and air
tenperature, is 24 C+_Q. There are greater fluctuations
inair tenperature in the grcehouse during the sumer than

"l results are best in the

inthe winter; therefore, ou
wi nter nonths.
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Preserving Plants. If it is desirable to save individual
plants, the leaves ore trinmed back and the plant repotted.
Survival rate at: this stage of growth is about 80 to 90
percent. The survival rate of snaller plants is nuch |ess.
fVecision. A uniformhybrid is included in every test as a
neasure of the environnental variation and as a standard.
The coefficient of variation of this standard runs between
7 and 9 percent. Significant differences are lietween h and
5 thousandths of an inch. Fac.h test consists of 25 lines
and two checks as standards.

The nore vigorous genotypes at the seedling stage are generally nore

vi gorous throughout the. growi ng season and are the highest yielding.
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Froma host of recent reports and recommendations (e.g. 1, 2) has
cone the expectation that contenporary analytic biology will contri-
bute to the goals and nethods of agricultural research. Can

nmol ecul ar biology be utilized for- the solution of problems in
agricultural plant biology? WII a correlation of in_vitro events
with the responses of crop plants in the field allow a better under-
standing (and perhaps nore inportantly, allow manipulation) of the
bi ol ogi cal processes underlying crop productivity? There are
several possible responses to these questions, all of which have
been expressed in one formor another during the numerous recent
debat es concerning the potential of increasing agricultural produc-
tivity. The first response points out that our current |evels of
crop productivity were achieved in the absence of a direct know edge
of nol ecul ar mechani sns, and that there is no reason to believe this
know edge woul d enhance productivity. A second response, the direct
opposite of the first, asserts that only by a conplete nol ecul ar

anl aysis of the processes underlying crop productivity is there any
hope of manipul ati ng the conponents of yield in a rational, way. A
third and nore realistic response suggests that a nol ecul ar anal ysis
will be of inportance in manipulating some biological processes but
will not be a panacea for all the problens of agricultural biology.

*The work described in this paper was supported by Contract
No. E(11-1)-2528 of U.S.D.OE.

~Departnent of Crops and Soil Sciences, Mchigan State
University, East Lansing, M 48824.
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Plant breeding is an ancient science. The origins of our current
crop species are buried in prehistory; all evidence indicates that
nost crop species were donesticated during the Stone Age. Crop
species arose fromnative wild species that underwent natural
hybridi zation resulting in increased genetic variability and subse-
quent selection for desirable phenotypes by prehistoric peoples.
Met hods of reaping and sowing in the field, or methods for storage
or preparation, can be effective selection screens for plants just
as growth on a Petri plate is for a bacterial colony. The early
pl ant breeders searched for, recovered, and propagated genetic
variants or reconbinants which displayed desirable traits under
certain environnental conditions. The transformation of wld
species into crop plants was acconplished in the absence of nodern
science, or of any know edge of Mendelian genetics.

Contenporary plant breeders enploy essentially the sane strategy
with great success. Their approach involves the production of
popul ations with a broad genetic base followed by selection at the
whol e plant level for reconbinants with desirable alterations.
«Genetic manipulation is practiced w thout know ng the biocheni cal
basis of the separate conponents which conprise the character being
nodi fied. Selection for traits such as final yield is practiced at
the endpoint of the conplex biological processes which produce a
whol e plant. Mendelismand a know edge of genetic transm ssion
provide a conceptual basis for what is occurring during the breeder's
genetic mani pul ations (3).

I'n nost current breeding prograns, the availability of genetic
variability is not the limting factor in crop and variety
inprovenent. There is a wide range of genetic diversity in the
surviving natural popul ations of npbst crop species. The focus of
breeding efforts is centered on selecting the desirable reconbinant
types that emerge fromany particular cross or segregation popul ation.
Currently, the assays of agronomic or horticultural utility and the
subsequent selections are based on observations of whole plant
phenotypes. Consequently, only major alterations can be recognized.
These alterations appear as statistically significant changes in
characteristics of bulk populations. Assaying at the endpoint of a
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nunber of conpl ex bi ochemni cal, physiol ogical, and devel opnental
processes hides nany potentially useful reconbinants in the com
plexity of the buffered processes producing whole plant (4).

The conplexity of plant biology and of productivity is expressed in
the genetics of agriculturally inportant traits. The majority of
these traits appear to be controlled by "pol ygenes," and their
transmission is analyzed by quantitative nmethods. The quantitative
inheritance of these traits is a reflection of the conplex biological
processes which uriderly their® expression and of the |ack of well
defined genetic variants with which Lo analyze them Quantitative
inheritance is a phenonenon involving naturally occurring genetic
variability and conpl ex biological end products. There is no reason
to expect that niutarits affecting these processes could not be
produced once their individual conponents are identified, nor that
the genetics and biochemi stry of such traits would be any different
fromthat found in other organisnms (e.g., netabolic pathways). For
the time being, however, the plant, breeder lias little choice but to
use the phenotype of the endpoinL as the basis for selection.
significant progress could be made in the inprovenent of breeding
techniques if it was possible to establish reliable physiological

or biochenmical assays at critical points in a nunber of the
conponent processes of agronomic traits. Exanples of such processes
are: nitrogen netabolism photosynthesis, water relations, mineral
nutrition, and tolerance to environnental stress. Wth these
critical processes individually analyzed and assayed, genotypes
denonstrating optinal performance at different steps in a process
coul d be conbined to produce a new, highly productive cultivar.

Recent advances in nol ecul ar biol ogy have provided nethods of genetic
mani pul ati ons whi ch should be applicable to the inprovenent of

plant species. This is certainly an exciting prospect. Despite the
rapi d expansion of our know edge of basic genetic and bi ocheni cal
mechani sms in | ower organisms, thi.s know edge has had no direct

i mpact on plant inprovement. This |ack of inpact may be ascribed

in large part to conceptual and experinental differences between the
di sciplines of nolecular biology and plant breeding.
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Mol ecul ar biology I's conprised of two basic el ements: the reduction-
istic world-viewof basic science and a powerful set of analytical
experinental tools. One exanple of this approach was the use of
defined genetic variants conbined with precise biochenical nethods
to elucidate the mechani sms that regul ate netabolic pathways in a
variety of organisns. In contrast, plan;, inprovenent as currently
practiced has, cf necessity, a nore holistic approach. Plant
breeders have to operate within difficult constraints. They have-
little choice In either their experinental materials or the problens
which confront them No strong correlations have been established
between yield and any of the individual physiological or b.ioche:rical
processes that contribute to the final product. The experinental
and technol ogi cal requirenents of plant breeding and the constraints
of the plant: systemare different fromthose inposed by nol ecul ar

bi ol ogy. The question is, can the novel nethods of "genetic

engi neering" defined in mcrobial systens really be applied to

pl ant inprovenent?

There are several approaches to extending the techniques of

nol ecul ar biology frommicrobial investigation to application for
crop inprovenent: one of these Involves cellular manipulations.

Cel lul ar mani pul ations hold the potential for devel oping an
experinmental systemfor crop species suitable for nore refined

anal ytical techniques. Using single somatic cells as experinental
organisms, it is possible to achieve mutant production, analysis,
and hybridi zations not possible using whole plants. Such techniques
may permit inportant cellular processes to be characterized to the
extent that useful, directed nodification is possible.

Work focused upon the manipul ation cf sugarbeet cells cul tured
invitro has not been extensive. There is the current realization
that such work could be productive, and that sugarbeets are an
attractive species for the devel opment of cell culture techniques.
It is now possible to initiate and maintain callus cultures from

various parts of the sugarbeet plant (5). Fromthese callus
cultures, it is possible to produce suspension cultures of sugar-
beet cells proliferating ina liquid nmedium (4). Regener ati on of

entire sugarbeet plants fromcallus cultures has proved to be a
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difficult goal, but it has been observed recently (5, 8). Regener-
ation of whole plants fromsingle ceils has not been reported.

Al t hough many tools of the nol ecul ar biol ogist are now available to
the plant geneticist, seme |initations prevent their application to
breedi ng probl ens, particularly to sugarbcet. The first problemwth
these approaches is a technical one. Regeneration of whole plants
fromsingle cells is essential for application of the technol ogy- of
in vitro genetic manipulation to higher plants. However, this s~ep
lias only recently been acconplished with several mjor food crops,
and it is not yet possible with sugar-beet. The second problemarises
fromthe real needs of the plant breeder. In nost instances, the
availability of genetic variability is nor the limting factor in
crop inprovenent; the ability to recognize and recover useful
reconbi nants sets the limt. Hence the production of genetic
variability via cellular nutation, or hybridization, provides no
uni quel y useful tool at present. The third problemresults from
the devel opnent biol ogy of agronomic and horticultural characters.
Many agrononic traits are tissue-specific their expression is
found in only one or a fewtissue within the plant: and is often not
found in cells cultured invitro |If a particular"' trait |s not
expressed in culture, there is no reason to expect that the trait
can be altered and screened for via in vitro methods. The. fourth
probl eminvol ves the genetics of agricultural traits. Mitant

sel ection systens and DVA nani pul ations allow nodification of
single gene rraics. Most agrononmic and horticultural traits, as
they are now defined, are polygenic in inheritance. Small additive,
stepwi se nodi fications would be difficult to recognize. Currently,
genetic nodification of crop plants, using cellular manipulations,
shoul d prove appropriate in cases where the alteration |nvolves
single-gene traits which are not tissue-specific, and for which
there are good selective techniques. These are indeed rare
instances. The technol ogy involved in these approaches wi || al nost
certainly be inproved to overcone the linitations discussed above.
However, at present, single-gene traits which are not tissue-
specific are rare, as are appropriate selective systens. Possible
exanpl es of such traits would include di sease resistance, or
tolerance to ion toxicity, but the range is linmted.
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It woul d appear® that nol ecul ar biology is not yet directly relevant
to crop inprovenent. The difficulty is that current efforts have
attenpted to transfer the experinental results directly (i.e.,
defined genetic manipul ation) wthout also extending the reductionistic
approach of nol ecul ar biology. The imediate need is not to find
new ways to generate genetic: variability bur to find new ways to
screen critically the variability already provided by nature and to
identify the biochemnical, physiological, and devel opnental conponents
of traits which determi ne plant productivity. Once i ndi vi dual
conmponents and the rate limting steps of Inportant traits are
identified, designing nmethods of selection for altered traits are
possi bl e.

Effective, genetic manipulation of traits affecting plant productivity
requires identification of the relevant nmetabolic processes and
specific rate-limting steps. Many such traits including drought
tolerance, total yield, tine of maturity and tenperature tol erance
are conplex quantitative traits under the control of nultiple

genes (polygenes). The final phenotype is separated fromthe

basi c biochenmical steps, the units of selection, by several |evels
of biol ogical organization and environnent-genotype interactions.
Unfortunately, the definition of polygene and statistical nethods
for its analysis are not conpatible with the anal ytical approaches
of nol ecul ar genetics. Likew se, biochenmical approaches have been
frustrated by the conplexity of quantitative traits, even when they
include the analysis of divergent genotypes. Despite considerable
effort, no strong correlation has yet been found between final
yield and the productivity of any distinct biochem cal pathway

(1, 4). The problemis that any netabolic, reaction can affect the
final productivity in a given environnment. The question is, 'which
reactions or steps actually do affect productivity?

What ever the eventual role, of nolecular biology in plant production,
it is essential to begin to approach the classical holistic descrip-
tions, or plant productivity, with reductionistic and anal ytical
tools. In this process, a nunber of traditionally disparate

bi ol ogi cal disciplines can be brougnt to bear on the unique and
conpl ex problens of agricultural plant biology.
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| ampleased to have the opportunity to share nmy thoughts with you
about how to increase sucrose yields fromthe sugarbeet crop.

Al t hough ny maj or research enphasis has been on the physiol ogy of
cereal and |egune crops, | neverthel ess have worked with sugarbeets
enough to know that many of the sanme physiol ogical principles apply
to nost of our major field crops.

I want to enphasize, at the outset, that regardl ess of the discipline
one pursues in crop research, whether it be plant breeding,
managenent, physiol ogy, or processing, the successes we achieve in
inproving sucrose yields will depend heavily on the extent and
effectiveness of our ability to communicate data and ideas about

our research experiences. Evidence indicates that those research
groups, regardless of size, that have the nost free exchange of
information acconplish nore than do groups w th conmon research
interests, but who guard their ideas for whatever reasons.

M research has dealt with factors of photo synthetic efficiency,

wat er - use-ef fici ency, and plant growth analysis of crops. At the
outset of my program | had visions about devel oping sinple screening
procedures that could be used by plant breeders to identify and

sel ect superior lines of certain crop species. Wth perhaps one
exception, | have had little success with the devel opment of
efficient screening techniques. Nevertheless, through the process

of communi cating ny research results about fundanental aspects of
crop growt h and devel opnent, | believe | have hel ped ny plant breeder
associates inprove in their "mnds eye" how a nore ideal plant

type should appear and how it should performunder field conditions.

"Oregon State University.
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The breeder needs help fromother researchers because he is

responsi bl e for nmaking the first selections from heterozygous popu-
lations after parental crosses have been nade. Thus, the nore
inforned the plant breeder is about all basic and applied aspects of
the crop, the nmere likely he is ro make nore intelligent selections
fromthe heterozygous popul ations. Cbviously then, it is the respon-
sibility of resource people, e.g. plant pathologists, crop nmanagenent
speci alists, processor's, etc., to make sound observations about crop
plants and then relay infornmation and ideas to the plant breeder
about nethods to select superior plant types. Undoubtedly, the
degree to which we assist: the sugarbeef breeder in making better
plant selections will be reflected in the progress we. nake toward
increasing sucrose yields in sugarbeets.

The research topics 1 wish to address are seasonal growth patterns,
nor phol ogy of plant:s and crop canopi es, and endogenous physi ol ogi cal
syst ens.

I will relate characteristics of some grain crops to illustrate
how the sugarbeet plant and its nmanagenent can be altered to
inprove its productivity. Although subjects such as disease

resi stance, pest managenent, tillage managenent, etc. play distinct
rol es in sugarbeet production, they will not be discussed because
others can address their inportance nore effectively than I. |

wi || use sugarbeets grown under irrigation as ny nodel system since
ny experience with non-irrigated sugarbeet production is |imted.
However, many of the principles | relate will apply to both
irrigated and non-irrigated production systens.

It is generally accepted that fall planted wheat has a greater
potential for high yield than does spring planted wheat in nost

growi ng regions around the world. Also, in the cornbelt region of
the midwestern U.S., corn planted in April wll usually yield nore
than corn planted in May, and the corn planted in Kay will yield
nore than corn planted in June. Wy? Because the fall wheat and
the early planted corn exploit nore of the growi ng season than do
the late planted crops by devel oping a greater vegetative base plant.
The larger vegetative base is then used to produce grain during a
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I onger period of time fromanthesis, or heading, until physiol ogical
maturity of the seed. Thus, plant breeders have know ngly increased
the effective growi ng season of these crops by devel oping w nter or
cold hardiness into the crops which enables the plants to survive
and flourish in the environments in which they are grown. Although
there are sone exceptions, due to environnental interactions, there
is a high and positive correlation between the duration of the
grain filling period and potential for' high grain yield in wheat and
corn.

| believe the principle of using a longer grain-fill-duration in
cereal crops can be utilized to increase sucrose production in
sugarbeets. To increase the effective season of "sucrose

accunul ation" in sugarbeets, plant breeders should first select

for high seed viability, rapid germnation rate, and vigorous seedling
growth in the early spring. Since nost of the sugarbeet grow ng
regions of the midwestern and western U.S. are characterized by

cool, noist springs, oftenwith athreat of late spring frosts,

it behooves us to select beet genotypes that cope with these con-
ditions. If we can acconplish in sugarbeets what the plant breeders
have done to inprove corn adaptation to harsh early spring conditions,
we can enhance the vegetative base that is required to produce and
store sucrose in the early devel opnent of the beet crop.

Tf sugarbeet varieties were devel oped that could establish and grow
vigorously early in the spring, the next limiting factor® to

increasing "sucrose-fill-duration" is the length of tinme required
for the hypocotyl and/or the storage root to initiate rapid expansion.
As a corollary, | relate the stage of initial rapid root expansion

in beets to anthesis, or heading, in cereal crops. Obviously, grain
devel opment begins after fertilization has taken place; if this
process occurs very early and physiol ogical maturity of the grain

is later, the greater will be the opportunity to increase the

nunber of days for grain filling. Likew se with sugarbeets; the
earlier the process of sucrose storage is initiated and the longer it
continues, the greater will be the chance for greater sucrose pro-
duction because of an increase in the effective storage period during
the grow ng season.
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The hypocotyl test Dr. Doney described during this synposium shoul d
be of significant value as attenpts are made to identify sugarbeet
genot ypes whose hypocotyls expand earliest in the spring.

When sugarbeet genotypes are devel oped that have roots expandi ng
earlier, productivity can be further increased by selecting lines with
the greatest capacity to produce photosynthate and store it as
sucrose in the root of the plant. Dr. Snyder and col | eagues reported
on a technique that should prove useful to identify lines that
partition greater anounts of their photosynthate to the root tissue.
Hopeful 'y, genotypes that shunt greater proportions of sucrose to

the root in the early stages of root expansion w |l have the capacity
to continue this favorable pattern of partitioning photosynthate

t hroughout the grow ng season.

Anot her critical growth phase in sugarbeets occurs in the sunmmer
during the period of rapid sucrose accumulation in the root. Md-
sumrer daytine; tenperatures often rise above optimumfor the plants;
therefore, either genotypes nust be devel oped that adapt well to
those conditions, or irrigation systems nust be managed to m ninize
plant stress. Regardless of whether the crop is grown under rainfed
or irrigated conditions, the |less noisture and/or tenperature stress
they experience, the nore vigorously they will growand, thus,
increase their potential for high yield.

Associated with the problens of noisture and tenperature stress is
the factor of nitrogen nanagenent in sugarteet production. Generally,
present recommendations for nitrogen suggest relatively heavy appli-
cations during early and nid-seasons, with allowance for significant
reductions in the soil NQ,-level in late sumrer and fall. Evi dence
frompast research lias indicated this reduction in the |evel of soil
N is necessary to increase the sucrose |level in the storage root,
thus enhancing sugar yields per unit area of |and.
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I f present sugarbeet varieties require a "ripening off" period to

i ncrease sucrose concentration induced by reduced |evels of soil N
inthe fall, | propose it is because our present varieties have been
devel oped in plots using this type of nitrogen regine. | suggest
that we woul d have beet genotypes that would grow with greater vigor
for a longer period during the season and, thus, have the potential
to store nore sucrose if initial selections of superior sugarbeet
genotypes were made under a system avail abl e whereby soil N was not
significantly reduced in late summrer or fall. Therefore, if plant
breeders could select plants that partitioned their photosynthate
nore favorable to the root and with | ess concomitant |eaf devel opnent
but with nore rings in the root, sucrose yields could be increased
by lengthening the duration of sucrose accumul ation and storage in
the later summer and fall periods.

Sel ection of new sugarbeet varieties ~chat sinultaneously increase
the nunber of days of effective sucrose storage in the root and
nore favorably partition photosynthate to the root, would likely
result in an increase in the leaf (source) photosynthesis of the
plants as a result of increase in the carbohydrate sink in the root.

Al though a sugarbeet genotype with a superior rate of |eaf photo-
synthesis might be identified at sometinme In the future, It is
likely that increasing the sink strength for sucrose in the beet
root will be a nore efficient way to enhance total photosynthesis

inthe crop.

In addition to the need for research mentioned above, efforts should
be nade to select plant types, or nmanagenent systens, that optinize
phot osynt hetic productivity throughout the growi ng season. There is
a great need to capitalize on Interactions with crop nanagenent
systens. The need for a testing systemthat would provide a neans
to neasure genotype X environnment interactions led me to the devel op-
nent of a chanber-type, gas-exchange systemfor field plots CD.

The systemconsists of plastic covered chanbers that can be placed
over plots early in the growing season, with four or five subsequent
noves to sinmilar plots during the season. The dynanic aspects of
plant growth and devel opnent can be nonitored and related to various
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neasurenents of the plant-soil-atnosphere environnent that may be
recorded in addition to the photosynthetic rates and transpiration
rates of the plants under study.

The field chanber systemprovides a basis for a holistic approach to
research which will produce nore conpl ete and neani ngful answers

to fundanental questions we now have about crop canopy design,

phot osynt hesi s, plant water relations, light utilization, etc., and
how they interact under field conditions. Results fromthese field
chanber systens can al so be used to test crop growth nodels such as
those devel oped by Dr. Loonis for sugarbeet growh and devel oprent.

In conclusion, if we are to nove off the sucrose yield plateau in
sugar beet production, we nust seek new and innovative methods to
acconplish the task. Many, if not npbst, yield increases that have
been achieved in seed crops have been acconplished by increasing

the period of effective storage of carbohydrate in the seed.

Through cooperative efforts, sugarbeet researchers can focus their
research on nethods to |engthen the duration of sucrose accunul ation
in sugarbeets and, thus, break the yield barriers that currently exist.
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SUMVARY

When Watson and Crick first structurally analyzed the DNA nol ecul e
and came up with a structural arrangenent of the hereditary material,
it wasn't a sudden breakthrough but an integration of many pieces of
information. The information had al ready been available for some
time; it was just putting each piece and each bit of information in
the right perspective. Mst breakthroughs happen this way; i.e.,

by bui | di ng pi ece upon piece, brick upon brick until the whole
structure can be visualized.

In times past, we have w tnessed numerous nethods that were going
to revol utionize plant breeding such as nmutation breeding,
quantitative genetics, nitrate reductase activity, photosynthetic
efficiency, mitochrondrial conplenentation, etc. Each one has had
sonmething to add to our know edge and to our set of tools in plant
breedi ng, but none have proved to be a panacea. W nust |earn how
to use themto build the proper structure.

The growth processes are a conplicated series of functions and
processes all going on at the same tinme interacting with each

other in supply, demand, and feedback equilibrium These papers
have presented us with an overview of the growth functions that

hol d promi se as plant breeding tools (in sugarbeets). These are by
no neans a list of all the functions. The growth processes have
been reviewed, and only those with the greatest potential have been
presented. This does not say, however, that as our' understandi ng of
the physiology of the plant is increased there will not be additional
inportant and useful growth processes.

As a plant breeder, | amoften discouraged at the slow progress we
are making. Sonmetines it seens as if we are going around in circles.
We select and test, and select and test, and seemto make very
little inprovement. There are pressures on us to nore rapidly

and efficiently devel op higher yielding and nore productive hybrids.
In light of our present progress and the needs of the world today,
we need to | ook at these new approaches very carefully. They need
to be evaluated and devel oped to the point of practical use.
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The speakers have presented us with many suggestions and questions
that are thought provoking and certainly deserve our attention.
Sone of these suggested potential selection criteria are new and
novel , while sone are the refinenment of old techniques. Sone night-
be useful by thenselves while, at the sane tinme, they would be nore,
effective conbined in an index with other techniques, and sone may
be ineffective or too expensive or tine consuming. |n any event,
we now have at out di sposal sone potential ]y powerful new tools.
The proper devel opnent, integration, and use of these tools nay be
the foundation for new breakthroughs in sugarbeets.



