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Chapter 3

RESISTANCE OF NATURAL ALNUS GLUTINOSA TREES TO

NODULATION BY INEFFECTIVE FRANKIA AND ITS POSSIBLE

ECOLOGICAL IMPLICATIONS
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3a: Micropropagation of field- and greenhouse grown Alnus glutinosa plants
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INTRODUCTION

It has been shown by Van Dijk and Sluimer (1994) that some A. glutinosa seedlings

remain free of nodules, while others are nodulated profusely when inoculated with soil

containing ineffective Frankia particles. Of some half-sib seed-lots, up to 90% of the plants

were found to be resistant to nodulation by ineffective Frankia. It has been demonstrated

experimentally that both compatibility with ineffective Frankia (i.e. the ability to form

nodules) and the nodulation speed are genetically determined by the host. For more efficient

research of ineffective Frankia nodulating A. glutinosa, multiplication of certain susceptible

alder individuals through cloning was considered to be very useful (Hahn et al. 1988), and

micropropagation is virtually essential for the study of resistance patterns among natural A.

glutinosa populations. Although various methods for micro-propagation of Alnus spp. have

been described (Séguin and Lalonde 1990), most of these are quite complicated, and might

not work on field-grown, mature alder plants. In the present chapter, several methods for the

multiplication of Alnus glutinosa were tested, and their usefulness for nodulation studies was

investigated.

MATERIALS AND METHODS

A)  Two-step multiplication (Périnet and Lalonde 1983)

 For the production of a large number of identical alder clones for biotest purposes, a two-

step tissue culture technique was selected. This technique was specially designed to

increase the number of propagates obtained from each target plant (Périnet and Lalonde

1983). Plant cuttings (explants) of 2 cm with at least one lateral bud were surface-

sterilised using 0.42% NaOCl, and were placed in a ‘multiplication medium’ containing

the plant hormone 6-benzylaminopurine (BAP). This resulted in excessive shoot formation

on each of the explants. The newly formed shoots were separated from the original

explants and were placed in ‘rooting medium’ containing indolebutyric acid (IBA), which

induces root formation. The basal salt medium that was used has been described by

Murashige and Skoog (1962), and was supplemented with 3% (w/v) of sucrose, and
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brought at a final pH of 5.5. Alder shoots, both from greenhouse- and field origins, were

surface-sterilised using the method described by Jones et al. (1977). This method was

successfully used by Tremblay and Lalonde (1984) and Tremblay et al. (1984) for the

micro-propagation of various Alnus spp. Instead of using the ‘multiplication agar medium’

with sucrose, explants were also placed on liquid basal medium without sucrose (on sterile

glass beads). Newly formed shoots were placed on (likewise sucrose-free) rooting

medium.

 

B)  Stem cuttings (Van Dijk and Sluimer 1994)

 Van Dijk and Sluimer (1994) have described the standard method that was used for

cloning greenhouse-grown alder plants. Stem sections, 4 cm long with at least one lateral

bud, were wiped with 70% (v/v) ethanol, rinsed in sterile demineralised water, and placed

on perlite saturated with demineralised water. Trays with cuttings were placed in growth

cabinets (Conviron E15) at 25°C and 80% relative humidity, with a 14-h. photoperiod.

Various modifications in rooting medium (peat/sand mixtures, peat/perlite mixtures),

application of soil sterilisation, and the use of fungicide (1% Captan) and auxin (indole

acetic acid or indole butyric acid) were also tested.

 

C)  Tissue culture (Van der Tang 1995)

 A tissue-culture method (Van der Tang 1995) was employed, using buds from actively

growing alder plants, and dormant “winter” buds. For the sterilisation, a two-step

incubation in a sodium hypochlorite solution (2-4% active chlorine, 15-30 min. incubation)

with Tween 20 was used, punctuated by a 10 h. period of incubation in malt extract broth

with glucose. This incubation period was intended to induce fungal and bacterial sporangia

to germinate, and thus to become vulnerable to the second sterilisation step. Buds were

placed in glass tubes with glass beads on a liquid ‘multiplication medium’ (pH 6.5)

containing (per l) 4.43 g basal salt medium (Murashige and Skoog 1962), 20 g sucrose, 10

active carbon, 0.25 g anti-oxidant, and 1µM BAP. To further reduce fungal growth, buds

were treated with Benlate (Sbay et al. 1989) by soaking in a 3 g l-1 aqueous solution for

24 h.
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D)  Root clones (chapter 3b)

Growing shoots were removed from near the base of mature trees together with roots and

bark, and transplanted into pots of soil (2 parts of river sand, 1 part of peat) under greenhouse

conditions. The occurrence of both roots and shoots near the base of a tree coincided with a

frequently changing, but high water table at the sampling site. These explants were called ‘root-

clones’ (chapter 3b). Secondary shoots, formed from the transplants under greenhouse

conditions, were subsequently used for cloning, according to method B).

RESULTS AND DISCUSSION

When using the two-step multiplication (A), greenhouse-derived explants remained

axenic, but field-derived plant material quickly became overgrown with mainly fungal

contaminants. Some of the contaminants were identified at genus-level as Acremonium spp.,

Penicillium sp., Alternaria sp. and several Trichosporon spp, members of which are known

to be common soil saprophytes. Furthermore, several yeasts and bacteria were found. The

main cause of this microbial bloom was probably the high sucrose-level in the multiplication

medium. Increasing the strength of the sterilising solution (from 0.42% w/v NaOCl up to 4

%) did not significantly decrease the infections, but only postponed them. Only when explants

were placed on basal medium without sucrose (on glass beads), survivability increased. Of

the newly formed shoots that were placed on (likewise sucrose-free) rooting medium, a small

proportion formed roots, but field-derived plant material never survived.

The method of cloning greenhouse-grown alder plants using stem cuttings (B) was

quite straightforward, with survival rates commonly exceeding 50%. The success rate

appeared to be determined by the host plant genotype: cuttings from some plants consistently

withered and died, while others rooted quickly without many casualties. Stem cuttings from

field-grown alder plants, however, suffered a mortality rate of over 99%, which was mostly

caused by fungal infections. Changing the rooting material, application of soil sterilisation, the

use of fungicide, and/or auxin did not improve the survival rate. In fact, the original method
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(Van Dijk and Sluimer 1994) of only wiping stem cuttings with 70% ethanol, and placing

them on water-saturated perlite, was superior to any of the implemented changes.

The tissue-culture method (C), using buds from actively growing alder plants, showed

that it was possible to obtain “axenic”, viable A. glutinosa tissue cultures. Even so, the best

achievement was a mere 14% survival. Winter buds appeared to be the most suitable

sterilisation subjects, because these are closed tightly, and were unlikely to get damaged by

the surface-sterilisation. The use of Benlate (Sbay et al. 1989) as a fungicide did not

significantly improve viability and survival of the explants.

While some rooted clones were directly obtained as cuttings from field material using

method B, most of the alder material used for cloning was taken from stem cuttings of so-called

‘root-clones’ (D). Mortality of the transplants was low, but some took several months to come

out of hibernation. The secondary shoots rooted much better than field material, although the

mortality rate of approximately 75% was still too high. Major bottlenecks were finding suitable

starting material from each prospective tree, and the long time needed for the two-step cloning

process. Still, this method for obtaining clones from alder field material was better than any of the

methods described above, and the majority of the rooted clones from alder trees in natural

populations were obtained in this way.
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A summarising survey of the advantages and disadvantages of the four cloning methods is

given in Table 5. It can be concluded that the root cloning was the best way to propagate

field-grown A. glutinosa, although this method also has several drawbacks.

Table 5 Summary of micropropagation methods used to obtain rooted cuttings of A. glutinosa, the

approximate success rates, and the advantages and disadvantages of each method.

Method of micro-
propagation

Explant survival (%) Advantages Disadvantages

Greenhouse
material

Field
material

A) 2 step multiplication 0% survival 0% survival Many clones from every
mother plant.

High sucrose level greatly
increases chances for
infection.

B) Stem cuttings (non-axenic) 10-60%
survival

>0,1% survival Technically simple; low
work load, consistent

Only few clones per
mother plant; low
survival of field grown
plants

C) Tissue culture 14% survival Not determined Possibility of obtaining
axenic plant material.

Difficult; lengthy process;
success rate too low (even
without rooting)

D) Root clones Not determined 25% Good chances of
producing rooted clones.

Lengthy process; suitable
cloning material hard to
find.
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3b: Ineffective Frankia and host resistance in natural populations of Alnus glutinosa

(L.) Gaertn.

D. J. Wolters, C. van Dijk, A. D. L. Akkermans and J. W. Woldendorp

Summary: Alnus glutinosa (Black Alder) populations are known to exhibit a variable degree of

incompatibility to root nodule formation by ineffective Frankia. The relationship between the

occurrence of ineffective Frankia in wet stands of black alder and the degree of resistance to

nodulation by ineffective Frankia of seed-lots and clones of alder trees of these particular

locations was studied through soil inoculation experiments. The average percentage of

resistant plants (R-frequency) among the seed-lots from locations with an ineffective Frankia

soil population was equal to, or higher than the R-frequencies of locations without ineffective

Frankia. The mean R-frequency was highest for the seed-lots of the location from which the

soil inoculant was taken. These results strongly suggest that ineffective Frankia are not

strictly dependent on susceptible A. glutinosa for the maintenance of their population size.

The fungus Penicillium nodositatum also nodulated A. glutinosa seedlings. Whereas a

negative interaction with the ineffective Frankia nodulation was found, this did not have a

significant effect on the R-frequencies of the seed-lots that were tested, suggesting that the

ineffective Frankia nodulation adversely affected the myco-nodulation, and not vice versa.

Submitted



Resistance of Alnus glutinosa

63

INTRODUCTION

Communities of diverse Frankia populations in the soils of natural stands of Alnus glutinosa

have been characterised at the levels of nodule morphology, host specificity and 16S RNA

characteristics (Benson and Silvester 1993). A distinct type of Frankia from these soils was

recognised by the production of ineffective, i.e. non-N2-fixing nodules in nodulation tests (Hahn et

al. 1988, Van Dijk and Sluimer-Stolk 1990) and by host-intraspecific differential incompatibility

which is so far unique among Frankiae (Van Dijk and Sluimer-Stolk 1990, Van Dijk and Sluimer

1994).

Ineffective Frankia have been found in high numbers in the soil of a number of wet alder sites

but could not be detected in others (Van Dijk and Sluimer-Stolk 1990, Wolters et al. 1997a).

Ribosomal DNA sequence analysis of (uncultured) ineffective Frankia from various wet alder

sites showed that sequences derived from ineffective nodules differed significantly from those of

effective ones, but were rather homogenous among themselves (Wolters et al. 1997b, see chapter

4). It is not clear why at some sites ineffective Frankia were abundant, yet could not be detected

at other sites with similar characteristics. An explanation might be found in the distribution of

compatible and resistant host genotypes among the study sites, thus regulating the potentials for

symbiotic growth of ineffective Frankia and hence the sizes of ineffective soil populations.

In the present paper the relationship between the occurrence of ineffective Frankia in wet

alder stands and the degree of resistance to ineffective Frankia nodulation of the alder trees

of these particular locations is studied. It is thought that in case of an obligatory dependency

of ineffective Frankia on the alder tree, a high proportion of susceptible alder individuals

would be present. On the other hand, in case of ineffective Frankia being independent of

growth and multiplication inside susceptible alder trees, no relationship between the

occurrence of ineffective Frankia particles in the soil and resistance among alder individuals

may occur. In the latter case, even a selection for resistant alder individuals would be possible

as the ineffective Frankia might be considered to be a (minor) pathogen to the alder (Van

Dijk and Sluimer 1994). An examination of the relationship between the occurrence of

ineffective particles and the degree of resistance of alder trees was carried out through the
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inoculation of different seed-lots from three sites with and two sites without an ineffective

Frankia soil population using a soil suspension containing ineffective particles.

A fungal species has also been known to infect A. glutinosa (Van Dijk 1979, Capellano et al.

1987), inducing so-called myco-nodules, which morphologically resemble young actinorhizal

nodules (Capellano et al. 1987). Isolates from these myco-nodules were first (incorrectly)

identified as Penicillium nigricans (Van Dijk 1984), but similar isolates from France were

recognised as Penicillium nodositatum nov. spec. (Valla et al. 1989, Sequerra et al. 1997). As the

soil used in our experiments produced significant numbers of these myco-nodules, the

interaction between Frankia and the Penicillium nodule-development was also studied.

MATERIALS AND METHODS

Sampling Sites

Five sites were selected from a previous survey (Wolters et al. 1997a) of which three, ‘Boezem

van Brakel 1’ (‘BB1’), ‘Zeegsersteeg’ (‘Zee’) and ‘De Hel’ (‘Hel’) had a numerically significant

ineffective Frankia soil population, whereas at two sites, ‘De Wieden’ (‘Wie’) and ‘Burgvallen’

Frankia could be detected (Fig. 5). All sites are part of nature reserves and

had relatively undisturbed, established A. glutinosa vegetation with waterlogged soil conditions

throughout the year. More detailed information on the sites was given in Wolters et al. 1997a (see

chapter 2).

Seed collection

At each sampling site, fruit cones were collected separately from four individual A. glutinosa

trees nearest to the original soil sampling sites (Wolters et al. 1997a). Seeds were harvested from

the cones and stored in paper bags at room temperature. From each sampling area, 4 (3 in the case

of site BV) different half-sib seed-lots were thus obtained (see Fig. 5; from trees at BB1: 1, 5-7;

Hel: 2-5; Zee: 1-4; Wie: 1-4; BV: 1-3). Trees numbered otherwise were not used for nodulation

experiments, but provided material for cloning purposes, or were screened for the presence of

ineffective root nodules.
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Figure 5 Map of the Netherlands (A) with the positions of locations ‘Zeegsersteeg’ or ‘Zee’ (B), ‘De Hel’ or

‘Hel’ (C), ‘De Burgvallen’ (D) or ‘BV’, ‘Boezem van Brakel 1’ or ‘BB1’ (E), and ‘De Wieden’ or ‘Wie’ (F).

The grey areas in the detailed maps show the sites where soil samples were collected, as was described in a

previous study (Wolters et al. 1997a, see also chapter 2). Ineffective Frankia soil populations were present at

locations ‘Zee’, ‘Hel’ and ‘BB1’ whereas they were absent at locations ‘BV’ and ‘Wie’. Solid bullets with

numbers indicate the A. glutinosa trees used for seed sampling and cuttings (this chapter). Open bullets show

the general location of some of the unsampled alder trees.
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Cultivation of test plants from seeds

Seeds were surface sterilised with a sodium-hypochlorite solution (1% active chlorine) for 10

min. and left to germinate on 3 mm glass beads in demineralised water. After 2 weeks the plants

were transferred to 5 litre jars containing a half-strength modified Hoagland solution (Quispel

1954a). Trace elements were added according to Allen and Arnon (1955), and Fe-citrate (0.02

mM) was used as the iron source. At 6 weeks the seedlings were transferred to full-strength

modified Hoagland solution with reduced N-content (0.375 mM NO3
- as sole source of N). Plants

were raised in a growth cabinet at 23°C and 70% relative humidity, and illuminated for 16 h day-1

with Philips TL 33 (185 mE s-1 m-2, at plant level). One day before inoculation the plants were

transferred to fresh Hoagland solution with reduced N-content, with the addition of 80 mg l-1 of

Previcur N (Schering AG, Germany), according to Van Dijk and Sluimer (1994). This treatment

was continued by weekly replacement of the Hoagland nutrient and fungicide solutions. Plants

were randomly distributed over the jars (initially 48 plants per jar, approx. 96 per seed-lot). Seed-

lots were distributed at random among the jars with approx. 8-12 seedlings per jar. For logistic

reasons, the total experiment was split up into four sub-experiments. The plants were inoculated

with a soil suspension prepared from ‘BB1’ soil as described below. The jars were transferred to a

greenhouse at 23 ± 2°C where extra illumination with Philips HPI-T (≤ 195 mE s-1 m-2, at plant

level) was provided for a photoperiod of 16 h day -1.

Cultivation of test plants using cloned individuals

While some rooted clones were directly obtained from field material, most of the alder material

used for cloning was taken from twig cuttings of so-called ‘root-clones’, pieces of bark with both

roots and buds, separated from the base of mature trees, and transplanted into pots of soil under

greenhouse conditions as described above (see chapter 3a). Shoots formed under such conditions

were subsequently used for cloning. This procedure was followed, as it appeared that shoots

grown in the greenhouse were much easier to clone than field material. Stem sections of ± 5 cm

including 1-2 lateral buds were defoliated, and wiped with 70% (v/v) ethanol, before they were

placed on Perlite saturated with demineralised water. Containers with cuttings were covered with

a sheet of Perspex and placed in a growth cabinet under climatic conditions as described above.

Cuttings were inspected once a week for root formation. Rooted cuttings were placed in one-litre
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jars, covered with plastic bags, containing a half-strength modified Hoagland solution. When the

root systems had adequately developed, the clones were inoculated with ‘BB1’ soil as described

below.

Inoculum preparation

Soil samples were collected from site ‘BB1’ which had a high ratio of ineffective : effective

Frankia nodule forming units (Wolters et al. 1997a). From an area of ca. 100 m2, 15-20 cores of 5

cm diameter were collected at random from the top 20 cm of the soil. Before each core was taken,

the soil was cleared from litter. The cores were pooled into plastic bags, and kept at 4°C until

used. The whole procedure was carried out with the utmost care to prevent contamination by

external sources. Prior to inoculation, the soil sample was mixed manually and coarse fragments

were removed. Of the mixed samples 400 ml of soil was suspended into 1.5 l of the modified full

strength Hoagland solution with reduced N-content. The soil mixture was stirred mechanically for

30 min. at 200-rev. min-1. Particles > 1 mm were removed from the soil homogenate by sieving

through 2 and 1 mm filters. For inoculation, freshly prepared soil-inocula were added to the plant

root systems, at the equivalent of 20 g of fresh ‘BB1’ soil l-1 of nutrient solution.

Assessment of seed-lot nodulation

Eight to nine weeks after inoculation the plant roots were scanned for nodules. Pilot

experiments had shown that after 6-8 weeks, both effective and ineffective Frankia nodulation

was at its maximum. The nodules were manually cut, stained with Fabil reagent and

microscopically examined for the presence of Frankia vesicles (Van Dijk and Merkus 1976).

Nodules in which no mature vesicle clusters could be detected were considered to be ineffective.

In general, large nodules appeared to contain only effective Frankia, but small nodules were

found to be induced either by ineffective Frankia or by P. nodositatum (Van Dijk 1984, Valla et

al. 1989). The myco-nodules were also counted. Raw data, viz. numbers of nodules (ineffective,

effective Frankia nodules and myco-nodules) per plant were used to calculate the percentage of

seedlings per seed-lot resistant to ineffective Frankia nodulation (R-frequency) and also to

determine interactions between the different nodule types. R-frequencies per seed-lot were

corrected for the estimated number of plants without ineffective nodules that could be ascribed to
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Poisson distribution of nodules at low average nodule numbers. These corrections are based on

random distribution of nodules among seedlings (Quispel 1954b). Effects of the study sites and of

seed-lots on the seed-lot R-frequencies were tested using maximum likelihood analysis with

binomial errors (SAS/STAT 6.06, procedure GENMOD; see User’s Guide).

Effects of the study sites and of seed-lots on seedling nodulation were examined, applying a

similar maximum likelihood analysis with binomial errors. Instead of using absolute numbers of

nodules per plant, the GENMOD procedure converts these absolute numbers into shares of

effective and ineffective Frankia nodules and of myco-nodules.

The absolute numbers of nodules per plant were used to test (for each seed-lot) the distribution

of the three types of nodules (effective and ineffective Frankia and myco-nodules) over the test

plants for Poisson fitting.

Interference between ineffective and effective Frankia and myco-nodulation was tested with

Chi-square tests (using contingency tables), not only for the total data set, but also for the seed-

lots separately. Here, only presence or absence of nodules was taken into account.

Search for ineffective Frankia nodules on field-grown alder roots

From 7 individual trees at site ‘Zeegsersteeg’, (marked in Fig. 5B as trees 5, 6, 7, 8, 9, 10, and

11) the root system was screened for the presence of ineffective root nodules. At least 25% of the

surface root system of each tree was harvested. Fine roots (1-2 year old) were surveyed for the

presence of small Frankia root nodules or nodule primordia using a binocular at 15x

magnification. Small nodules (< 1-2 mm) were collected and examined for the presence of

ineffective Frankia as described above.
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RESULTS

Cultivation of plants from seeds

Seedling quality varied widely between seed-lots, as well as plant survival during inoculation.

The seed quality of seed-lots BV-2 and BV-3 was quite low, with only a fraction of the seeds

germinating. In the case of BV-3 the seed-lot also suffered from a fungal infection which

overgrew the seedlings within 2 weeks after the first seeds germinated, in spite of the surface

sterilisation of the seeds. For the same reason, a fourth seed-lot was omitted from the experiment.

From Table 6, column 2, the number of plants for each seed-lot at the end of the experiment gives

an indication of the seedling survival, starting with approximately 100 plantlets prior to

inoculation. Especially with seed-lots Hel-3, Hel-5 and Zee-3, plant survival was less than 50%.

Assessment of seed-lot nodulation

Previous experiments with soil from site ‘BB1’ have shown that the majority of the Frankia

‘nodule forming units’ consisted of the ineffective strain type (Wolters et al. 1997a, chapter 2).

Contrary to previous observations on this soil, high mean numbers of myco-nodules were

observed, in some cases exceeding the mean numbers of Frankia nodules (see Table 6). Since

fungi and Frankia may compete for nodulation sites, both Frankia and myco-nodules were

included in the analysis of the nodulation data. Whereas myco-nodules were present, no endo- or

ecto-mycorrhizal infections were encountered on the root systems.

Numbers of effective and ineffective Frankia, and of myco-nodules among 1454 seedlings

from 19 seed-lots were compiled in Table 6. Both mean nodule numbers per nodulated plant and

the numbers of nodulated plants are presented. Considerable variation in nodule numbers was

observed among ineffective Frankia and myco-nodules. While they were found with all seed-lots,

ineffective Frankia nodules were least numerous on the seed-lots of site ‘BB1’. These seed-lots

also had the highest number of myco-nodules. Site ‘Wie’ showed the highest numbers of plants

susceptible to ineffective nodulation and also had the highest overall numbers of ineffective

Frankia nodules.
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Table 6 Nodulation data for the seed-lots from each sampling site, with total number of plants, mean number of

myco-nodules per plant (between brackets: number of nodulated plants), mean number of effective Frankia nodules

per plant, mean number of ineffective Frankia nodules per nodulated plant.

Seed-lot Total
no. plants

Mean no. of myco
nodules / plant

Mean no. of effective
nodules / plant

Mean no. of ineffective
 nodules / nodulated plant

BB1-1 65 2.1 (31*) 1.2 (39*) 1.5 (2*)
BB1-5 78 1.4 (22) 1.5 (60) 7.5 (6)
BB1-6 80 2.4 (37) 1.2 (55) 2.5 (11)
BB1-7 70 2.9 (34) 0.9 (41) 3.5 (16)
Hel-2 84 1.2 (28) 0.5 (31) 7.9 (40)
Hel-3 30 0.3 (1) 0.1 (3) 4.6 (10)
Hel-4 72 0.7 (14) 0.4 (20) 11.3 (11)
Hel-5 46 0.2 (5) 1.0 (21) 8.5 (16)
Zee-1 79 0.8 (17) 1.0 (45) 2.3 (6)
Zee-2 93 1.3 (20) 0.9 (53) 49.2 (43)
Zee-3 48 0.1 (2) 0.8 (18) 12.7 (32)
Zee-4 82 0.5 (18) 1.4 (56) 9.2 (48)
Wie-1 87 0.4 (11) 3.5 (80) 28.8 (52)
Wie-2 84 0.1 (9) 1.0 (48) 9.4 (43)
Wie-3 102 0.4 (17) 2.1 (76) 18.7 (62)
Wie-4 96 0.3 (12) 2.1 (72) 13.9 (60)
BV-1 96 0.1 (5) 1.4 (61) 17.1 (79)
BV-2 84 0.2 (11) 3.0 (78) 6.8 (13)
BV-3 78 0.2 (11) 2.5 (67) 12.6 (25)

*) Number of nodulated plants.

For the calculation of the R-frequencies the mean numbers of ineffective nodules per

susceptible plant were used to estimate the chance of occurrence of Poisson zeros. For four seed-

lots (BB1-1, BB1-6, BB1-7 and Zee-1) the possibility of zero nodulation due to Poisson

distribution could be technically present. In contrast, there were also seed-lots, inoculated with the

same soil sample, that showed much higher mean numbers of ineffective Frankia nodules per

plant. Therefore it was concluded that it was unlikely that zero nodulation due to Poisson

distribution caused the low numbers of plants from seed-lots BB1-1, BB1-6, BB1-7 and Zee-1

that were nodulated by ineffective Frankia.

The seed-lot R-frequencies of the various sites, and the mean values for each site are presented

in Figure 6A. The seed-lots from site ‘BB1’ had on average the highest R-frequency (87 ± 10) and

the seed-lots from site ‘Wie’ had the lowest average (42 % ± 5). Sites ‘Hel’, ‘Zee’, and ‘BV’

showed moderate R-frequencies (55 - 67 %). The seed-lots from sampling site ‘Zee’ (55 % ± 26)

and especially site ‘BV’ (57 % ± 35) displayed heterogeneity of R-frequency within the site. The

large differences in R-frequencies between sampling sites (Fig. 6A) are in agreement with the
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results of the maximum likelihood analyses (Table 7). Seed-lots from sites with an indigenous soil

population of ineffective Frankia (‘BB1’, ‘Hel’ and ‘Zee’) had mean R-frequencies equal to or

slightly higher than the seed-lots from sites without an ineffective Frankia soil population (‘Wie’

and ‘BV’). This was also shown by the contrast analyses. Some of the variation in the R-frequency

between the sampling sites could be attributed to the absence or presence of an ineffective Frankia

soil population, but most of the R-frequency variation among these seed-lots could be attributed

to site ‘BB1’ and to site ‘Wie’.

Table 7 Results of maximum likelihood analyses and contrast analyses of the percentage of seedlings, resistant to

nodulation by ineffective Frankia (R-frequency) of the various seed-lots with sampling site, and seed-lot (within

sampling site) as the main effects. The contrast analyses compare the impact of the individual sampling sites, and of

groups of sampling sites on the R-frequencies. For each analysis the degrees of freedom (DF) are given. Significance

levels are indicated as ***: P<0.001; **: P<0.01; *: P<0.05, ns; not significant.

Seed-lot R-frequencies R-frequency
DF χ2

Effect:

Total Data Set:
 Sampling site 4 166.70 ***
 Seed-lot (within sampling site) 14 213.21 ***
   Contrasts:
    Sampling sites BB1, Hel and Zee vs. Wie and BV 1   68.99 ***
    Sampling site BB1 vs. Hel, Zee, Wie, and BV 1 105.25 ***
    Sampling site Hel vs. BB1, Zee, Wie, and BV 1  0.67 ns
    Sampling site Zee vs. BB1, Hel, Wie, and BV 1  3.51 ns
    Sampling site Wie vs. BB1, Hel, Zee, and BV 1   87.04 ***
    Sampling site BV vs. BB1, Hel, Zee, and Wie 1  7.00 **

Thus, the statistical analysis indicated that sites ‘BB1’ (due to its high mean R-frequency) and

‘Wie’ (due to its low mean R-frequency) differ from the other seed-lot sampling sites. When

nodulation data, in the form of shares of effective Frankia-, ineffective Frankia, and myco-

nodules per plant per sampling site were subjected to maximum likelihood analyses, again, site

‘BB1’ differed considerably from the other sites, particularly with respect to nodulation by

ineffective Frankia and by P. nodositatum. Again, the contrast analysis of the three sites with a

detectable ineffective Frankia population versus the two sites without ineffective Frankia

explained much less of the total variation in nodulation found between the sampling sites (data not
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shown). In Figure 6B, nodulation values for the sampling sites are presented as arithmetic

averages of the shares of ineffective, effective, and myco-nodules per plant per seed-lot. The error

bars represent the standard deviations for the mean nodulation values per seed-lot. Figure 6B

illustrates the different nodulation behaviour of the seedlings from site ‘BB1’ compared to the

other sampling sites.

Chi-square tests using contingency tables showed that there was a significantly lower number

of plants with both ineffective Frankia nodules and myco-nodules than was to be expected, based

on the distribution of the myco-nodules over the total data set (Table 8). This not only held true

for the data set as a whole, but also could be seen when analysing the data for the sampling sites

separately; for three of the five sites the difference was significant (sites ‘Zee’, ‘Wie’ and ‘BV’),

and with a fourth site almost significant (site ‘BB1’). Calculation of the mean R-frequencies for

the sampling sites after omitting plants with myco-nodules showed no significant change from the

R-frequencies given in Table 6, which indicates that myco-nodulation does not interfere with

ineffective Frankia nodulation (data not shown). While in the case of site ‘BV’, an interaction

between effective and ineffective Frankia nodules was found, this was not the case for the

complete data set. There was no evidence of interaction between effective Frankia and myco-

nodules.
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Figure 6 A: Percentage of seedlings resistant to nodulation by ineffective Frankia of the individual seed-lots for

sampling sites ‘Boezem van Brakel 1 (BB1)’, ‘de Hel’ (Hel), ‘Zeegsersteeg’ (Zee), ‘de Wieden’ (Wie) and

‘Burgvallen’ (BV), with the mean R-frequency for each sampling site (x). Numbers under each column correspond

to the individual seed-lots displayed in Table 6.

B: Nodulation, shown as the mean proportion of effective Frankia nodules (solid bars), ineffective

Frankia nodules (hatched bars) and Penicillium nodositatum nodules (white bars) per seedling (as the share of the

total number of nodules per plant), calculated over the individual seed-lots within each sampling site. The error bars

represent the standard deviations calculated per seed-lot.
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Table 8 Results of Chi-square tests to determine the existence of nodulation interference between effective and

ineffective Frankia (eff. vs ineff.), effective Frankia and Penicillium nodositatum (eff. vs myco), and between

ineffective Frankia and P. nodositatum (ineff. vs myco). Tests were carried out with the total data set, and with the

data from the separate sampling sites. Instead of absolute nodule numbers per plant, only absence or presence of

ineffective and effective Frankia, and of myco-nodules was used. Significant interactions (at P < 0.05) are shown in

Bold.

χ2 P
Total Data Set:
  Eff. vs ineff. 0.05 0.82
  Eff. vs myco 0.53 0.47
  Ineff. vs myco 47.19 0.00

χ2 P χ2 P χ2 P χ2 P χ2 P
Sampling site: BB1 Hel Zee Wie BV
Eff. vs ineff. 0.07 0.79 0.39 0.53 1.10 0.29 0.07 0.80 12.67 0.00
Eff. vs myco 0.76 0.38 0.00 0.98 0.00 0.99 2.70 0.10 0.05 0.82
Ineff. vs myco 1.93 0.16 0.10 0.75 8.33 0.00 4.70 0.03 6.51 0.01

For the majority of the seed-lots, the effective Frankia nodules were found to be Poisson

distributed, while this was never the case for the ineffective Frankia nodules or for the myco-

nodules. In the case of ineffective Frankia it was found that much of this was caused by a skewed

distribution of plants with large numbers of ineffective nodules (i.e. x > 10 plant-1), as opposed to

the middle range (0< x <10 plant-1). For the myco-nodulation no clear pattern could be seen.

Clonal growth of A. glutinosa

Direct cloning of stem sections from the mature A. glutinosa trees using methods described in

the literature (Périnet et al. 1988, Tremblay and Lalonde 1984) proved to be unsuccessful, mostly

due to uncontrollable microbial infections. While trying several methods (see also chapter 3a), it

appeared that the factor most influencing cloning was the origin of the cloning material, as the only

successful rooted clones were obtained from one and the same tree using different cloning

methods. As cloning and rooting of greenhouse-grown alder seedlings is generally more

successful, the two-step cloning method using ‘root-clones’, as described in the Materials and

Methods section, was applied. Unfortunately, this method also had some drawbacks. Major

bottlenecks were finding suitable starting material from each prospective tree, and the long time

needed for the two-step cloning. Moreover, the mortality rate of about 90% was still quite high.

Among the clones from sites ‘Zee’, ‘Hel’ and ‘BB1’ that were obtained, only two were found to
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be susceptible to nodulation by ineffective Frankia (see Table 9). The high degree of resistance

among alder clones from sites ‘BB1’ and ‘Hel’ is in agreement with the high seed-lot R-

frequencies from these locations.

Table 9 Results of inoculation experiments with rooted clones of Alnus glutinosa trees from sampling sites ‘Boezem

van Brakel 1’, ‘de Hel’ and ‘Zeegsersteeg’.

Sampling site: Rooted cutting from parental tree: Reaction with ineffective Frankia:
Boezem van Brakel 1 BB1-2 resistant

BB1-3 resistant
BB1-4 resistant

De Hel Hel-1 resistant
Hel-6 resistant
Hel-7 resistant
Hel-8 susceptible
Hel-9 resistant

Zeegsersteeg Zee-5 resistant
Zee-5 susceptible

Search for ineffective Frankia nodules on field-grown alder roots

At site ‘Zeegsersteeg’, young alder roots were mainly found just above the water-table, and all

trees examined (except Zee-7) were close to the water’s edge. Inoculation trials using cuttings had

shown tree Zee-7 to be susceptible to nodulation by ineffective Frankia, but this tree yielded few

surface roots, none of which was nodulated by Frankia. As expected, tree Zee-5, identified as

being resistant to nodulation by ineffective Frankia, was only nodulated by effective Frankia. The

root-systems of trees Zee-8, Zee-9 and Zee-11 were also free from ineffective nodulation and on

the roots from trees Zee-6 and Zee-10 no nodules were found at all.
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DISCUSSION

The partial resistance of Alnus glutinosa seed-lots against the nodulation by ineffective Frankia

may not to be entirely unique among actinorhizal interactions (Baker et al. 1979, Torrey and

Racette 1989), but it is easily the best studied. Although there is no apparent negative effect on

nodulated alder seedlings, these ineffective Frankia strains, instead of being symbionts, exhibit

characteristics of a (mild) pathogen (Van Dijk and Sluimer 1994). This is confirmed by previous

findings of Guan et al. (1996), who reported the presence of high amounts of phenolic compounds

in the infected cells of ineffective Frankia nodules at an early stage of nodule development. In

contrast, such an accumulation of phenolic compounds, often seen as a plant response to (fungal)

infections (Heath 1991), was not found in plant cells of effective Frankia nodules. It was reported

that co-inoculation of A. glutinosa with both effective and ineffective Frankia strains stimulated

effective Frankia nodulation, and subsequent plant growth (Hahn et al. 1990b). Similar nodulation

enhancing properties have also been described for Pseudomonas cepacia (Knowlton and Dawson

1983), however, and evidence exists that growth stimulation is independent of the type of

organism used (Knowlton et al. 1980). In contrast with this positive interaction, Van Dijk and

Sluimer-Stolk (1990) reported a density dependent reduction of ineffective nodulation by effective

Frankia. In the present paper, no evidence for interaction between nodulation by effective and

ineffective Frankia was found, but this may have been largely caused by the low nodulation

potential for effective Frankia of the soil used for inoculation.

The presence of myco-nodules on the roots of Alnus glutinosa has been reported earlier (Van

Dijk 1984, Capellano et al. 1987, Van Dijk and Sluimer-Stolk 1990). Negative interactions with

effective Frankia were demonstrated in nodulation experiments (Van Dijk, unpublished data). The

possibility of interaction with Frankia nodulation has also been postulated by Capellano et al.

(1987) and by Akkermans et al. (1989), which is confirmed by the negative interaction of

ineffective Frankia and P. nodositatum with respect to the nodulation of alder seedlings reported

in this paper. In this instance, no interaction between myco-nodulation and the nodulation of

effective Frankia was found, but again, this may have been caused by the low nodulation potential

of the soil inoculum for effective Frankia. The exact nature of the observed negative interaction

between myco-nodulation and ineffective nodule formation is presently unknown. Competition for



Chapter 3

78

infective loci on the plant roots is a possibility since both (ineffective) Frankia and P. nodositatum

(Sequerra et al. 1994) enter Alnus roots by means of root hair infection. Omitting plants with

myco-nodules from the data-set had no significant effect on the calculated R-frequencies,

indicating that while there is a negative interaction between ineffective Frankia and myco-

nodulation, the main results of the experiments of this paper were not affected. As with ineffective

nodulation, no interaction between effective Frankia and myco-nodulation was found. This was

probably due to the low numbers of effective Frankia root nodules that were produced by this

particular soil sample, ruling out any effective competition.

The relationship between the R-frequency of a seed-lot and the phenotype of the parent tree is

not clear. Presently, from alder trees no data on both the seed-lot R-frequency and the phenotype

with respect to ineffective Frankia nodulation (Resistant or Susceptible) is available. Preliminary

results of cross-pollination experiments using R and S-type alder trees indicate that several genes

are involved in the determination of these plant phenotypes (C. van Dijk, unpublished data). It was

hypothesised that the seed-lot R-frequency and the parent tree's resistance to ineffective

nodulation are closely linked. Would ineffective Frankia be solely dependent on the nodulation of

alder trees for growth and maintenance of population size, generally a low R-frequency would be

expected for alder sites with a large soil population of ineffective Frankia. As the resistance data

for the seed-lots of the three sampling sites supporting an ineffective Frankia population do not

show a low percentage of resistant seedlings, such dependency on intimate symbiotic interactions

is unlikely to be true. This conclusion is reinforced by the low number of trees, susceptible to

ineffective Frankia nodulation, that were found through the inoculation experiments with cloned

alder plants. Also, at location Zeegsersteeg, no ineffective Frankia nodules were found on the

roots of any of the investigated alder trees.

The R-frequencies for the sites with an ineffective Frankia soil population seemed as high or

higher than the R-frequencies of the sites without ineffective Frankia. This could be interpreted as

the result of selection for resistance among the alder individuals at these locations, especially in the

light of the significantly higher R-frequencies found for the seed-lots of site Boezem van Brakel 1,

which is also the source of the soil inoculum used in the experiments described in this paper.

Whether this is indeed the result of local adaptation, or not, is uncertain. It would mean that the
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extent of resistance within an A. glutinosa seed-lot is partly determined by the origin of the

ineffective Frankia used for the R-frequency assessment. Before further conclusions can be

drawn, cross-inoculations of the same seed-lots with soils from the respective sampling sites

would have to be carried out.

In conclusion, ineffective Frankia do not seem to be absolutely dependent on the development of

ineffective nodules on the host plant A. glutinosa for the maintenance of their population size.

Still, an interaction with A. glutinosa based on saprophytic growth or superficial infections may

not yet be disregarded. While a negative interaction between the nodulation of ineffective Frankia

and P. nodositatum was found, this did not affect the seed-lot R-frequencies.


