
59

The Korean Society of Crop Science

J. Crop Sci. Biotech. 2014 (June) 17 (2) : 59~69

RESEARCH ARTICLE

DOI No. 10.1007/s12892-013-0116-4

Growth Analysis of Rhizomania Infected and Healthy Sugar
Beet

Javad Rezaei1,2, Mohammad Bannayan1,*, Ahmad Nezami1, Mohsen Mehrvar1, Bagher Mahmoodi2

1Ferdowsi university of Mashhad, Faculty of Agriculture, P.O. Box 91775-1163 Mashhad, Iran
2Sugar Beet Seed Institute of Iran, P.O. Box 31585-4114 Karaj, Iran

Received: October 8, 2013/ Revised: December 3, 2013/ Accepted: February 4, 2014 
Ⓒ Korean Society of Crop Science and Springer 2013

Abstract

Viral disease of rhizomania is one of the most important diseases of sugar beet all over the world. The disease significantly has
reduced the yield and quality of sugar beet, and has imposed high economic loss to farmers. Long-term breeding programs to introduce
tolerant cultivars are the only chance of avoiding further yield losses. This study tried to measure and analyze the growth of shoots and
roots of rhizomania-tolerant and -susceptible sugar beet with the aim of providing information for modeling of the rhizomania effects
on the growth of sugar beet. Growth indices were used for analyzing, quantification, and time-course of sugar beet growth under
infested and non-infested soils conditions. A 2-year experiment was conducted using four sugar beet cultivars in 2010 and 2011 in
Mashhad, Iran. The results of this study showed that under infested soils, root dry matter and leaf area index of the susceptible culti-
vars in comparison to tolerant cultivars were lower by 57 and 24%, respectively. In addition, crop growth rate and net assimilation rate
of susceptible cultivars were affected by rhizomania and were lower than in tolerant cultivars. On non-infested soil, the difference
between dry matter and growth indices of susceptible and tolerant sugar beet cultivars was not significant. Rhizomania decreased
green area and photosynthesis capacity and led to lower growth rate and dry matter production. Our study quantified the growth of rhi-
zomania-infested sugar beet plants in comparison with non-infested plants and provided information to be used for modeling of the
rhizomania effects on the growth of sugar beet.
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Globally, rhizomania is one of the most important diseases
in sugar beet farms (Lennefors et al. 2005; Tamada 1999)
that significantly reduces the yield and quality of sugar beet
and imposes a high economic loss to farmers. The virus caus-
ing rhizomania disease is Beet Necrotic Yellow Vein Virus
(BNYVV) (Tamada and Baba 1973). A parasitic fungal vec-
tor, Polymyxa betae Keskin causes transition of the virus in
soil (Fujisawa and Sugimoto 1976). Without efficient control
procedures, rhizomania causes a severe reduction in root
sugar yield and purity (Darabi and Rezaei 2008; Tamada
1999). The existence of resting spores for a long time in the
soil fails the cultural measures and chemical controls to suc-
ceed. Rhizomania incidence and severity cannot be consider-

ably reduced by preventive cultural practices such as rota-
tion, avoidance of excessive soil moisture, and early plant-
ings. Long-term breeding programs to introduce tolerant cul-
tivars are the only chance to avoid further yield losses
(Biancardi et al. 2002). The resistance mechanism in sugar
beet is employed by resistance genes. In susceptible geno-
types, the Polymyxa betae infect the rootlets carrying the
BNYVV with it. The virus moved through the xylematic tis-
sues in the roots of the susceptible genotypes, whereas the
passage through the bundles of the tolerant variety is very
difficult. Moreover, it was not possible to ascertain the physi-
ological mechanism which reduces the spreading of the
BNYVV in the host tissues (Giunchedi et al. 1985). BNYVV
multiplication in varieties carrying resistance genes is less
than in susceptible varieties which do not contain resistance
genes to BNYVV (Lennefors 2006).

Physiological effects of disease on sugar beet include tran-
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spiration and CO2 exchange rate reduction, lower nitrogen
content, and elevated root sap impurity (amino nitrogen,
sodium, and potassium) (Steddom et al. 2003). In Iran, rhizo-
mania was reported for the first time in 1995 in sugar beet
farms of Fars Province (Izadpanah et al. 1996) and then
spread to nearly all sugar beet-growing areas of the country
(Mehrvar et al. 2009).

Many researchers have been trying to characterize the
physiological effects of rhizomania disease on sugar beet
(Keller et al. 1989). Many of these studies have focused on
the deleterious effects of the disease on the root (Keller et al.
1989; Macri et al. 1977). A few studies showed that the
infected roots caused reduction of the leaf chlorophyll con-
tent (Salle el al. 1986) and enhancement of CO2 uptake per
unit of leaf fresh weight (Vianello et al. 1980). Keller et al.
(1989) reported that on rhizomania-infected soil, susceptible
sugar beet cultivars had lower net CO2 uptake and transpira-
tion than sugar beet-tolerant cultivars. Moreover, lower leaf
conduction and a higher xylem tension subjected the suscep-
tible cultivar under infected conditions to water stress. Lower
leaf stomatal conductance and decrease of transpiration
caused the leaf temperature of susceptible cultivars to be
higher than in tolerant cultivars (Keller et al. 1989).

Scott and Jaggard (1993) and Kenter et al. (2006) studied
the growth characteristics of sugar beet. They showed that
under optimum light interception, sugar beet canopy closure
must be achieved before the middle of June. Otherwise, the
sugar beet growth is limited by low radiation. High leaf for-
mation rate of sugar beet early in the season is necessary for
enhancing light interception and improving root yield (Scott
and Jaggard 1978). Other meteorological parameters also
affect crop growth and pattern of development. Milford et al.
(1985) argued that temperature is an important factor for the
growth of sugar beet and plants would develop to specific
development stages after a given accumulated thermal time.
On this basis, under various environmental conditions, ther-
mal time can explain yield formation of sugar beet (Kenter et
al. 2006). Using the thermal time concept, Hoffmann and
Kluge-Severin (2011) were able to describe sugar beet dry
matter formation which provides data for yield simulation.

For any required quantifications, the time-course of the
growth pattern of sugar beet on contaminated soils compared
to healthy soils should be monitored. Derived information
from the quantification can be used for growth modeling. de
Koeijer and van der Werf (1999) concluded that infection of
plants by beet mild yellowing virus leads to lower formation
of leaf area compared to non-infected plants. Disease severity
on wheat flag leaves during the milk stage of the crop or an
integration of disease as area under the disease progress
curve on the flag leaves based on thermal time explained
more than 80% variance of final yield in a simple regression
model (Bhathal et al. 2003). The data provided information
towards the development of control procedures for decreas-
ing the effects of diseases on crops yield reduction (Bhathal
et al. 2003).

This study tried to analyze the growth of leaves and stor-
age roots of rhizomania-tolerant and -susceptible sugar beet
cultivars which were cultivated under both non-infested and
infested soils. Our aim was to provide required performance,
pattern, and data information mostly for simple radiation-use
efficiency based crop models and any future quantification of
the rhizomania effects on sugar beet growth.

Materials and Methods

Study site
The first experiment was conducted in 2010 at the

Agriculture and Natural Resources Research Center of
Khorasan Razavi Province (ANRC) under natural rhizoma-
nia-infested soil after conducting long-term sugar beet trials.
In 2011, two other separate experiments were conducted at
two separate nearby farms at ANRC having infested soil, and
the Ferdowsi University Research Farm (FURF) having non-
infested soil. Non-infestation of the soil was indicated by
long-term fallow and the results from PCR and ELISA tests
(EPPO, 2004) of root samples from sugar beet cultivation in
the previous year (2010). In 2010 and 2011 at the harvest
stage, 10 roots from each plot were sampled and ELISA test
was performed (Table 1). Soil structure of farms was loamy
with a pH of 8.0 and EC of 1.44 and 1.34 dS m-1 for ANRC
and FURF, respectively. The soil organic matter content was
0.50% (ANRC) and 0.73% (FURF).

Both farms are located in Mashhad, the capital of
Khorasan Razavi Province, in the North East of Iran at 36°
16' N and 59° 38' E at an elevation of 999 (m). The long-term
annual average of daily mean temperature is 14.1°C, absolute
minimum temperature is 7.1°C, absolute maximum tempera-
ture is 21.1°C, and precipitation is 250 mm. Daily maximum,
minimum, and mean air temperature in 2010 and 2011 are
shown in Fig. 1. Mean air temperature in the trial years (2010
= 16.2°C and 2011 = 15.3°C) was above the long-term aver-
age of 14.1°C. However, when the years mean temperature
during the growing season (mean temperature from May to
October was 22.7°C for 2010 and 22.9°C for 2011) and not
the whole calendar year was compared, there was only a dif-
ference of 0.2°C.

The historical weather data was obtained from Iranian
Meteorological Organization (www.irimo.ir) and daily tem-
perature was measured by iMETOS weather station (Pessl
Instruments) that has been mounted at ANRC. By summing

Brigita
Zarghan
Jolge
Rasoul
LSD %5

0.078
0.262
0.318
0.291
0.151

0.115
0.454
0.592
0.437
0.215

0.115
0.454
0.592
0.437
0.215

Table 1. Mean of ELISA OD of cultivars under rhizomania Infested soil
in 2010 and 2011 and Non-infested soil in 2011

Cultivar
Infested soil 2010

Optical Density (OD)
Infested soil 2011 Non-infested soil 2011
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up daily mean air temperatures above the sugar beet growth
base temperature (3°C) (Hoffmann and Kluge-Severin 2011),
thermal time was calculated from the emergence to harvest
(Table 2). Thermal time values below 3°C were considered
as zero (Milford et al. 1985; Qi et al. 2005).

Experimental design
A randomized complete block design with four replica-

tions was employed for both years of the experiment. The
sugar beet cultivars Brigita (Bri; rhizomania-tolerant),
Zarghan (Zar; semi-rhizomania-tolerant), and the rhizoma-
nia-susceptible cultivars Jolgeh (Jol) and Rasoul (Ras), were
the treatments. Sugar beet seeds were sown at a seed spacing
of 0.1 m on the row and 0.5 m spacing between rows by a
plot seeder machine model Wintersteiger in nine row plots of
10 m length (45 m2). Planting date in 2010 and 2011 at
ANRC field was on 21 April and in 2011 at FURF was on 25
April. 

The plants were manually thinned to achieve a population
density of 100,000 plants ha-1 at the 4 - 6 leaf stage.
Irrigation, fertilizers (on basis of soil test), monitoring, and
chemical methods of plant protection were carried out to
maintain the farm free of drought stress, nutrient deficiency,
pests, and diseases. Weeds were also removed manually. At
drilling, 25 kg N ha-1, 100 kg P2O5 ha-1 and 150 kg K2O ha-1

and the N fertilizer remainder, 75 kg N ha-1, at the four-leaf
stage was applied. At the ten to twelve-leaf stage,
Deltamethrin insecticide, 1 L ha-1 plus multi-micronutrient
fertilizer, Librel BMX, 2 kg N ha-1 (two times), were applied.
Beets were harvested from 10 m2 area manually in 2010 on
27 November, in 2011 on 29 November at FURF field, and 7
December at ANRC.

Crop analysis
To monitor the crop growth during the growing period,

plants were harvested nine times in 2010 and seven times in
2011 every 2 weeks. The first sampling date started at 42, 55,
and 52 days after sowing for infested soil (2010 and 2011)
and non-infested soil (2011), respectively. At each harvest
date, 2 m2 with about 19 - 22 plants (from the four rows)
were harvested and transferred to the laboratory. Then, leaf
and washed storage root were cut into small pieces and dry
matter of leaf and root pieces were determined following dry-
ing at 85°C for about 72 h until weight was constant. The leaf
area was measured by using an area meter (LICOR, model
LI-3100C, Lincoln, USA), then leaf Area Index (LAI) calcu-
lated as the ratio of leaf area per unit of soil surface.

According to equations 1, 2, and 3 (Radford 1967) Crop
Growth Rate (CGR), Relative Growth Rate (RGR), and Net
Assimilation Rate (NAR) were calculated.

CGR=dw/dx (1)
RGR=(1/w)*(dw/dx) (2)
NAR=CGR/LAI (3)

Where w is dry matter and x is thermal time.

Data analysis
The programs EXCEL (Microsoft Office 2007) and SAS

8.0, proc GLM (SAS Institute, USA) were employed for the
data processing and statistical analysis, respectively. Least
significant difference (LSD) between cultivars at each sam-
pling date at P < 0.05 (Hoffmann and Severin 2011) is shown
by error bars in the figures. Fitting the equations and creating
the graphs were carried out using the programs SLIDE
WRITE 2.0 and SIGMA PLOT 10.0, respectively.

Results

Dry matter production
Storage root: In 2010, under infested soil, storage root dry

matter of all sugar beet cultivars steadily increased, but the

Fig. 1. Daily maximum (Max), minimum (Min) and mean air temperature in the trial
years.

42
58
74
91

109
130
147
168
205

690.2
1,027.1
1,412.1
1,838.2
2,210.9
2,658.9
2,989.5
3,301.6
3,735.1

55
78
97

120
139
174
231

1,073.9
1,618.3
2,051.0
2,601.3
2,977.8
3,527.7
3,832.8

52
77
97

114
140
175
219

1,023.7
1,615.9
2,069.3
2,480.3
2,997.1
3,522.3
3,754.6

Table 2. Thermal time (°Cd) as related to the Days After Sowing (DAS)
in 2010 and 2011 on infested soil and in 2011 on Non-infested soil

Infested soil 2010 Infested soil 2011 Non-infested soil 2011
DAS DAS DAS°Cd °Cd °Cd
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rate of increase was different among them (Fig. 2A). Our
results showed that the slope and amount of storage root dry
matter increased during the growing season associated with
the cultivar tolerance to rhizomania disease, that is, a higher
tolerance was associated with a higher rate of biomass pro-
duction. The highest storage root was obtained for Bri culti-
var as 2,691 g m-2 while the storage root dry matter of the
susceptible cultivars Jol and Ras, were 640 and 621 g m-2,
respectively, at final harvest (Fig. 2A). At all sampling dates,
the difference between cultivars was significant at P < 0.01. 

In 2011 and under infested soil, the storage root dry matter
showed an increasing trend during the growing season and
the difference between sugar beet cultivars were similar to
the 2010 trial (Fig. 2B). However, final dry matter of storage
root of the sugar beet cultivars in 2011 was less than 2010.
Dry matter of storage root of Bri cultivar, rhizomania toler-
ant, showed 2,113 g m-2, while susceptible cultivars, Jol and
Ras, showed 693 and 435 g m-2, respectively, at final harvest.
In the year 2011, similar to the year 2010, at all sampling
dates, the difference between cultivars was significant (P <
0.01). 

Under non-infested soil, the dry matter of storage root of
sugar beet cultivars increased similarly during the growing
season (Fig. 2C). At final harvest, the difference in storage
root dry matter of the sugar beet cultivars under non-infested
soil compared with rhizomania-infested soil was low. Under
infested soil, average storage root dry matter of susceptible
cultivars Ras and Jol between the two years, was 57% lower
than tolerant cultivars Bri and Zar, however under non-infest-
ed soil it was 22%. The storage root dry matter of Bri, Zar,
Ras, and Jol was 2,074, 1,757, 1,566, and 1,420 g m-2, respec-
tively.

Leaf dry matter: Under rhizomania-infested conditions
from 50 to 90 DAS in 2010 and 50 to 100 in 2011 DAS
(early August), sugar beet leaf dry matter increased by a con-
stant rate. Leaf dry matter after this time to the end of the
growth period did not show a significant change. On 25
November 2011, the trial field was covered by snow and dry
matter was decreased at final harvest because of frozen
leaves. The difference in leaf dry matter of the sugar beet
cultivars under rhizomania-infected conditions was less than
the difference of storage root dry matter of cultivars especial-
ly in 2010. In 2010 at final harvest, leaf dry matter of the rhi-
zomania-tolerant cultivar Bri was 492 g m-2 and the average
of leaf dry matter of the cultivars (Zar, Ras, and Jol) was 311
g m-2 (Fig. 3A). However, in 2011 the cultivar Bri leaf dry
matter reached 296 g m-2 and leaf dry matter of other culti-
vars (Zar, Ras, and Jol) was 189 g m-2 (Fig. 3B). 

On non-infested soil, the overall pattern of sugar beet leaf
growth during the growing season was similar to growth on
soil with rhizomania infestation. However, leaf growth on
non-infested conditions indicated two differences compared
to when cultivated on infested soil. First, regardless of culti-
var susceptibility or tolerance, early season leaf growth was
faster and second, unlike under infested conditions, the Bri

cultivar produced a minimum of leaf dry matter. This may
explain why the tolerant cultivar Bri during the growth peri-
od produced less leaf dry matter than susceptible cultivars Jol
and Ras (Fig. 3C).

Leaf Area Index: In 2010 under rhizomania-infection
conditions, the maximum value of LAI of the rhizomania-tol-
erant sugar beet cultivars were 3.4 at 74 DAS for Bri and 3.3
at 109 DAS for Zar and then decreased. However, for the rhi-
zomania-susceptible sugar beet cultivars Jol and Ras, the
maximum value of LAI were 2.7 at 130 DAS and 2.5 at 147
DAS, respectively. The maximum value of LAI of suscepti-
ble cultivars was 24% less than tolerant cultivars (Fig. 4A).

In 2011, under infested soil, the overall LAI trend was
similar to 2010. The maximum LAI of tolerant cultivars was
3.1 for Bri and 3.3 for Zar at 174 DAS. The maximum LAI
of susceptible cultivars was 1.7 for Jol and 1.3 for Ras which
was lower in 2011 compared to 2010, and occurred earlier,
120 DAS (Fig. 4C). In 2011, under non-infested soil, the LAI

Fig. 2. Root dry matter of sugar beet cultivars as related to the time of growth period
in (A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil. Error bars
indicate significant differences at each harvest date, P < 0.05.
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pattern of sugar beet cultivars was similar. However under
infested soil, cultivars showed different pattern of LAI. All
cultivars, except for Ras, reached a maximum LAI at about
80 DAS while the susceptible cultivar Ras reached it at 100
DAS. The maximum LAI of Bri, Jol, and Ras cultivars was
2.6, however for the Zar cultivar it was 3.3 (Fig. 4C).

Growth indices
Root and Leaf growth rate: Dry matter of storage root

increased steadily with thermal time (Fig. 5), and is described
by an exponential curve (Eqn. 4).

RDM=a+(b*exp(-x/c)) (4)

Where RDM is the root dry matter and the parameters of a, b,
and c are constant.

Four curves were obtained based on different yield levels
of the sugar beet cultivars in 2010 and 2011 under rhizoma-
nia-infested soil. Parameters and R2 of the function of each
cultivar are represented in Table 3. In both trial years at final
harvest, the maximum value of storage root dry matter of the
tolerant cultivar Bri was higher (3.8 times in 2010 and 3.4
times in 2011) than susceptible cultivars Jol and Ras.
Increasing rate of Bri cultivar storage root yield was higher
than other cultivars at the whole growth period. Under non-
infested soil similar to rhizomania-infested soil, storage root
dry matter increased steadily with thermal time (Fig. 5C;
Table 4). However, the difference between root yields of cul-
tivars was low (for example between Bri and Ras it was only
350 g m-2, while under infested conditions it was 2,100 g m-2

at harvest date).

For all cultivars, storage root growth rate increased steadi-
ly with thermal time (Fig. 6), but the increasing slope of
growth rate was different among cultivars. Under infested
soil and in both trial years, storage root growth rate of the tol-
erant rhizomania cultivar Bri, was higher (3.1 times in 2010
and 2.8 times in 2011 at maximum point) than susceptible
cultivar Ras. Storage root growth rate of all sugar beet culti-
vars in 2011 was less than in 2010 (Figs. 6A and B).

On non-infested soil, the storage root growth rate of the
cultivars differed at the end of the growth period, however
they were about equal during most of the season (from 500 to
2,000°Cd) (Fig. 6C). Formerly, it was shown in Fig. 2C, until
180 DAS difference between root yields of cultivars it was
not significant. 

On infested soil, a sigmoid function (Eqn. 5) well
described the leaf dry matter accumulation of sugar beet cul-
tivars (Figs.7A and B).

LDM=(a+b)/(1+exp(c-(x/d))) (5)

Fig. 3. Leaf dry matter of sugar beet cultivars as related to the time of growth period
in (A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil. Error bars
indicate significant differences at each harvest date, P< 0.05.

Bri
Zar
Jol
Ras

-194.37
-111.96
-25.63
-48.10

194.67
78.04
19.74
30.43

-1,413.17
-1,288.34
-1,061.46
-1,192.14

0.97***
0.97***
0.96***
0.97***

-1,084.08
-127.53

51.19
9.05

942.22
85.09
0.15
8.32

-3,138.37
-1,435.74

-460.58
-1,014.66

0.93**
0.96***
0.93**
0.78*

Table 3. Exponential function [y=a+(b*exp(-x/c))] parameters and R2 of storage root dry matter of sugar beet varieties as related to the thermal time
(°Cd) in 2010 and 2011 on infested soil

Var.a

a b c R2 a b c R2

2010 2011

*, ** and *** indicate significant at P < 0.05, P < 0.01 and P < 0.001, 
aVar. = variety
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Where, LDM is leaf dry matter and the parameters of a, b, c,
and d are constant. Parameters and R2 of the sigmoid function
for each cultivar are presented in Table 5. In 2010, the maxi-
mum value of leaf dry matter of the tolerant cultivars Bri,
Zar, and susceptible cultivars Jol and Ras was 365, 333, 310,
and 306 g m-2, respectively. These data for 2011 were 344,

315, 201, and 146 g m-2.

On non-infested soil, like infested conditions, a sigmoid
function well described the accumulation of leaf dry matter
but the slope of exponential growth period and final yield of
leaf dry matter differed in comparison to infested conditions
(Fig. 7C). Under non-infested soil, the maximum leaf dry
matter of the tolerant cultivars Bri, Zar, and susceptible culti-
vars Jol and Ras was 236, 291, 270, and 279 g m-2, respec-
tively. For more explanation, the tolerant rhizomania Bri
reached the maximum leaf dry matter later and less than sus-
ceptible cultivars Jol and Ras. Parameters and R2 of the sig-
moid function of each cultivar are presented in Table 6.

On rhizomania-infested soil, for the all cultivars leaf** and *** indicate significant at P <0.01 and P <0.001,
aVar. = variety

Bri
Zar
Jol
Ras

-359.18
-870.13

-1,748.05
-822.60

359.96
772.21

1,657.65
741.96

-2,065.56
-2,894.30
-5,725.16
-3,176.53

0.93**
0.97***
0.95***
0.98***

Table 4. Exponential function [y=a+(b*exp(-x/c))] parameters and R2 of
storage root dry matter of sugar beet varieties as related to the thermal
time (°Cd) in 2011 on non-infested soil

Var.a a b c R2

Fig. 5. Storage root dry matter of sugar beet cultivars as related to the thermal time
(°Cd) in (A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil.

Fig. 4. Leaf area index of sugar beet cultivars as related to the time of growth period
in (A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil. Error bars
indicate significant differences at each harvest date, P< 0.05.
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growth rate initially increased with thermal time and then
declined (Figs. 8A and B) but the slope of increasing and the
time to reach maximum were different among the cultivars,
especially in 2010. In 2010, the maximum value of leaf
growth rate (0.38 g m-2 d-1) of the tolerant cultivar Bri was

obtained at about 1,000°Cd, while for the susceptible cultivar
Ras, the maximum leaf growth rate (0.28 g m-2 d-1) was at
1,700°Cd. In 2011, maximum value of leaf growth rate of the
tolerant cultivar Bri (0.25 g m-2 d-1) and the susceptible culti-
var Ras (0.1 g m-2 d-1) was obtained at about 1,700°Cd. Under
non-infested conditions, maximum value of leaf growth rate
(0.1 g m-2 d-1) of the tolerant cultivar Bri was reached at about

Bri
Zar
Jol
Ras

-16.30
4.76

-9.33
11.01

381.99
328.59
320.08
296.19

1,034.44
1,121.53
1,496.31
1,661.64

241.83
135.42
387.87
277.31

0.90**
0.97**
0.89**
0.98**

-4.92
-21.14
-4.89
-2.21

349.24
338.24
205.52
148.07

1,364.69
1,450.24
1,414.88
1,381.46

346.18
497.41
305.60
347.53

0.92*
0.85*
0.97**
0.90*

Table 5. Sigmoid function [y=(a+b)/(1+exp((c-x)/d))] parameters and R2 of leaf dry matter of sugar beet varieties as related to the thermal time
(°Cd) in 2010 and on infested soil

Var.a

a b c d R2 a b c d R2

2010 2011

* and ** indicate significant at P < 0.05 and P < 0.01, 
aVar. = variety.

Fig. 6. Storage root growth rate of sugar beet cultivars as related to the thermal time
(°Cd) in (A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil.

Fig. 7. Leaf dry matter of sugar beet cultivars as related to the thermal time (°Cd) in
(A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil.
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800°Cd, while for the susceptible cultivar Ras the maximum
leaf growth rate (0.28 g m-2 d-1) was reached at 1,100°Cd
(Fig. 8C). Because of dry matter allocation pattern, the sus-
ceptible sugar beet cultivars that were used in these trials had
more leaf dry matter than tolerant cultivars. 

Relative Growth Rate: Relative root and leaf growth rate
(RGR) decreased on both infested and non-infested soils.
Decreasing of RGR for sugar beet leaves was lower than for
root. RGR of root was close to zero at about 1500°Cd, but
same value of (0.0008 g g-1 m-2) of RGR of leaf was obtained
at 2300°Cd in 2010 and 2,500°Cd in 2011 (Figs. 9A, B, D,
and E). On non-infested soil, RGR decreased through the
growing season but the maximum value of root RGR among
sugar beet cultivars was lower than in infested soil (Figs. 9C
and F). The overall trend of plant leaf RGR on non-infested
soil was similar to that of infested soil. 

Net Assimilation Rate: Net assimilation rate declined
from the beginning of the growth season to 1,500°Cd on both
infested and non-infested soils. But on non-infested soil, the
difference between sugar beet cultivars was lower than that
of infested soil. On non-infested soil, the average NAR of
sugar beet cultivars in the whole season was 0.38, 0.37, 0.32,
and 0.36 g m-2 d-1, whereas on infested soil it was 0.49, 0.33,
0.21, and 0.25 g m-2 d-1 for Bri, Zar, Jol, and Ras cultivars,
respectively. The maximum of NAR of susceptible cultivars
Jol and Ras on non-infested soil was 2.0 and 2.2 g m-2 d-1 but
on infested soil it was 0.83 and 1.8 g m-2 d-1, respectively
(Fig. 10).

Discussion

This study tried to analyze the growth of tolerant and sus-
ceptible sugar beet cultivars to the growth quantification
under infested and non-infested soils. Although year 2010
was warmer than 2011, the average temperature for April and
May 2011 was 1.5°C warmer than 2010 and this time period
coincided with planting date and early growth period of sugar
beet. Temperature is the main factor for the spread of rhizo-
mania viral disease in sugar beet (Blunt et al. 1992; Webb et
al. 2000). Moreover, continuous cultivation of sugar beet is
an important factor to increase the Polymyxa betae popula-
tion. This suggests that in 2011 spread and severity of rhizo-
mania was higher than in 2010, therefore the susceptible

plants were more subjected to damage. Thus, plants in 2011
provided less root and leaf yield than in 2010.

When the susceptible sugar beet plants were infested with
the rhizomania disease, some morphological and physiologi-
cal changes occurred in the whole plant (Keller et al. 1989).
Among the above-ground components of the plant, leaf area
index and leaf dry matter decreased, and leaves became yel-
low and necrotic (Pavli et al. 2011). In the crop canopy, light
interception is greatly correlated with LAI which is closely
related to leaf dry matter. Reduction of chlorophyll content in
infected plants as indicated by yellowing of leaves is one of
the most important factors for decreasing plant photosynthet-
ic power (Keller et al. 1989). In addition, lower yields of
infected plants may be due to the smaller rates of CO2 fixa-
tion. Clover et al. (1999) showed that the growth of infected
sugar beet plants by beet yellow virus had decreased because
of the reduction in net photosynthesis and increase in the pro-
portion of light intercepted by yellow leaves.

Fig. 8. Leaf growth rate of sugar beet cultivars as related to the thermal time (°Cd) in
(A) 2010 and (B) 2011 on infested soil and (C) 2011 on non-infested soil.
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Table 6. Sigmoid function [y=(a+b)/(1+exp((c-x)/d))] parameters and R2

of leaf dry matter of sugar beet varieties as related to the thermal time
(°Cd) in 2011 on non-infested soil

y=(a+b)/(1+exp((c-x)/d))
Var.a

-74.18
-13.34
-93.20
-3.20

a

311.33
303.92
363.34
282.46

b

682.48
904.03
546.91

1,085.43

c

586.71
294.97
512.76
248.72

d

0.95**
0.88*
0.94**
0.95**

R2

* and ** indicate significant at P < 0.05 and P < 0.01,
aVar. = variety
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Under ground, the roots of infected plants were constrict-
ed, and the vascular bundles became necrotic. The roots dis-
colored to a pale yellow to dark brown color, and die (Brunt
and Richards 1989; EPPO 2004). These changes cause a
decrease in the absorption ability of water and nutrition by
roots. Therefore, susceptible sugar beet plants in rhizomania-
infested condition are exposed to water stress. In addition,
rhizomania disease is soil-borne, and limitation of water
availability indirectly affects gas exchange by leaves (Keller
et al. 1989). Our results in both years and under infested soil
showed that the storage roots of susceptible sugar beet culti-
vars were necrotic, with many rootlets, small and low weight.
These symptoms were not observed for tolerant cultivars.
Under non-infested soil, all cultivars produced normal stor-

age roots. In rhizomania-infected conditions, the transpira-
tion of a susceptible cultivar is reduced as a result of leaf
conductance to a similar extent as CO2 uptake (Keller et al.
1989). It is essential for growth to maintain a balance
between carbon assimilation and water loss. When stomata
are open for CO2 fixation, water loss from a plant is larger
than water uptake, and a plant would be subjected to water
deficit.

These physiological effects influenced susceptible sugar
beet cultivars by lower dry matter and CGR in rhizomania-
infested soil and caused lower growth and yield in compari-
son with tolerant cultivars. Under infested soil, the root vas-
cular system of sugar beet plants is damaged, and cannot play
its roll to maintain water and nutrition for plant growth. In

Fig. 9. Root (A, B, C) and leaf (D, E, F) relative growth rate of sugar beet cultivars as related to the thermal time (°Cd) in 2010 and 2011 on infested soil and 2011 on non-infested
soil.



Sugar beet growth analysis68

this condition, the whole plant is affected and the growth rate
of leaves and storage roots and then dry matter production
will decrease. Under these conditions, storage root yield,
sugar content, and purity (Darabi and Rezaei 2008; Keller et
al. 1989; Tamada 1999) might be too low for any extraction
practice in sugar factories (Mumford and Wyse 1976).

Conclusion

The results of this study showed that rhizomania disease
caused reduction of susceptible sugar beet cultivar growth by
decreasing the dry matter of both leaf and storage roots. Leaf
and root growth rate also decreased and achieving the maxi-
mum growth rate was delayed for susceptible cultivars com-
pared to tolerant cultivars. Under non-infested soil, the dif-
ference between dry matter of tolerant and susceptible culti-
vars was low. However, leaf dry matter of tolerant cultivars
was less than susceptible cultivars and root dry matter of tol-
erant cultivars was higher than susceptible cultivars.
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