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Root hair infection by Frankia (Actinomycetales) is the means by which nitrogen-fixing root nodules are initiated upon the 
actinorhizal host, Alnus rubra. Structural details of the infectious process and the changes in host root hair cells are 
demonstrated at the prenodule stage for the first time using light and transmission electron microscopy. The Frankia hypha is 
the infective agent, extending from the rhizosphere through the root hair wall in a highly deformed region of the hair. There is 
no evidence of pleomorphism of the Frankia hypha. The primary wall fibrils of the root hair appear disorganized at the site of 
penetration. There is extensive secondary wall formation in the infected hair. At the site of penetration, root hair cell wall 
ingrowths occur that are structurally consistent with transfer cell wall formation. The ingrowths are continuous with the 
encapsulating wall layer surrounding the Frankia hypha The host cytoplasm is rich in ribosomes, secretory products, and 
organelles, including Golgi bodies, mitochondria, plastids, and profiles of endoplasmic reticulum. In an aborted infection 
sequence, some structural features of the host response to Frankia are observable, while other aspects of successful infection 
do not occur. Limited transfer cell wall is formed at the site of near infection. The root hair cytoplasm is senescent, however, 
and a callosic plug appears to surround the pathway of infection. 

BERRY, A. M., L. MCINTYRE et M. E. MCCULLY. 1986. Fine structure of root hair infection leading to nodulation in the 
Frankia-Alnus symbiosis. Can. J .  Bot. 64: 292-305. 

C'est par l'infection des poils absorbants de l'hbte actinorhizien, Alnus rubra, par le Frankia (Actinomycetales) que la 
formation des nodosites racinaires fixatrices d'azote est induite. L'utilisation des microscopes photonique et Clectronique B 
transmission nous permettent de dCmontrer, pour la premikre fois au stade prC-nodulaire, des dCtails structuraux des processus 
d'infection ainsi que les changements dans les trichoblastes radiculaires de l'hbte. L'hyphe du Frankia est l'agent infectueux 
qui s'Ctend de la rhizosphkre B travers la paroi du poil absorbant dans une region de malformation prononcCe du poil. I1 n'y a 
pas d'Cvidence de plComorphisme de l'hyphe du Frankia. Les fibrilles de la paroi primaire du poil absorbant paraissent 
dCsorganisCes au site de la pCnCtration. Dans le poil infect6 il y a une formation accentuCe de paroi secondaire. Li oh se fait la 
pCnCtration se retrouvent des replis de la paroi du poil absorbant de structure comparable B celle prksente B la formation de la 
paroi des cellules de transfert. Les replis sont en continuit6 avec la couche pariktale entourant l'hyphe du Frankia. Le 
cytoplasme de l'hbte est riche en ribosomes, en produits de sCcrCtion et en organites dont des corps de Golgi, des mitochon- 
dries, des plastes et des profiles de rkticulum endoplasmique. Dans le cas d'une sequence d'infection interrompue nous 
retrouvons certains aspects structuraux de la rCaction de l'hbte au Frankia tandis que d'autres aspects d'une infection rCussie 
sont absents. Au site d'une quasi-infection il y a formation restreinte de paroi de cellule de transfert. Cependant, le cytoplasme 
du poil absorbant est shescent et 'un bouchon de callose semble bloque la voie d'infection. 

[Traduit par le journal] 

Introduction 

Nitrogen-fixing root nodules of actinorhizal species develop 
as the result of a symbiotic invasion of host root tissue by the 
compatible microorganism from the actinomycetal genus 
Frankia. While it is evident that both host root tissue and 
endophyte differentiate in highly specialized ways during suc- 
cessful nodulation, very little is yet understood about the cellu- 
lar or developmental basis for these interactions. 

In general, at least among the species reported to date, 
Frankia initially makes the transition from outside the root to 
an intracellular mode of infection via passage through the cell 
wall of a deformed root hair. Such root hair infection has been 
described as the mode of nodule initiation for several actinorhi- 

and Torrey 198 1 ; Turgeon and Bauer 1982, 1985). Recently, it 
has been reported (D.D. Baker, personal communication) that 
in Elaeagnus, infection occurs between cells in the epidermis, 
bypassing root hair penetration. Thus, at least two general 
patterns of root infection may occur in the Frankia symbiosis, 
as is the case also among the legumes (cf. Lancelle and Torrey 
1984). Infective hyphae within the root hair are encapsulated 
in a layer of wall-like material, surrounded by host plasma- 
lemma. The encapsulation is host derived and has polyanionic 
histochemical properties suggesting pectinaceous material 
(Lalonde and Knowles 1975). Lalond (1977), Lalonde and 
Quispel (1977), and Callaham et al. (1979) described hyphae 
within the infected hair, extending from the lobed region 
through the base of the root hair and into the subjacent cortical 

zal species at the level of the light microscope: Alnus glutinosa parenchyma, where subsequent stages of nodule formation 
(Pommer 1956; Taubert 1956; Angulo Carmona 1974; Angulo occur. Frankia hyphae are always surrounded by the host- 
Carmona et al. 1975), Alnus rubra (Berry 1983), Casuarina derived encapsulating wall, both in the infected root hair and 
cunninghamiana (Callaham et al. 1979), Comptoniaperegrina subsequently in the nodule cortex (Newcomb et al. 1978). 
(Callaham and Torrey 1977), and Myrica gale (Callaham et al. Other evidence points to host cell wall modification as a 
1979). The early stages of the actinorhizal infection process distinctive structural feature of the actinorhizal infection pro- 
are structurally comparable in several respects with events de- cess. So-called "root hair deformation" is characteristic of 
scribed for early infection of legumes by Rhizobium (Callaham symbiotic nitrogen-fixing nodule formation and correlates 
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highly with successful infection (Knowlton et al. 1980; 
Lalonde 1977; Torrey 1976). Deformation is a function of root 
hair development that involves altered tip growth and wall 
deposition (Berry and Torrey 1983). In the highly lobed and 
modified infected root hair, infection is traceable to a folded 
region between two appressed lobes of the deformed root hair. 
Callaham et al. (1979) described anomalous host wall prolifer- 
ation within the hair at the -presumptive infection site: 

Despite several light microscopic studies and some ultras- 
tructural observations, the site of root hair penetration by 
Frankia has not yet been demonstrated. There is considerable 
speculation regarding the nature of the infective agent (cf. 
Lalonde 1977; Lalonde and Quispel 1977; Callaham and 
Torrey 1977; Callaham et al. 1979), but there is no definitive 
information on the structure of Frankia in the rhizosphere and 
at the site of penetration. Following the successful isolation of 
Frankia into pure culture (Callaham et al. 1978), the study of 
infection in controlled circumstances has become possible. 

The research presented here, an ultrastructural study of the 
root hair infection site in Alnus rubra, provides a structural 
assessment of (i) the infective agent, (ii) the mode of Frankia 
penetration of the host cell wall, (iii) changes in root hair wall 
structure at the infection site, and (iv) subcellular features of 
the host response to infection by Frankia. 

Materials and methods 
Nodule material 

Fruits of Alnus rubra Bong. from Clackamas County, Oregon, 
were sown onto washed sand in flats and geminated in a controlled 
environment chamber (day length, 16 h; day:night temperature, 
25:2OoC). The flats were supplied twice weekly with Hoagland's 
nutrient solution (Hoagland and Arnon 1950) at one-quarter strength, 
lacking nitrogen. Spontaneous nodulation did not usually occur, but 
flats were discarded if a plant showed evidence of nodulation. Six to 
eight weeks after sowing, seedlings were transferred into aeroponics 
culture (Zobel et al. 1976). 

One to two weeks after transplanting, aeroponics tanks were inocu- 
lated with a washed suspension of Frankia sp. HFPArI3. The culture 
and preparation of this isolate have been previously reported (Berry 
and Torrey 1979). Nodulation was first observed 10 to 14 days after 
inoculation as 1-2 mm diameter red swellings on the infected roots 
(cf. Angulo Camona 1974). Such small diameter prenodules were 
excised for study. 

Axenic root culture 
For investigation of root hair wall structure in axenically grown, 

uninoculated material, seedlings were grown as described in Berry 
and Torrey (1983). Roots were fixed in situ in 2.5 % glutaraldehyde in 
the growth medium, lacking agar, for 2 h at room temperature. Dis- 
sected roots were then fixed overnight in fresh fixative at 4°C and 
processed for light and electron microscopy as described below. 

Specimen preparation 
Small prenodules were excised from the infected roots and fixed 

overnight in 2.5% glutaraldehyde in 0.025 M potassium phosphate 
buffer, pH 6.8-7.0, at 4OC. Specimens were rinsed in the same 
buffer and postfixed for 2 h in aqueous 2 %  OsO,. Following five 
rinses in distilled water, the nodules were dehydrated in a graded 
acetone series and infiltrated and embedded in Spurr's low-viscosity 
resin (Spurr 1969). Embedded material was section on an LKB Ultro- 
tome 111 ultramicrotome with a diamond knife. Thick sections 
(0.4 pm) for light microscopy were mounted on glass slides and 
stained with 0.1 % toluidine blue 0 in 1 % Na borate, pH 11. Gold to 
purple sections for electron microscopy were mounted on Fomvar- 
coated grids and stained with uranyl acetate and lead citrate. Material 
was then examined and photogmphed on a Siemens Elmiskop I. 

Location of the infection site 
The infected root hair was located by examination of root cross 

sections. Thick sections were taken 10 or 20 at a time until the 
infection was traceable to a single hair base. At least 10 nodules were 
examined in this fashion, either for light microscopic study of root 
hair infection or for ultrastructural work. In the latter case, alternating 
thick and thin sections were taken of the infected root hair. At the 
actual infection site, serial thin sections were made when this was 
possible. 

Three-dimensional reconstruction 
A model was constructed from prints of serial sections using 5-mm 

sandwich board (poster board with a foam core). The original micro- 
graphs were all taken at 16 000 x and then printed to a final magnifi- 
cation of 48 000 x as 18 X 24 cm prints. Templates were made 
from Xerox copies of the prints. This resulted in a model tp 
scale which approximated closely the dimensions of 1000-A 
(1 A = 10 nm) sections. 

Results 
General cytological features 

Infected hairs were multiply lobed and several lobes were 
often appressed or intertwined near the infection site in a 
complicated pattern (see Berry 1983). In some nodules, the 
infected root hair was broken off or only partially present, 
apparently as a result of cellular expansion of the prenodule 
cortex beneath the epidermis. There was no indication, 
however, of a mode of early infection other than root hair 
infection. 

Prenodules were examined carefully for multiple origins of 
infection. One to a few root hairs per nodulated root demon- 
strated local changes in wall deposition, but only one infected 
root hair per nodule gave rise to the prenodule, as judged by 
tracing the pathway of infection from the hair into the cortical 
tissue in sequential sections. 

The site of initial penetration of the infected root hair was 
located in the deformed apical portion of the root hair, at the 
junction of or through a common wall shared by two con- 
tiguous lobes, or by the hair base and a branch lobe (Fig. 1). 
At the site of root hair infection, a thick layer of host-derived 
rhizosphere mucilage appeared bright blue to olive green with 
toluidine blue 0 staining, indicating the presence of phenolic 
compounds (O'Brien et al. 1964). Irregular host cell wall in- 
growths extended into the host cytoplasm at the site of Frankia 
penetration (Fig. 2). Hyphae within the root hair were encap- 
sulated in a wall-like layer of somewhat irregular deposition. A 
continuum was noted between the Frankia hyphae in the 
rhizosphere and the hypha surrounded by host wall. The details 
of the passage of Frankia through the host cell wall layers are 
presented in a subsequent section. 

Infected root hairs exhibited certain characteristic structural 
features (Fig. 1). Away from the infection site, the cell walls 
appeared thick in section as compared with uninfected root 
hairs at the same level on the root. With toldidine blue 0 
staining, infected root hair walls were bright blue to blue 
green, while walls of uninfected hairs were dark blue. A thin, 
parietal cytoplasm was present in the highly vacuolate unin- 
fected root hairs, while infected root hairs could be distin- 
guished by the densely staining strands of cytoplasm rich in 
organelles, in the hair base and into the lobed region as well 
(Fig. 2). The nucleus was prominent with a prominent nucleo- 
lus and usually located towards the base of the infected hair 
(not shown). In the host cytoplasm, large plastids and numer- 
ous mitochondria were characteristically present. 
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ABBREVIATIONS: a ,  amyloplast; AW, amorphous wall; bh, branch hypha; "c ", cuticle; cc, cortical cells (uninfected); cyt, host cytoplasm; 
dep, electron-dense deposits; dh, deformed root hair (uninfected); dr,  droplets; e, encapsulation; eh, encapsulated hypha; f, fibrillar material; go,  
golgi apparatus; h, hypha; icc, infected cortical cell; ih, infecting hypha; irh, infected root hair; iw, intermediate wall; 111, mitochondria; mt, 
microtubules; mu, mucilage; oh, outer hypha; p ,  plastid; PW, primary wall; R, rhizosphere; rh, rhizosphere hypha; SW, secondary wall; TCW, 
transfer cell wall; tr, transitional zone; v, vacuole; ve, vesicles; wd, wall deposit; wp, wall proliferation. 

FIG. 1. Cross section of young root of Alnus rubra in early stages of infection by Frankia at the level of the infected hair. There is wall 
proliferation at the junction of the tubular hair base and a root hair lobe, indicating the general site of Frankia penetration. The wall of the 
infected hair is thicker than walls of nearby uninfected, but deformed, hairs. The volume of cytoplasm is greater in the infected hair in 
comparison with other hairs, although these are all living cells. Hypertrophied cortical cells interior to the hair mark the pathway of Frankia into 
the prenodule (arrow indicates direction of pathway). Note that subjacent uninfected cells are not hypertrophied (cc). Light micrograph. 1050x.  
FIG. 2. Longitudinal section through the infected root hair. The Frankia hypha is seen in cross section both within the hair (eh) and at the 
rhizoplane in the folded region between the two lobes (rh). In the rhizoplane in this micrograph, Frankia is very close to the site of passage 
through the host wall (cf. Figs. 10, 13, and 14). Note the lamellate appearance of the secondary wall (sw). The inner root hair wall surrounding 
the infection site is irregularly deposited and exhibits transfer cell morphology and substructure (see also Fig. 4). Transmission electron 
micrograph. 

In the Alnus early infection sequence, cell divisions were 
induced in cortical cells at the base of the infected root hair 
(Fig. 1). The timing of cell division relative to other events in 
the infection sequence could not be determined in this study. 
The pathway of Frankia infection was traceable from the hair 
through enlarged cortical cells towards the root interior (arrow, 
Fig. 1). Cell hypertrophy was characteristically observed in 
cortical cells containing Frankia, but not in neighboring 
uninfected cells. Hyphae proliferated in the centrally located 
cytoplasm of these cells (not shown), as reported in previous 
studies (Pommer 1956; Newcomb et al. 1978). 

Root hair wall formation 
One of the significant changes in the infected root hair as 

compared with other root hairs in Alnus concerns the patterns 
of root hair wall deposition. Consideration of the nature of wall 
structure in root hairs of Alnus is thus of importance in the 
interpretation of the events of infection. A preliminary report 

on root hair wall structure in axenically grown or nonnodulated 
Alnus material (Beny et al. 1983; see also Beny and Torrey 
1983) demonstrated a coarsely fibrillar wall texture within a 
fine matrix, deposited in at least two layers. An irregularly 
present outer gel or mucilage was also noted. These observa- 
tions have been confirmed in the present report (Fig. 3). 

The wall texture in uninoculated or uninfected root hairs 
represents primary wall only. The wall often appears to consist 
of two indistinct layers, with different general patterns of ori- 
entation of the fibrillar meshwork (Fig. 3a). No secondary 
wall formation (sensu Bailey 1957) has been observed in root 
hairs of Alnus, regardless of inoculation condition, which are 
not infected by Frankia. 

In material which is fixed in situ, an additional outermost 
layer covering the root hair appears to be a uniform mucilage 
with a fine texture which lacks the fibrillar material observable 
in the primary wall (Fig. 3a). In carefully prepared material 
that is axenically grown, an outer "cuticle" is retained at the 
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FIG. 3. Root hair wall formation in Alnus. (a )  Section through the wall and parietal cytoplasm of an uninfected root hair showing typical 
appearance of primary wall texture, a coarsely fibrillar meshwork surrounded by a moderately electron dense matrix. The primary wall texture 
appears to consist of two wall layers, PWI and PW2. The fibrillar meshwork exhibits general orientation within a given layer. The mucilage 
layer (mu) is thick at the outside wall surface of this hair fixed in sitrr. An electron-dense bilayer may be observed at the outer mucilage surface, 
which may be loosely termed "cuticle." (b) A typical sectional view of the wall in the infected root hair. Note the mucilage and primary wall and 
the finely fibrillar, highly oriented secondary wall lamellae (sw) inside the primary wall. The electron-dense deposits seen in the mucilage are 
commonly associated with the site of penetration, in both successful and incomplete infections. 

air-mucilage interface, which has the ultrastructural appear- 
ance of a lipid bilayer. This may represent an artifact of 
mucilage secretion drying, or it may be a lipidic or other 
osmiophilic layer. 

In infected root hairs, in striking contrast to the wall struc- 
ture normally found in Alnus root hairs, there is extensive 
multilamellar secondary wall deposition (Fig. 3b). The sec- 
ondary wall layers are characterized by uniformly oriented 
arrays of fine fibrils. In some planes of section, the layers 
exhibit a "hemngbone" pattern of successive deposition con- 
sonant with secondary wall lamellae. The primary wall con- 
sists of one or two layers of electron-dense fibrillar meshwork, 
with generalized axes of orientation, embedded in a homoge- 
neous matrix . 

An external mucilaginous material occurs along the outer 
face of the primary wall, within which Frankia hyphae are 
embedded. It is structurally distinctive from the mucilage ob- 
served on axenically grown root hairs (Fig. 3a). 

Transfer cell morphology 
The irregular wall deposits in the zone of infection are con- 

tinuations of the secondary wall (Figs. 4 and 13) that exhibit 
characteristics of transfer cell wall morphology. This wall re- 
gion consists of a dense aggregation of very fine fibrils that 
lack any particular orientation. The transfer cell wall zone is 
restricted to the site of Frankia penetration and extends into the 

cell interior on both faces of the infection site (e.g., into the 
lobe region and into the base region or into both appressed 
lobes). 

The plasmalemma surface area is greatly increased in the 
channels formed by the transfer wall ingrowths. Profuse num- 
bers of vesiculate structures are observed in the cytoplasm in 
this region, as well as outside the plasmalemma (Fig. 4). 
These vesicles might function or might have functioned in 
increasing the plasmalemmal surface area concomitant with 
the deposition of wall ingrowths or other substances associated 
with the extracellular matrix. Several Golgi bodies and Golgi- 
derived vesicles are also present in the cytoplasm, as well as 
somewhat distended rough endoplasmic reticulum. Mitochon- 
dria are numerous in the infected hair. 

The encapsulation that surrounds the Frankia hypha within 
the root hair from its initial emergence into the hair at the 
infection site is apparently an extension of the transfer cell wall 
texture (Figs. 4 and 13). This encapsulation is deposited 
somewhat irregularly (Fig. 5), suggesting transfer cell wall 
ingrowths. 

Microtubules are numerous in the cytoplasm of the infected 
root hair. These are most apparent in the cytoplasm surround- 
ing the encapsulated hypha that extends into the hair base 
(Figs. 5 and 6), but also occur in arrays throughout the cyto- 
plasm (Fig. 7), oriented along the longitudinal axis of the hair. 
Microtubules are not as readily visualized in the lobed region 
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FIG. 4. The wall proliferation in the infected zone exhibits transfer cell texture and configuration (TCW). The host wall material that 
encapsulates the hypha within the root hair is continuous with the transfer cell wall texture at the infection site. Extracytoplasmic vesicles (ve) are 
common in the channels between transfer cell wall ingrowths (see also Fig. 13). Note the dense cytoplasm containing organelles and moderately 
electron dense droplets (dr). 
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