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1971.-Tissue arranigemiient for mycorrhizal anid non-mycorrhizal 1oots was consistent for 
iion-woody roots of Acer rubruwn L. seedlings growni in various natural soils, sterilized 
soils, and from differenit seed sources. Extensive amiounts of the endotrophic fungus re- 
sulted fronm multiple epidermal penetrationis, subsequent longitudinal, primarily acro- 
petal, growth, and slight horizonital gr owth. Hyphae weire limited to the epideriimis ani(d 
cortical pareinchylya. Arbuscles anid vesicles were mainily founid in the middle layer of the 
cortical parenchynia witlh digested hyphae niost abundant in the innermiost layer of the 
cortical parenchyma. 

Several authors have described the 
ai-atomy of mycorrhizae, but only a few 
reports have included such informationi 
for red maple (Acer r itbrum L.). Mc- 
Dougall (1914), Vozzo and Haeskaylo 
(1964), and Boullard and Ferchau (1962) 
have presented limited anatomical descrip- 
tions of red maple mycorrhizae as part of 
more encompassing studies. The research 
reported here includes: (1) anatomical de- 
scriptions of mnycorrhizal and non-mycor- 
rhizal non-woody roots of seedlings col- 
lected in the field and seedlings grown 
under greenhouse conditions in natural 
soils and in sterilized soils and (2) the pat- 
tern of growth in the establishment of the 
endotrophic fungus in seedlings up to 5 
months old. 

Materials and methods. Red maple 
seedlings and soils were collected in Butler 
and Mercer Counties, Pennsylvania during 
October, 1966. The eight collection sites 
were selected to provide a wide range of 
red maple environments: spoil bank, old 
field, bog forest, hemlock-hardwood, oak- 
hickory, stripmine drainage, flood plain, 
and swamp forest. Soils were tested by the 
Ohio Soil Characterization Laboratory, De- 

partment of Agronomy at The Ohio State 
University. Textural classes of the soils ii- 
elided: clay, silty loam, sandy clay loam. 
silty clay loam, and loamy sand. Three red 
maple seedlings were collected from eaclh 
of the eight collection sites. Several thou- 
sand samaras were collected from the saiime 
collection sites during June 1966. 

Seeds from the eight different see(d 
sources were surface sterilized in 0.5% so- 
dium hypoehlorite (Clark, 1964) before 
being planted in the eight different soils. 
Three seedlings from each of the 8 seed 
sources were grown individually in sepa- 
rate clay pots and harvested after 3, 7, and 
11 days and 4, 8, 12, 16, ancd 20 weeks. A 
total of 192 seedlings were thus collected 
from this experiment. 

Ten seedlings from each of the eight 
seed sources were also maintained for 5 
months in a greenhouse on soils sterilized 

1 The presenit report is a portioii of a, disserta- 
tion submitted in partial fulfillmelnt of the degree 
of doctor of philosophy at The Ohio State Uni- 
versity. 

2 The author thanks Mr. Jeffery Boling an(l 
Miss Jean McCarthy fol their assistaniec in various 
phases of this study. 

3 Received for publication Juily 24, 1969. 
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with ethylene oxide (Phillips and Kaye, 
1949). Conditions in the greenhouse in- 
eluded a 16 hr photoperiod and a night-day 
temperature range of 18-30C. Poor ger- 
mination and contamination resulted in a 
final study group of 22 seedlings. 

The 238 seedlings used in this study 
were fixed in Randolph's modified Navashin 
Fluid (Johansen, 1940) for 24 hr. After 
fixation, seedlings were transferred through 
three solutions of 70% ethanol and perma- 
nently stored in a fourth. The staining 
schedule described by Vozzo and Haes- 
kaylo (1964) was followed in the prepara- 
tion of permanent slides. 

Results. ROOT ANATOMY. Tissue organi- 
zation was consistent for non-woody roots 
from all sources: seedlings collected from 
eight habitats and seedlings grown from 
the eight different seed sources, whether 
sown on natural or sterilized soil. Tissue 
arrangement was also consistent for beaded 
and non-beaded roots, and for mycorrhizal 
and non-mycorrhizal roots, namely: (1) a 
single layer of epidermis, (2) 3-7 layers of 
cortical parenchyma cells, (3) single layer 
of endodermis, and (4) stelar tissues with 
pericycle, diarch xylem and two phloem 
areas. 

The cortical parenchyma usually con- 
sisted of three cell layers. In only a few cases 
did this tissue vary to 4 or more layers. Iso- 
lated cells in the cortical parenchyma and all 
of the endodermis contained yellow-staining 
inclusions, often before anatomical differen- 
tiation of the endodermis had oceurred. No 
hyphae were found in cells that contained 
these inclusions (Fig. 1). Increased growth 
in the radial dimensions of the cortical 
parenchyma cells resulted in an increase in 
diameter of the non-woody root and the 
formation of beads. The innermost layers of 
cortical parenchyma showed the greatest 
increase in cell volume. Constricted regions 
between beads (Fig. 2) were found to con- 
tain cortical parenchyma tissue that was 
composed of 1-3 layers of cells. These cells 
were smaller than the cortical parenchyma 
cells found in beaded and non-beaded roots. 

In all roots showing hyphae, the fungus 
was found to be of the endotrophic type. 
Some hyphae were found on the root pe- 
riphery and appeared to be a part of the 
penetration hyphae. 

ESTABLISHMENT OF THE ENDOTROPH. In 
the root development experiments of seed- 

lings harvested at various ages, beads were 
first observed at 4 weeks. One group of 8 
to 20 week old plants from a sandy clay 
loam had beads but contained no hyphae. 
Other groups of plants in the development 
series usually showed hyphae some time 
after the development of beads. 

No hyphae were found in 8 red maple 
fruits, nor in the numerous seeds, hypo- 
cotyls, root hairs, or primary roots exam- 
ined. Invasion of non-woody roots was al- 
ways observed through the epidermis at a 
location where most primary tissues had 
differentiated. The invasion hypha that was 
most proximal to the root tip was at a dis- 
tance of 330t. The invading hyphae pene- 
trated the root at multiple points. After 
penetrating the epidermis (Fig. 3), each 
hypha grew longitudinally through the 
root. Longitudinal growth was primarily 
in an acropetal direction and limited to the 
epidermis. Localization of hyphae through 
the epidermis was noted up to a total length 
of 60,t. After the initial longitudinal 
growth through the epidermis, the hyphae 
penetrated the first layer of the cortical 
parenchyma. Ramification of the hyphae in 
both the horizontal and loligitudinal direc- 
tions occurred in the cortical parenchyma. 

A mycorrhizal root that was sectioned 
at IO/t intervals showed a 620ju extelision 
of hyphae that originated from a single 
penetration. Cross sections of this root 
showed from 8-14 cortical parenchyma 
cells infected with hyphae at various levels 
of the root. The number of cortical paren- 
chyma cells containing hyphae varied 
throughout the length of the root. Exten- 
sion of hyphae inlto coils, arbuseles, and 
linear extension was most prolific in the 
first and second layers of the cortical pa- 
renchyma. Vesicles were usually observed 
in the second layer of the cortical paren- 
chyma (Fig. 4). The innermost layers of 
the cortical parenchyma were found to con- 
tain the most digested hyphae (Table 1). 
Coiling in the cortical parenchyma (Fig. 
5) was most evident in longitudinal sec- 
tions. These same sections showed a linear 
extension of hyphae in the epidermis while 
cross sections mostly revealed a transverse 
view of hyphae. Orientation, therefore, of 
hyphal coils in the cortical parenchyma 
and hyphae in the epidermis appeared to 
be primarily in a longitudinal direction. 
Most of the hyphae appeared to be aseptate. 
Branched hyphae were common in the cor- 
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Figs. 1-6. Development of endotrophic mycorrhizae in non-woody roots of Acer rubrum.-Fig. 1. 
Heavily infected root showing the absence of hyphae from cortical parenchyma cells (CP) and endoder- 
mis (E) that contains unidentified inclusions x250.-Fig. 2. Longitudinal section of beaded rootlet 
showing the constriction between beads. x200.-Fig. 3. Hyphal penetration of root through epidermis. 
x400.-Fig. 4. Heavily infected root showing various forms of endotroph within cortical parenehyma: 
extension hyphae (EH) in layers 1 and 2, vesicles (V) in layers 2 and 3, and digested hyphae (DH) in 
layers 2, 3, and 4. x200.-Fig. 5. Coiled hypha in second layer of cortical parenchyma. x500.-Fig. 6. 
Hypha extending through cell wall of adjacent cortical parenchyma cell. Note constricted area of hypha 
where it penetrated cell wall. x480. 
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tical paren chyma. Hyphal penetratioiu of 
the parenchyma cell wall appeared to be 
of the lysigenous type. A slight constric- 
tion was noted as the hyphae penetrated 
these cells (Fig. 6). Each root appeared to 
be invaded separately and hyphae did not 
pass from an infected root to branch roots. 
Each root appeared to be invaded sepa- 
rately. 

Discussion. Anatomical cliaracteriza- 
tion of roots and hyphae of the endotrophic 
fungus was consistent for all sampled seed- 
lings. These findings support the work of 
Boullard and Ferchau (1962). Kessler's 
(1966) description of tissue arrangement 
for Acer saccharum Marsh. was the samae 
as that described for A. rubrum iii this 
study. 

Table 1. Aiiatomical distribution of tlhe red 
maple endotrophic fungus and associated fungal 
chlaracteristies 

Tissue of Characteristies 
n-on-woody roots of fungus 

Epidermis Penetration and longitudinal 
growtth 

Corltical parenellynia 
First layer Extension of hyphae as coils, 

linear, and some arbuseles 
Secondcl layer Extension most abundant; 

arbuseles, coils, linear hy- 
phae, some vesieles and 
some digested hyphae 

Tlhird layer Little extension; mostly di- 
gested hyphae 

Eiidodermis No hyphae 
Stelar tissues No hyphae 

In red maple, inclusions were scattered 
throughout the cortical parenchyma, but in 
A. saccharum (Kessler, 1966) they were 
limited to the second layer of cortical pa- 
renchyma. The early formation of the in- 
clusions in the differentiating endodermis 
could possibly account for the absence of 
hyphae in the stelar tissues. If this sub- 
stance has an inhibitory effect on the 
growth of the fungus, it could act as a 
mechanism for preventing the growth of 
hyphae within the vascular tissue. Foster 
and Marks (1966) reported that the abil- 
ity of Pinus radiata D. Don. to form mycor- 
rhizae depended on the tolerance of the 
fungus to polypheliolic compounds in the 
tannin layer of the cortex. 

In a study of Epigaea repens L., Bar- 
rows (1941) found the endophytic fungus 
to be present in stems, flowers, fruits, and 
hypocotyls. Although many red maple 

structures were sectioied in this study, the 
encdotroph was always limited to the roots. 

McDougall (1914) and I-Ienry (1932) 
founld the route of hyphal penetration for 
red maple to be throughl roots hlairs. CGor- 
bunova (1967) reported that the hyphae 
of mycorrhizae-forming fungi of imiaples 
penetrated through root lhairs. Vozzo and( 
Haeskaylo (1964) found hvpliae to be iilost 
abundant in the root hairs of red imiaple. Of 
the eight penetrating hlyplhae obser v ed in 
microscopic sections in this stucdl, all peiie- 
trations were directly through the epider- 
mis. In the 21 microscopic sections that- 
showed root hairs, Ino root hairs were found 
to contain hyphae. 

McDougall (1914) proposed that soil 
hyphae directly infect eaclh bead. It hlas 
been shown, however, that beadedc rootlets 
are not indicative of the mveorrhizal con- 
ditioin (Medve, 1970). Of those beads that 
are mycorrhizal, the invasioin of the root is- 
through multiple penetrations of the epi- 
dermis by soil fungi. Further evicleuee to 
support the indepeindent fuing al invasioln 
of each mycorrhiza is the absence of liyphae 
in the constrictions between adj acent liy- 
phae-containing beads. Gorbuinova (1967, 
also described beaded rootlets of imaples 
that had infected segments that were adja- 
cent to segments devoid of hyphae. 

The fungus was found to occur- in. vari- 
ous forms: linear, coiled, vesicles, arbuiseles, 
and digested. Boullard and Ferehau (1962) 
found arbuseles and vesicles in red maple 
roots. Gorbunova (1967) did Ilot note ar- 
buseles in seven maple species, but did re- 
port finding vesicles. Kessler (1966) re- 
ported arbuseles and vesicles in suogar 
maple. 

\Tilde and Lafoud (1967) lhave stated 
that all trees have mycorrhizae. In this in- 
vestigation all specimens had beaded root- 
lets, but all were not myeorrliizal. 
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