
www.plantroot.org   
 

_____________________________________________________________________________________________________________________________________________________________________________ 

Polverigiani S, Kelderer M, Neri D 2014 Growth of ‘M9’ apple root in five Central Europe replanted soils. Plant Root 8: 
55-63. doi:10.3117/plantroot.8.55 
Copyrights 2014, Plant Root (JSRR), www.plantroot.org 

55 

 
Growth of ‘M9’ apple root in five Central Europe replanted soils 
 
Serena Polverigiani1, Markus Kelderer2 and Davide Neri1 
 
1 Dipartimento di Scienze Agrarie, Alimentari ed Ambientali, Università Politecnica delle Marche, Via Brecce 

Bianche 60131 Ancona, Italy 
2 Centro di Sperimentazione Agraria e Forestale Laimburg, Vadena, Ora, BZ, Italy 
 
Corresponding author: D. Neri, E-mail: d.neri@univpm.it, Phone: +39 2204431; Fax: +39 2204988 
 
Received on May 7, 2014; Accepted on August 29, 2014 
 
 
Abstract: Soil sickness is a widespread problem 
in replanted apple orchards with a complex 
symptomatology and etiology influenced by soil 
and climate conditions. Consequently, a 
conclusive technical solution is still lacking for 
intensive apple orchards. The present work aims 
to analyze the morphological and functional 
changes occurring in the M9 apple root systems 
growing in pot filled with soil derived from five 
different European growing areas. For each 
growing area, the soil was collected from the 
apple orchard and used directly in the pot or 
gamma-ray sterilized before potting. Soil from a 
neighborhood fallow was also used as control for 
each growing area. In the non-sterilized replant 
soils plants developed poor root systems due to a 
limited biomass allocation. Fibrous roots 
production was particularly compromised. The 
roots had a smaller diameter and a lower 
ramification index. The root cell membrane 
integrity was also lower. Gamma-ray sterilized 
replant soils increased root growth, branching 
and cell integrity, while nearby fallow soil induced 
an intermediate root behavior. The magnitude of 
the symptoms showed a significant interaction 
between soil treatment and sampling site and 
root growth was correlated with the organic 
matter content in the soils. 
 
Keywords: gamma-ray sterilization, replant disorders, 
resources partitioning, root efficiency 
 
 
Introduction 
 
The replant problem dates from the beginning of 
agriculture (Columella 70) and the literature refers to 
the phenomenon in a wide range of species both in 
annual (Canals et al. 2005) and perennial culture 

(Spethmann and Otto 2003, Mai and Abawi 1978). 
Despite a very ancient knowledge of the problem 
(Schreiner and Reed 1907) and the dramatic urgency 
of the topic from an economical point of view, no 
technical solutions of certain efficacy and sustaina-
bility are currently available (Huang et al. 2013). 
Replant disorders are characterized by a high varia-
bility of symptoms as well as by a great 
unpredictability (Zucconi 2003). Also timing and 
severity of symptoms expression are highly erratic 
(Taquair 1984, Yadava and Doud 1980, Mazzola and 
Manici 2012). 

Root is the first plant interface with soil and is the 
organ that mainly receives stress arising to substrate 
characteristics. Studies on replant problem in terms of 
root growth indicated a reduction in root biomass, root 
tip necrosis (Savory 1966) and a reduction of uptake 
(Yu and Matsui 1999), causing nutrient deficiencies 
and plant water stress (Mai et al. 1994, Mazzola and 
Manici 2012). Recent studies on rootstock tolerance to 
replant disorders focused on root development in 
terms of total root biomass (Waschkies et al. 1994, 
Isutsa and Merwin 2000) while relationships among 
resource allocation pattern, root function and archi-
tecture have often been neglected (Atucha et al. 2014). 
In response to growth conditions, plants allocated 
resources toward certain organs preferentially 
(Polverigiani et al. 2011, Giorgi et al. 2008), leading to 
the different canopy / root ratio, root architecture and 
morphology. 

In woody plants, roots are often distinguished into 
two classes, i.e. fibrous (absorptive, short or feeder) 
and pioneer (framework, long or skeletal) roots. They 
diverge in both morphology and function (Sutton and 
Tinus 1983). Resource partitioning patterns tends to 
reach the maximum efficiency of the root system in 
response to the various growth conditions (Eissenstat 
1992, Eissenstat et al. 2000). When an adverse growth 
environment causes a stress to the plant and limits 
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plant productivity, root system showed a phenotypic 
plasticity, such as modification of root proliferation 
patterns and its function, possibly as a way of 
alleviating a detrimental effect of a stress (Sultan 
2000). Therefore, parameters such as root diameter or 
branching frequency are pivotal to understand plant 
adaptive response to changing growth conditions 
(Pregitzer et al. 2002).  

Histological studies of apple roots in replant soil 
have reported extensive sloughing of epidermal and 
cortical tissues, root tip necrosis, and very few 
functional root hairs in replant soil compared to roots 
of healthy apple trees under non-replant soil condi-
tions (Caruso et al. 1989, Yim et al. 2013) thus 
indicating a rapid decline of root functionality and 
shorter lifespan.  

The main objective of this study was to test the 
following two hypotheses in the short term experiment 
where root morphological and physiological traits as 
well as resource portioning patterns to roots were 
studied in apple rootstock seedlings transplanted in 
soils with different replant history. We hypothesized 
that a replant soil would reduce root half-life and the 
average functional efficiency of the root system, while 
sterilization would alleviate the short-term stress at 
transplanting. We also hypothesized that the magni-
tude of the effect of soil treatment will depend on soil 
physical and chemical fertility.  
 
Materials and Methods 
 
Sampling sites and soil analysis 
 
Soils were sampled in three main apple growing 
areas of Central Europe: Rhineland Palatinate 
(Germany), Styria (Austria) and South Tyrol (Italy). 
Soil samples were collected from orchards on 5 
different locations monitored by the following 
research centers: Fruit Experimental Station 
Graz-Haidegg in Austria (for the locations Haidegg 
and Lammer), Centre of Rural Services Rheinpfalz in 
Germany (KAD and Kramer), and Laimburg Agri-
cultural and Forestry Research Centre in Italy 
(Leifers). All locations were at the third-generation of 
replanted orchards. Soil sampling on the 5 orchards 
was performed in early April 2012 on replant rows 
and on the fallow controls (driving lanes within the 
orchards or uncultivated strips at the edge of the 
orchards) which were managed as permanent natural 
vegetative cover and had not been directly planted 
with fruit trees in the past.  

Soil texture was classified using the Soil Triangle 
Hydraulic Properties Calculator based on Saxton et al. 
(1986). Soil pH and electrical conductivity (EC) were 
measured with a glass electrode using a 1 : 2.5 soil :  
0.01 M CaCl2 (w : v) ratio. Soil dry matter was 

determined by heating soil for 24 h at 105°C. The 
organic matter content was determined from the 
weight loss following ignition in a muffle furnace 
(Carbolite, CWF 1000) at 550°C for 5 h. Total 
nitrogen (N tot) and total carbon (C tot) in the 
samples were measured using a TruSpec CHN (Leco 
Corporation, software version 1.6x,USA). Soil basal 
respiration was measured as CO2 evolution from 
moist soil samples at 22°C, using continuous flow 
infrared gas analysis (IRGA; Heinemeyer et al., 
1989).  
 
Plant material and canopy growth 
 
Soil samples from all sites were stored at 8°C, at 
Laimburg Agriculture and Forestry Research Centre 
in South Tyrol (Italy) until use for bioassay tests. Soil 
samples were handled to obtain three soil treatments 
for each site; they were (i) replanted, (ii) fallow, (iii) 
gamma-ray sterilized. The gamma ray-sterilization of 
the replanted soil samples was performed as de-
scribed in Manici et al. (2013). Replant, sterilized and 
fallow soils were used as substrate of growth for 
rooted cuttings of clonal M9 rootstock with diameter 
of 6–8 mm. Rootstocks were transplanted one per pot 
(10 × 10 × 15 cm) which was filled with approxi-
mately 1.5 kg of soil. Simulating open field 
conditions in central Europe, transplant of apple 
rootstocks was carried out in early June 2012. A 
two-factorial experiment in a completely randomized 
block design, with three replicates was performed. 
Factors were 
- soil treatment (3 levels): replanted, sterilized and 
fallow. 
- sampling site (5 levels). 
A total of 150 pots (10 replicates with one plantlet 
per pot, 3 treatments and 5 sites) were arranged in a 
shade-house at the Laimburg Agriculture and 
Forestry Research Centre (Italy). Total shoot length 
(cm) and dry matter (g) of the canopy, including 
shoot and stem, were measured 85 days after plant-
ing.  
 
Root biomass and morphology 
 
Four replicates for each soil treatment of the different 
locations were used for root description, for a total of 
60 plants, 85 days after planting. Roots were extract-
ed from the pot and gently washed free of soil. Roots 
were washed over a 0.3 mm mesh sieve in order to 
collect all excised fragments. The whole root system 
was separated, depending on root hierarchical 
position, into five orders according to Fitter (1991), 
by dividing single orders from 1st to 4th and by 
combining all structures of order 5th and higher as “> 
4th order”. The root diameter was used as the 
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discriminant on root fragments only when the 
original architecture was disrupted, and thus not 
recognizable. The 1st and 2nd order roots, pooled 
together, represented the fibrous fraction of the root 
system (root diameter 0.26 ± 0.02 mm). Root from 
3rd order to higher represented the pioneer portion 
(Polverigiani et al. 2011). Pioneer and fibrous root 
fractions were dried and weighted separately. Root 
biomass (dw) was used to calculate the percentage of 
fibrous roots out of the whole root system. For root 
morphological characterization, only living, intact 
and healthy roots were considered for analysis, 
whereas all the damaged, shrunken or partially 
decomposed roots were discarded. Morphological 
parameters were measured just on pioneer structures, 
separately for each of the three orders. The diameter, 
length, number of laterals and dry weight of a 
sub-sample of 15 roots per order were measured for 
each plant. When 15 roots were not available for the 
measurement of > 4th order class, all the roots were 
measured. When the number of available roots 
exceeded the 15 units, the subsample was composed 
by randomly selected roots. The root length and 
diameter were measured by processing images of the 
root samples through the DigiRootTM software 
(Digital Processing Solutions LLC, CO, USA) for 
image analysis. The root length and dry weight were 
used to estimate the amount of root length per unit 
biomass or “specific root length” (SRL). The lateral 
branching rate was calculated on the same root 
samples, as the number of laterals produced per unit 
length.  
 
Root cell damage 
 
As an indicator of stress (Huang et al. 2005), root 
electrolyte leakage was used to assess cell membrane 
stability and integrity as described in Martin et al. 
(1987). On each of the four replicates, 5 sub-samples 
of fibrous roots were collected and analysed. The 
subsamples consisted of on average 10 mg (dw) of 
1st and 2nd order roots. Roots were cleaned from soil 
residues and immersed in deionized water. Electrical 
conductivity (EC) of the water was measured before 
roots were inserted (ECinitial), after 30 min of immer-
sion (EC30), and again after boiling the sample for 5 
min (ECtotal). Electrolyte leakage was calculated 
using the following relationship: 
Electrolyte leakage (%) = 100 × (EC30 – ECinitial) / 
(ECtotal – ECinitial).  
 
Statistical analysis 
 
All data were tested using a two-way ANOVA 
focusing on the influence of soil replant status, 
sampling site and their cross interaction. For parame-

ters measured on single root order (i.e. diameter, SRL, 
branching frequency) the ANOVA and all subsequent 
statistical elaborations were performed on each order 
separately. When the ANOVA indicated significant 
treatment effect, a Tukey's HSD test, at 95% confi-
dence level, was performed for mean separation. A 
Principal Component Analysis (PCA) was performed 
using the whole data sets of root parameters. Statisti-
cal analysis was performed using JMP9 (SAS 
Institute Inc., Cary, NC).  
 
Results 
 
Biomass partitioning 
 
Canopy growth differed among treatments; shoot 
length and canopy dry matter were significantly 
higher in gamma-ray sterilized soil than in replant soil 
(data not shown), as illustrated in Manici et al. (2013). 
Plant root growth was strongly influenced by soil 
treatment. The gamma-ray sterilized soil and neigh-
borhood fallow soil showed a greater root weight 
compared to replant treatment. The weakly significant 
interaction at P = 0.10 between treatment and site 
indicates a different effect of soil treatment depending 
on site (Table 1). Namely, only two out of the five 
sites showed significant differences on root growth 
due to soil treatment (Fig. 1). On both cases gam-
ma-ray sterilized soil promoted a higher root growth 
compared to replant soil. Root growth on fallow soil 
was significantly higher than in replant treatment only 
in KAD (Fig. 1). Both the sampling sites and the soil 
treatments played a role in determining the canopy / 
root ratio (Table 1). In replant soil, roots showed a 
disproportionate decreases relative to canopy, thus 
increasing the ratio of canopy to root dry weight as 
compared with gamma-irradiated soil (Table 1). A 
more detailed analysis focusing on biomass parti-
tioning among the root system showed that the replant 
soil condition particularly reduced the fibrous root 
fraction compared to the pioneer fraction. Thus the 
fibrous root proportion expressed as percentage of 
total root dry weight was significantly lower (Table 1).  
 
Root morphology and architecture 
 
Root diameter, SRL and branching frequency differed 
among orders, treatments and sites (Table 2). Signif-
icant interactions between sampling sites and 
treatments were found for root diameter and branching 
frequency, while significant interaction between order 
and treatment was found only for root diameter. For 
SRL, however, weak interactions between site and 
treatment and between order and treatment were found. 
Thus, root diameter was significantly higher in 
sterilized than in replant and fallow soil in > 4th order 
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and SRL was greater in replant than in fallow and 
sterilized soils in 4th order (Fig. 2). On the other hand, 
branching frequency was lower in replant than in 
sterilized and fallow soils for the 3rd, 4th and > 4th 
order structures (Table 2 and Fig. 2).    
 
Root cell damage 
 
The level of cell membrane damage differed among 
soil treatments and sites. The magnitude of the effect 
of soil treatment was not uniform among sites as 
indicated by the significant soil treatment × site 
interaction (P = 0.044) (Table 3). The replant soil 
increased the level of cell damage compared to fallow 
soil on two locations i.e., KAD and Kramer. Replant 
soil significantly increased electrolyte leakage than 
gamma-ray sterilized soil only in one location, Kramer 
(Fig. 3).  
 

Response magnitude and soil characteristics  
 
The replant soil generally influenced root characteris-
tics by reducing root vigour and branching rate. The 
Principle Component Analysis indicated that the 
eigenvalues were 3.73, 1.57, 1.29 and 0.63 for the first 
4 components, respectively, and suggested the 
adoption of three principle components. These three 
components accounted for 46.6, 19.6 and 16.2% of 
total variability respectively. However since the third 
component was strongly dominated by the single 
variable ‘diameter’ and therefore was not effective in 
improving the clarity of the description, only the first 
two components were taken into account in this study. 
The first principle component was related to root 
vigour (total weight of roots, fibrous root weight, SRL 
and leakage), while the second component was mostly 
related to branching frequency and proliferation in the 
niches (percentage of fibrous roots out of the whole 
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Fig. 1. Mean separation test for root dry weight of 
M9 rootstock grown on replant, fallow and 
sterilized soil samples, from 5 sites. Each data 
represents the average of four replicates. Vertical 
bars indicate mean ± standard error. Means with 
different letter significantly differ according to 
Tukey’s HSD test (P < 0.05). 
 

Table 1. Two-way ANOVA and means separation test of root growth parameters: M9 rootstock plantlet root dry weight, 
canopy / root , the percentage of fibrous roots out of the whole root system (dry weight basis), at 85 days after 
planting. Values with different letter are significantly different according to Tukey’s HSD mean separation test (P 
< 0.05). 

 

 DF Root dry weighta  Canopy / roota Root mass that was fibrousa 

Site 4 0.021 < .0001 < .0001 
Treatment 2 0.0001 0.007 < .0001 
Site × Treatment 8 0.10 0.002 < .0001 
 
Treatment Count Root dry weight (g) Canopy / root Root mass that was fibrous (%) 
Replanted 20 1.15 ± 0.11 b 8.05 ± 0.91 a 53.1 ± 1.18 b 
Fallow 20 1.66 ± 0.17 a  5.99 ± 0.84 ab 55.2 ± 1.38 b 
Sterilized 20 1.91 ± 0.12 a 5.25 ± 0.34 b 60.0 ± 1.43 a 

a Numbers in the Table represent the probability values 
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root system, root branching frequency). The PCA 
scores confirmed how replant soil mostly differed 
from the other two treatments and indicated a 
non-uniform magnitude of the effect of replant 
treatment among sites; i.e., KAD and Kramer showed 
a wider distance of fallow and sterilized soil from the 
replant (Fig. 4). 

Soil chemical and biochemical parameters, as 
expected, varied between sites (Table 4). The site 
KAD showed the lower level of Ntot as well as the 

lowest organic matter (OM) content (%). KAD and 
Kramer were also characterized by the lowest basal 
respiration. Haidegg had the most balanced soil 
texture and the highest values Ntot, Corg and OM. In 
replant soil root growth was strongly and positively 
correlated with soil total Ntot (r = 0.87) and OM 
content (r = 0.96) but correlations were not significant 
for gamma-ray sterilized or fallow soil.  
 
 

Table 2. Two-way ANOVA of root morphological parameters: M9 rootstock plantlet root diameter, SRL and branching 
frequency, 85 days after planting. Analysis was performed on 15 roots for each root order per replicate 

 DF Root diameter a Specific root length a Branching frequency a 

Site 4 < .0001 0.020 < .0001 
Treatment 2 < .0001 0.024. < .0001 
Order 2 < .0001 < .0001 0.036 
Site × Treatment 8 < .0001 0.077 < .0001 
Order × Treatment 4 < .0001 0.059 0.340 

a Numbers in the Table represent the probability values 

Fig. 2. Means separation test for root 
diameter, SRL and lateral branching 
frequency of each of the three pioneer root 
classes. Vertical bars indicate mean ± 
standard error.  Means with different letter 
significantly differ according to Tukey’s 
HSD tests (P < 0.05). 
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Discussion and Conclusion 
 
The short term trial indicated a general reduction of 
biomass allocation to root after planting of apple M9 
cuttings in replant soils. The biomass allocation to root 
decreased more than proportionally compared to the 
reduction of the above-ground part and caused an 
elevated canopy / root ratio as typical response for 
plants exposed to root stress (Wilson 1988). The detail 
analysis on single root hierarchical order indicated the 
production of thinner root in replant soil, judging from 
the smaller diameter of the > 4th order roots and the 
higher SRL of the 4th order roots in replant soil (Fig. 
2) This contributed to the reduction of resource 
allocation to the root system as previously found by 
Atucha et al. (2014) in similar conditions.  

Replant soil caused a reduction of the branching 
frequency regardless of root order (Table 2) and a 
disproportionately large reduction of fibrous roots 
compared to the pioneer root fraction (Table 1). These 
behaviours can be assumed as a lower tendency to 
colonize the soil and an impairment of the absorbing 
ability of root (Zadworny and Eissenstat 2011). Root 

tended to grow in the search of new niches preferen-
tially instead of localized proliferation under 
environmental conditions unfavourable for resource 
uptake (Polverigiani et al. 2011, Polverigiani et al. 
2014), and this tendency can be assumed as an 
indicator for a resource limited condition (Giorgi et al 
2008).  

The restricted growth in replant soil could be as-
cribed to the accumulation of self-produced residues, 
which induced specific allelopathic effects (dispathy) 
under repeated cultivation conditions. In previous 
studies root absorbing ability was hindered by toxins 
from previous crop residues, leading to the dystro-
phies and root die-back (Neri 2013; Giorgi et al 2008; 
Neri et al 2005). In the present study, roots grown in 
replant soil showed the highest electrolyte leakage in 
comparison with root grown in fallow or gam-
ma-sterilised soil (Fig. 3). This result is potentially 
connected to a lower root lifespan in replant soils as 
previously found by Bauerle et al (2008) and is related 
to higher level of cell membrane disruption. Reduced 
proliferation pattern and faster root shedding can be 
interpreted as avoidance response to unfavourable 
conditions which temporarily reduced soil exploration 
and resource uptake by roots. In addition, soil sickness 
enhances the risk of infection by soil borne pathogens 
through an indirect biochemical and physiological 
effect (Ye et al. 2006). However, the associations 
among the accumulation of toxins, root functional 
activity and risk of infection remains a complex issue 
to be further examined.  

In this study, the plants in replant soil lost their cell 
membrane integrity in KAD and Kramer, but not in 
Haidegg, Lammer and Leifers (Fig. 3). This suggests 
that plant survival and activity was less dramatically 
jeopardized in replant soils with high organic matter 

Table 3. Two-way ANOVA of root electrolyte leakage 85 
days after planting. Analysis was performed on 
5 root sub-samples per replicate 

 DF Electrolyte leakage a  
Site 4 < .0001  
Treatment 2 < .0001  

Site × Treatment 8 0.044  
a Numbers in the Table represent the probability values 
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content and better chemical and physical fertility. All 
agronomic practices should be focused on promoting 
plant adaptive response. Some edaphic conditions are 
able to reduce root cell damage, thus increasing plant 
resilience and tolerance to biotic stress. Elevated 
organic matter content or a proper soil structure are 
effective in maintaining the highest proliferation rate 
of roots. All agronomical interventions aiming to 
create the most suitable environment for root activity 
and proliferation has to be studied as a tool in 
preventing the replant symptomatology.  

The present work highlights some characteristics 
of the growth environment that might magnify the 
expression of the soil sickness symptomatology. The 
most unfavourable soil texture and the presence of the 
lowest concentration of OM, N and soil basal 
respiration caused the highest stress in replant soil. In 
conclusion, our work suggests that a proper soil 
physical, chemical and biological fertility is able to 
minimize the negative effects of replant disorders on 
root proliferation and functionality. 
 

Table 4. Physical, chemical and biological properties of soils 

Country Site Soil 
treatment 

Soil 
texture pH N tot

a  
(%) 

Corg 
(mg/g) 

DM 
(%) 

OM 
(mg/g) 

Conduct  
(µS/cm) 

BR 
(µg gTS-1h-1) 

AT HAIDEGG Replant s.c.l.b 5.78 0.35 47.53 75.86 81.75 138.5 0.586 
 HAIDEGG Fallow s.c.l. 5.36 0.42 51.08 73.76 87.85 142.2 1.822 

AT LAMMER Replant s.l. 6.88 0.21 40.36 74.35 69.42 217.2 1.692 
 LAMMER Fallow s.l. 5.86 0.17 37.30 73.41 64.15 113.0 1.191 

IT LEIFERS Replant s.l. 7.74 0.25 32.92 73.58 56.63 116.3 2.290 
 LEIFERS Fallow s.l. 7.76 0.21 28.36 73.84 48.78 129.7 2.341 

DE KAD Replant s.l. 6.80 0.14 26.65 87.04 45.84 101.2 0.426 
 KAD Fallow s.l. 7.36 0.11 17.15 88.88 29.50 71.0 0.137 

DE KRAMER Replant c.l. 6.60 0.21 30.35 83.57 52.20 59.0 0.747 
 KRAMER Fallow c.l. 6.52 0.19 27.72 85.54 47.68 51.7 0.045 

a N tot (total nitrogen) ; Corg (organic carbon); DM (dry matter); OM (organic matter); Conduct. (conductivity); BR (basal 
respiration). 

b Sandy (s.), clay (c.), loam (l.). 

Fig. 4. PCA of all measured root parameters in response to soil replant treatment and sites. The PCA resumes the 8 
variables: canopy dw, total root dw, fibrous dw,  percentage of fibrous roots out of the whole root system, root 
diameter, SRL, root branching frequency and electrolyte leakage on two principal components. Each point represents 
the average of the four replicates for each treatment on each site. 
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