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This review describes diversity in the structure of (vesicular)–arbuscular (VA) mycorrhizas, i.e. endomycorrhizas

formed by Glomalean fungi. In particular, we consider the extent in the plant kingdom of the two classes first

described by Gallaud (1905). These are: (1) the Arum-type, defined on the basis of an extensive intercellular phase

of hyphal growth in the root cortex and development of terminal arbuscules on intracellular hyphal branches; (2)

the Paris-type, defined by the absence of the intercellular phase and presence of extensive intracellular hyphal

coils. Arbuscules are intercalary structures on the coils. However, there have been many reports that in Paris-types

arbuscules are relatively few in numbers, small, or absent altogether.

A survey of the literature has revealed that Paris-types occur more frequently in the plant kingdom than Arum-

types and predominate in ferns, gymnosperms and many wild angiosperms. The cultivated herbs that are the

subject of much experimental work are mostly Arum-types. Although evidence is still limited, there are differences

at the family level. In 41 angiosperm families there are records of only Paris-type VA mycorrhizas and in 30

families records of only Arum-types. Another 21 families have examples of both classes, or intermediates between

them. Accordingly, we consider whether the original division into two classes is still useful. We conclude that it

is when considering the physiology of the symbiosis and especially the issue of whether different fungus}host

interfaces have specialized roles in transfer of inorganic nutrients and organic carbon between the partners. If there

is no such specialization between hyphal coils and arbuscules, then the latter might not be necessary for the

function of Paris-types. This would account for reports of the infrequency or absence of arbuscules in this class.

The control exerted on structures by the genomes of host and fungus, and possible reasons (anatomical and

physiological) for the existence of the VA mycorrhizal structures, are discussed. The presence or absence of

extensive intercellular spaces and differences in the wall structure of cortical cells might be particularly important

in determining which type of VA mycorrhiza is formed.
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.  : ARUM-  PARIS-



Gallaud (1905) described two major structural

classes of (vesicular)–arbuscular (VA) mycorrhizas,

which he named Arum-types and Paris-types, after

the plants in which they were first described. In both

classes, the initial epidermal penetration results in

intracellular hyphae, often forming coils (‘pelotons’)

in the hypodermis, where present, and outer cortex.

The Arum-type mycorrhiza was defined by the

existence of extensive intercellular hyphae under-

lying this initial phase of colonization after which,

following penetration into cortical cells, arbuscules

are formed, normally as terminal structures on so-

called trunk hyphae. These structures are sum-

marized in Figure 1. Figure 2 shows some of the

many illustrations by Gallaud (1905) and Figure 3

shows Arum-type structures in Allium as seen by

confocal laser scanning microscopy. Vesicles can be

intercellular or intracellular, and are not formed by

all VA mycorrhizal fungi. Accordingly, the term

‘arbuscular mycorrhiza’ is coming into use. Never-

theless, as explained previously (Smith, 1995; Smith

& Smith, 1996; Smith & Read, 1997), we will retain

this abbreviation in the present review for overall

simplicity and for consistency with most of the

literature. Also we wish to avoid undue emphasis on

arbuscules alone, since not all VA mycorrhizas

appear to form arbuscules. Thus we use ‘VA’

generically for mycorrhizas formed by fungi of the

order Glomales sensu Morton & Benny (1990): the

issue is further discussed below.

Gallaud (1905) defined the Paris-type VA mycor-

rhiza by the absence of intercellular hyphae. Instead,

there are extensive coils of intracellular hyphae

within cortical cells, from which arbuscules are

normally formed as intercalary structures (Figs 1, 2).

Figure 3 shows hyphal coils in the cortical cells of

Panax as seen by confocal laser scanning microscopy.

One of the cells illustrated contained no arbuscules,

but small and indistinct arbuscules were present in

adjacent cells. Vesicles, where present in Paris-

types, are intracellular. On the basis of his survey,

Gallaud believed this class to be the less common.

Much subsequent experimental work has been done

with temperate crop plants that have Arum-type

mycorrhizas (e.g. Allium, Trifolium, Vicia etc), and

this class has–almost by default–come to be re-

garded as the norm.

In an earlier and classic study (Janse, 1897), the

two classes are also clearly distinguishable, although

the fine detail of arbuscules was not recognized. In

that case lack of taxonomic knowledge of the fungi

led to some confusion, with emphasis on similarities

with the intracellular hyphal structures–especially

the hyphal coils–in other endomycorrhizas that were

studied, i.e. in what are now known to be ericoid and

orchid mycorrhizas. The situation was further

confused by Peyronel (1923, 1924), who studied

both types of structures and concluded that the fungi

that produced hyphal coils in Paris-types were

secondary colonists in roots that were already

colonized by the true VA mycorrhizal fungi.

Peyronel believed that these secondary fungi did not

produce arbuscules or vesicles and that the hyphae

were septate to a degree that does not occur in the

fungi that form VA mycorrhizas. Harley (1969) gave

a summary of Peyronel’s work; see also Harley

(1991) for a more detailed account and biography.

Peyronel’s view was certainly incorrect for Paris-

types in general because, as shown by Gallaud

(1905), some do produce both arbuscules and

vesicles, whereas the intraradical hyphae in Arum-

types can and do produce septa depending on the

host}fungus combination (e.g. Hildebrand & Koch

(1936) and many papers subsequently). Also, both

intra- and extra-radical hyphae can become septate

under various conditions which include damage

(Gerdemann, 1955), age (Kinden & Brown, 1976)

and pre-penetration stages of colonization

(Giovannetti et al., 1993).

The confusion over whether Paris-types are

‘genuine’ VA mycorrhizas should have been laid to

rest by experimental investigations which showed

conclusively that VA mycorrhizal fungi isolated

from Arum-type hosts produce Paris-type structures

in other hosts and vice versa. The first such report

that we have found was a conference abstract by

Barrett (1958), stating that an isolate of Rhizo-

phagus–the generic name then used for Glomalean

fungi–‘that developed the Arum type (sic) in Zea

mays produced the Paris type in Solanum tuberosum,

and a peloton type in Iris. A Paris type from Hetero-

callis developed the Arum type in Zea mays. ’ (We

have not identified ‘Heterocallis ’– it might be the

liliaceous plant Hemerocallis.) Barrett continued:

‘These results indicate that the host, not the endo-

phyte, determines the host–fungus relationships’.

This immensely important point has been confirmed

by others (see below). However, Barrett (1958) also

said that ‘the tests reported here do not confirm

Gallaud’s findings’, which seems odd, seeing that

Gallaud’s classification did not directly address the

issue of control by the host or fungus. Also, Barrett’s

distinction between the Paris-type and peloton type

did not help, seeing that pelotons (coils) are a

definitive feature of Paris-types. Work by others

suggests that the Solanaceae includes representatives

of both classes: see below. A similar investigation

was by Gerdemann (1965), who showed that the

same Glomalean isolate produced a Paris-type VA

mycorrhiza in Liriodendron (tulip-tree) and an Arum-

type in Zea. Jacquelinet-Jeanmougin & Gianinazzi-

Pearson (1983) likewise showed that the devel-

opment of Paris-type structures in Gentiana was

produced by Glomalean fungi that formed Arum-

types in Allium. The Gentianaceae, which includes
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(a) Arum-type

(a) Paris-type

Figure 1. Summary of cortical structures in the two

classes of VA mycorrhizas described by Gallaud (1905).

The size of arbuscules, especially in Paris-types, can vary

greatly. From Smith & Smith (1996), with permission.

achlorophyllous (mycoheterotrophic sensu Leake,

1994) genera is a classic Paris-type family, as first

shown by Janse (1897); see also Gay, Grubb &

Hudson (1982), McGee (1985) and other references

given later. Control of many major mycorrhizal

structures by the genome of the host was also

emphasized by Bonfante-Fasolo & Fontana (1985),

Daniels-Hetrick, Bloom & Feyerherm (1985) and

Smith (1995). Nevertheless, despite the impressive

experimental evidence, it is still possible that the

fungal genome might also exert some control over

the structures. We discuss this point later.

There have been numerous studies of the de-

velopment of Arum-type structures, including those

by Mosse & Hepper (1975) with Trifolium, Bonfante-

Fasolo & Scannerini (1977) with Ornithogalum,

Holley & Peterson (1979) with Phaseolus, Morton

(1985) with Zea, Alexander et al. (1989) with Allium,

Phaseolus and Zea, and Weber, Klahr & Marron-

Heimbuch (1995) with plants in the Apocynaceae.

The review by Bonfante-Fasolo (1984) gives other

references. Detailed work on development of Paris-

types (or near-Paris-types) includes that by Kinden

& Brown (1975, 1976) with Liriodendron, Bonfante-

Fasolo & Fontana (1985) with Ginkgo, Yawney &

Schultz (1990) and Cooke, Widden & O’Halloran

(1992, 1993) with Acer, Weber et al. (1995) with

plants in the Apocynaceae, and Whitbread,

McGonigle & Peterson (1996) with Panax.

Bonfante-Fasolo’s (1984) review covers Paris-types,

although she does not use this term or distinguish

them explicitly. Surveys of the comparative anatomy

of mycorrhizas by Brundrett & Kendrick (1988,

1990a, b), Brundrett, Murase & Kendrick (1990)

and Cooke et al. (1992) have shown the widespread

occurrence of Paris-types in wild plants–both herbs

and woody plants. Widden (1996) has described

structures in members of the Liliaceae (sensu

Cronquist, 1981) that are variations within the Paris-

types and which were also noted by Gallaud (1905)

in Colchicum (also Liliaceae sensu Cronquist), as

shown in Figure 2. The elegant illustrations in the

recent papers (light and scanning electron micro-

graphs) show the presence of arbuscules associated

with intracellular hyphal coils. Brundrett &

Kendrick (1990b) suggested that it is not yet clear

which class is the most common. This comment has

led to our surveying the literature in an attempt to

assess the extent of Paris-types in relation to Arum-

types. In addition, we have made some observations

of our own with tropical plants including Durio

zibethinus (for which there have been conflicting

comments over its mycorrhizal status), Artocarpus

and Nephelium spp. All of these turned out to have

Paris-type mycorrhizas with small arbuscules at-

tached to very extensive intracellular hyphal coils

(Smith et al., 1997).

There are many reports in the literature of absence

of arbuscules, or their presence in only limited

numbers, in Paris-type VA mycorrhizas (e.g.

Boullard, 1953a, b ; Alexander, 1988; see also Smith

& Smith, 1996). This obviously renders the defin-

ition of such mycorrhizas rather hazardous in both

structural and functional terms if it is assumed that

arbuscules are the sole basis of the mutualistic

symbiosis. Apparent absence of arbuscules might be

a result of seasonal effects or environmental stress

(Brundrett & Kendrick, 1990a ; Yawney & Schultz,

1990; Mullen & Schmidt, 1993). The formation of

arbuscules in American ginseng (Panax quinque-

folius) has been shown to depend on the season but

also differs greatly among combinations of farms and

plant age-classes, apparently reflecting the character-

istics of individual seed-beds (Whitbread et al.,

1996).

  .   

Our own interest in diversity in VA mycorrhizas

arose from considerations of differences in ‘mycor-

rhizal efficiency’–i.e. the variation in nutritional

benefits and costs to the plant that are associated

with differences in amounts of inorganic nutrients

such as P or Zn transferred to the plant in return for

organic carbon (e.g. sugar) transferred to the fungus.

We suggested (Smith & Smith, 1996) that the

physiological basis of the symbiosis might be related

to the structural features summarized above. Pre-

viously, it has been widely assumed that bidirectional

transfer of inorganic nutrients and organic C occurs

solely across arbuscules. Indeed, in their taxonomic

revision of the Glomales, Morton & Benny (1990)

took this assumedly unique role of the arbuscules as

a fundamental feature of the Order. As we pointed

out (Smith & Smith, 1996), there is no firm evidence

to rule out other fungus–host interfaces as sites of

transfer in VA mycorrhizas. In other mycorrhizas

which lack arbuscules (both ecto- and endo-

mycorrhizas) other such interfaces must obviously

be the sites of transfer. The dynamics and life-span

of Arum-type arbuscules have been measured in

several studies (e.g. Cox & Tinker, 1976; Toth &

Miller, 1984; Alexander et al., 1989 and references

therein) but estimates of the surface areas of both the

arbuscules and intraradical fungal hyphae in VA

mycorrhizas generally are notably lacking. This is
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Figure 2. For legend see opposite.
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due to the technical problems in measuring them,

and especially in determining longevity and activity.

In experiments with Allium porrum, the relative

surface area of the intercellular interface with respect

to that of the arbuscules increased with time and

became the larger after about 8 wk of plant growth

(Smith & Dickson, 1991; Smith et al., 1994). There

have as yet been no attempts to make comparable

measurements in Paris-types, an omission that we

hope to rectify soon using the techniques developed

previously (Smith & Dickson, 1991; Smith et al.,

1994).

It has been suggested that in Arum-types such as

Allium, P and possibly other inorganic nutrients are

transferred to the host across the arbuscular inter-

face–as is generally accepted–and that the inter-

cellular interface is a major route for transfer of sugar

from host to fungus (Gianinazzi-Pearson et al.,

1991b). Spatial separation of transport would pro-

vide a structural basis for differences in mycorrhizal

efficiency. In the absence of functional arbuscules, a

VA mycorrhizal fungus could still survive in the

intercellular phase, essentially as a parasite or

‘cheater’ (sensu Soberon & Martinez del Rio, 1985).

‘Cheating’ by the fungus–i.e. gaining organic car-

bon without supplying P to its co-symbiont–would

either prevent a positive growth response by the

plant or produce a negative response (Janos, 1985,

1987). Obviously, if transfer of solutes occurred

solely across arbuscules, extensive growth of the

fungus would not be possible when arbuscules are

lacking or inactive. Evidence for the occurrence of

cheating by VA mycorrhizal fungi is reviewed by

Smith & Smith (1996); see also Johnson, Graham &

Smith (1997).

The experimental basis of our suggestion remains

slim, though there is extensive evidence for decreases

in numbers of arbuscules in Arum-types under

various controlled environmental conditions includ-

ing low light, high external P and sometimes low

temperature (see Smith & Smith, 1996). More

important, however, are the ‘myc−# ’ mutants of the

Arum-type plant Pisum, in which colonization occurs

but functional arbuscules arenot formed (Gianinazzi-

Pearson et al., 1991a ; Gianinazzi-Pearson et al.,

1994). In these cases the intercellular interface must

be involved in obtaining organic C to support

fungal growth.

Clearly, our suggestion is not valid in the same

form in Paris-type mycorrhizas, because the ex-

tensive intercellular interface is absent. However,

Figure 2. Assemblage of illustrations photocopied from Gallaud (1905), retaining the original numbers. 27 :

Allium sphaerocephalum (Arum-type), longitudinal section. 28 : A. sphaerocephalum, longitudinal section,

showing passage cell and point of penetration. 31 : Anemone nemorosa (Paris-type), longitudinal section. 21 :

Colchicum automnale, transverse section, showing point of penetration and hyphal swellings. 41 : arbuscule of

Arum maculatum. 42 : ‘compound’ arbuscule of Sequoia gigantea (Paris-type). Abbreviations: ap, epidermis;

as, hypodermis; pa, root-hair ; c, passage cell ; end, endodermis; l, air-space; noy, nucleus; r, hyphal swellings;

v, young vesicles (according to Gallaud).

despite the lack of quantitative measurements of

surface areas, there is no doubt whatsoever that the

intracellular hyphal coils can be extremely extensive

compared with arbuscules, as shown by illustrations

in many publications (e.g. Brundrett & Kendrick,

1990b ; Whitbread et al., 1996; Widden, 1996), and

as we have found with our own observations (Smith

et al., 1997). If there is spatial separation of transfer,

the coils could be the site of transfer of organic C,

with transfer of P across the localized arbuscular

interface. Cheating would again be possible if

arbuscules were absent or were inactive. As yet there

is no evidence for separation of transfer of P and

organic C in Paris-type VA mycorrhizas. If there is

no separation of transfer the hyphal coils might

totally take over the role of arbuscules when the

latter are absent or not functioning. This would

mean that there is nothing physiologically special

about arbuscules, i.e. that they are not essential for a

functional Paris-type VA mycorrhiza. There is

nothing novel about this suggestion. Possible in-

volvement of hyphal coils in nutrient exchange has

been mentioned by several workers who have studied

Paris-type mycorrhizas in autotrophic plants (e.g.

Bonfante-Fasolo & Scannerini, 1977; Reinsvold &

Brent Reeves, 1986; Louis, 1990; Whitbread et al.,

1996) but this role has been ignored by most VA

mycorrhizologists. Demuth & Weber (1990) and

Imhof & Weber (1997) suggested that Paris-type

structures and absence of arbuscules in the myco-

heterotrophic plant Voyria (Gentianaceae) reflects a

‘structural incompatibility’ in which the fungus

obtains no organic C from the host. In this case,

transfer of organic C and inorganic nutrients to the

plant must involve the intracellular hyphal coils.

Our purpose in the present review is not again to

rehearse the detailed arguments for spatial separation

of nutrient transfer or to assess techniques by which

the issue might be resolved (see Smith & Smith,

1996). Here we consider the relative extent of the

two classes of VA mycorrhizas, the validity and

usefulness of this division, and its structural basis in

terms of growth of the roots and mycorrhizal fungi.

   .       

 

1. Bryophytes and Pteridophytes

The absorbing organs of a wide range of lower land

plants have long been known to be mycotrophic and
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(a)

(b)

Figure 3. Extended focus images using laser scanning confocal microscopy. (a) Paris-type structures in

the cortex of Panax quinquefolius ; Z-reconstruction of 17 slices (2 µm between slices). (b) Arum-type

structures in the cortex of Allium porrum ; Z-reconstruction of 14 optical slices (1 µm between slices). Samples

were embedded in LR White resin and stained with Phloxine B. S. Dickson (unpublished) with thanks to L.

Peterson, M. Farquhar & Y. Uetake.
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these groups were studied by Janse (1897) and

Gallaud (1905), among many other early workers.

Rayner (1927) and Harley (1969) gave good sum-

maries of the early work, and Bonfante-Fasolo (1984)

has reviewed more recent developmental aspects.

Bryophytes are colonized by a range of fungal

endophytes and previous uncertainties about the

fungal taxa are now being addressed (see, for

example, Duckett & Read, 1995). VA mycorrhizal

(Glomalean) fungi occur as endophytes in many

bryophytes and they are very widespread in

pteridophytes. Where the cells of the absorbing

organs have ready access to the soil environment, as

in some thalloid structures lacking epidermal-type

layers, there can be direct penetration of external

hyphae between cells (i.e. formation of an inter-

cellular phase) but in the intracellular phase ex-

tensive aseptate hyphal coils are common, and

arbuscules (where present) are intercalary rather

than terminal on hyphae. A good example is the

gametophyte of Phaeoceros (Bryophyta: Antho-

cerophyta), which has been studied in detail by

Ligrone (1988); see also Stahl (1949). The prothalli

(gametophytes) of different Lycopodium spp.

(pteridophytes) show variation in ‘mycorrhizal ’

structures (the absorbing organs are not roots !), as

first shown by Treub (1884–89, cited and discussed

by Rayner, 1927). Whereas L. cernuum had in-

tracellular hyphae in the peripheral region, there

were intercellular hyphae in the central tissues. In

other species described by Treub the hyphae are

entirely intracellular. Interestingly, the prothalli of

L. cernuum contain photosynthetic cells while those

of the second group studied by Treub are

achlorophyllous. A more recent investigation of

Lycopodium by Duckett & Ligrone (1991) confirmed

Treub’s findings and extended them to the ultra-

structural level. These examples aside, and allowing

for the simple anatomy of the absorbing organs,

bryophytes and ‘lower’ pteridophytes (non-

Filicales) mostly have VA structures that are Paris-

types. However, absence of arbuscules seems quite

common, as found for the thalloid hepatic Crypto-

thallus by Pocock & Duckett (1984), for Lycopodium

by Duckett & Ligrone (1991) and for Psilotum

(pteridophyte) by Peterson, Howarth & Whittier

(1981); see also Janse (1897).

Both Arum-type and Paris-type VA mycorrhizal

structures have been recorded in roots of the Filicales

(true ferns). Extensive Arum-type intercellular

hyphae and arbuscules were first described in

Angiopteris (Marattiaceae: Marattiales) by Janse

(1987) and Gallaud (1905). This structure was later

confirmed by Boullard (1958), who showed that in

contrast Danaea (same family) forms the Paris-type.

The position in the Ophioglossales is also not clear-

cut. Janse (1897) described intercellular hyphae in

‘Ophioderma ’ (Ophioglossum) but Gallaud (1905)

included the mycorrhiza in Ophioglossum as a Paris-

type, stating that coils are absent but the hyphae are

always intracellular. Descriptions and illustrations

by Boullard (1958) show Paris-type features in-

cluding coils, vesicles and the remnants of arbuscules

in Ophioglossum and the related genus Botrychium.

As far as we are aware, representatives of all families

in the leptosporangiate Filicales that have been

examined appear to have Paris-type structures (e.g.

Boullard, 1958; Cooper, 1976; Berch & Kendrick,

1982; see also Harley, 1969).

Last, and not least, Remy et al. (1994) have now

unequivocally demonstrated the presence of

arbuscules in the early Devonian fossil Aglaophyton,

which shows features of both bryophytes and

vascular plants. It would be very interesting to know

if this plant was a Paris-or Arum-type: it ought to be

possible to detect the occurrence of intercellular

hyphae or intracellular coils in the fossils. The

structures described by Kidston & Lang (1921) from

the same fossil flora (Rhynie chert) included, as well

as vesicles, coiled intracellular hyphae, suggesting

that they were Paris-types.

2. Gymnosperms

There have been many studies of VA mycorrhizas in

gymnosperms, and in all cases except possibly one

they can be classified as Paris-types, irrespective of

whether or not the investigators have used this term.

Examples include Podocarpaceae: (Janse, 1897;

Shibata, 1902; Gallaud, 1905; Baylis, McNabb &

Morrison, 1963); Taxaceae: (Prat, 1926; Strullu et

al., 1981); Taxodiaceae (Gallaud, 1905; Konoe$ ,
1957). Bonfante-Fasolo (1984) gives a general sur-

vey. The possible exception is Ginkgo (Ginkgoaceae),

in which Bonfante-Fasolo & Fontana (1985) found

‘rare’ intercellular hyphae and vesicles and abundant

intracellular hyphal coils and intercalary arbuscules

in the inner cortex. Accordingly, Ginkgo should

perhaps strictly be included in a ‘near-Paris ’ or

‘Intermediate’ class ; it is certainly not an Arum-

type. We note here that the presence of rare

intercellular hyphae in other examples classified as

Paris-types might compromise the validity of the

classification. More such examples will occur below.

The methodology of the investigation might be a

problem in that the presence of rare intercellular

hyphae may be obscured by the dense intracellular

coils and missed altogether when root squashes are

examined, rather than sections. Also, standard

staining methods are not uniformly successful. Early

workers, such as Janse (1897) and Gallaud (1905),

and others including Bonfante-Fasolo & Fontana

(1985) did not fall into these traps.

3. Angiosperms

Arum-type and Paris-type VA mycorrhizas are

widely scattered through both monocotyledonous

and dicotyledonous families in the angiosperms.
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Table 1. Family groupings of angiosperms having distinct Arum-type and Paris-type VA mycorrhizas and

those with both types and}or intermediate types

Both types (B) and}or

Arum-types Paris-types intermediate types (I)

Monocots Agavaceae (1)# Burmanniaceae (1)" Araceae* (1P)(

Araceae* (5)",#,#* Cannaceae (1)( Gramineae ("10)

‘Liliaceae’ Dioscoraceae (2)#,( (B,I)%,(,*,"!,"%

Alliaceae (1)","&,"',#& Heliconiaceae (1)( Arecaceae (3) (B)",(,#"

Asphodelaceae (1)# ‘Liliaceae’ Pandanaceae (1) (I)"

Anthericaceae (1)# Colchicaceae (2)#,#)

Convallariaceae (4)#,#* Liliaceae s. s. (1)#*

Hyacinthaceae (4)# Trilliaceae (3)#,#*,$(

Hypoxidaceae (1)" Uvulariaceae (2)",$(

Ruscaceae (1)# Marantaceae (1)(

Zingiberaceae (1)" Thismiaceae (1)",)

Triuridaceae (1)"

Dicots Alangiaceae (1)" Aceraceae (1)","#,"%,#' Apocynaceae (14) (B,I)",$&

Anacardiaceae (1)%# Annonaceae (1)( Asclepiadaceae* (I)$'

Ascepiadaceae* (4) Araliaceae (2)(,$) Burseraceae (1) (I)",(

#,"%,$% Aristolochiaceae (10)#* Caprifoliaceae (1) (I)","%

Balsaminaceae (1)" Bombacaceae (2)(,%! Euphorbiaceae (6) (B,I)",(,"",

Begoniaceae (1)" Caricaceae (1)( Flacourtiaceae (1) (I)"

Boraginaceae (2)# Casuarinaceae (1)" Labiatae (7) (B)",#,(,"%

Campanulaceae (1)" Cecropiaceae (1)( Leguminosae

Combretaceae (1)( Cornaceae (1)"% Caesalpinoideae (1) (I)(

Compositae (5)",#,( Cunoniaceae (1)$" Mimosoideae (3) (B)",&,(

Cucurbitaceae (2)") Gentianaceae (7) Papilionoideae (13) (B)

Elaeocarpaceae (2)" ","%,##,#%,#(,$* #,(,"*,#!,#$

Guttiferae (2)(,"% Grossulariaceae (1)" Meliaceae (1) (I)","$

Malvaceae (5)( Hamamelidaceae (10)" Menyanthaceae (2) (I)$#

Oleaceae (1)"%,$! Hippocastanaceae (10)%" Ranunculaceae (3) (B)#,"%

Proteaceae (1)" Lecythidaceae (1)( Rubiaceae* (1A)(

Rosaceae (2)",#,"%,$!,$( Linaceae (1)"%,##,%$ Rutaceae (6) (B,I)",$,(

Staphyleaceae (1)" Loganiaceae (1)$$ Scrophulariaceae (2) (B)(

Symplocaceae (1)" Magnoliaceae (2)","!,"( Solanaceae (4) (B)",(

Thymeleaceae (1)"% Malpighiaceae (1)( Sterculiaceae (2) (I)',(,#"

Turneraceae (1)( Melastomaceae (1)( Verbenaceae (5) (B)(,%%

Urticaceae (2)"% Moraceae (2)",%!

Vitaceae (1)( Myrsinaceae (1)"

Myrtaceae (1)"

Polygalaceae (1)"%

Rubiaceae* (6)",(,"%

Sapindaceae (1)%!

Saxifragaceae (1)#

Theaceae (1)"

Ulmaceae (2)",$!

Umbelliferae (6)#,"%

Violaceae (1)#,"%

The system of Cronquist (1981)–see also Mabberley (1989)–has been used except for families within ‘Liliaceae’ (sensu
Cronquist), which are as given by Dahlgren et al. (1985). Key: (1, etc), number of genera recorded; (B), both types

recorded; (I), intermediate characters (extensive coils and intercellular hyphae). Araceae* (etc) in two columns occurs

where there is a single record that differs from the majority; (1P) or (1A) indicates the minority record in the ‘Both’

category.

Superscripts: ",# etc¯ references, as follows. " Janse (1897); #Gallaud (1905); $Mcluckie & Burges (1932);
%Endrigkeit (1937); &Asai (1944); 'Laycock (1945); ( Johnston (1949); )McLennan (1958); *Nicolson (1959);
"!Gerdemann (1965); ""Wastie (1965); "#Kessler (1966); "$Redhead (1968); "%Stelz (1968); "&Mosse (1973); "'Hayman

(1974); "(Kinden & Brown (1975); ")Saif (1977); "*Abbott & Robson (1978); #!Holley & Peterson (1979); #"Nadarajah

(1980); ##Gay et al. (1982); #$Carling & Brown (1982); #% Jacquelinet-Jeanmougin & Gianinazzi-Pearson (1983);
#&Brundrett, Piche! & Peterson (1985); #'Frankland & Harrison (1985); #(Ku$ hn & Weber (1986); #)McGee (1986);
#*Brundrett & Kendrick (1990b) ; $!Brundrett et al. (1990); $"McGee (1990); $#Weber & Kramer (1994); $$Tiemann,

Demuth & Weber (1994a) ; $%Tiemann, Demuth & Weber (1994b) ; $&Weber, Klahr & Marron-Heimbuch (1995);
$'Untch & Wber (1996); $(Widden (1996); $)Whitbread et al. (1996); $* Imhof & Weber (1997); %!Smith et al. (1997);
%"H. J. Hudson (pers. comm.); %#L. Haugen & S. E. Smith (unpublished); %$B. Thomas & S. E. Smith (unpublished);
%%P. O‘Connor & F. A. Smith (unpublished). Other references to genera that have been widely studied (e.g. Allium and

Acer) are given in the text.
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Table 1 lists families in each class, giving numbers of

genera that have been studied in each family, and

using the classification by Cronquist (1981). In some

cases the names in the early literature had to be up-

dated, using Mabberley (1989) for this purpose.

While it is not established that all species in one

genus are all within the same class, we have found

only one case (Ranunculus) where different species

within a single genus appear to form VA mycorrhizas

of both classes, and another (Zea) where there may

be major differences between cultivars. These are

discussed below. Table 1 relies heavily on the surveys

by Janse (1897), Gallaud (1905), Johnston (1949)

and Stelz (1968), with examples from other papers as

listed. Not all authors have used Gallaud’s classi-

fication, and we have placed families in the Arum-

type and Paris-type classes on the basis of records of

presence or absence of intercellular hyphae in the

cortex; and in the latter class, presence of hyphal

coils.

Generally, all examples included have been

claimed to be VA (or arbuscular) mycorrhizas by the

authors cited, except of course where the work was

done before these terms were introduced. For-

tunately, early workers usually included detailed

illustrations which have helped confirm the basis of

the classification. We have not been deterred by

reports of total absence of arbuscules, since all such

cases in Table 1 (though not identified there)

included statements of presence of vesicles (some-

times ‘rare’) and hyphae that are mainly aseptate.

Some potentially useful lists have been excluded

because, although they include plants with extensive

intracellular hyphae, they do not specify whether

intercellular hyphae are absent. Examples are sur-

veys by Thapar & Khan (1973) of forest trees (both

gymnosperms and angiosperms) in India, and by

Louis (1990) of coastal plants in Singapore. As

already noted, Louis was conscious of the possible

functional implication of absence of arbuscules.

In many cases, Table 1 gives records for only one

species or genus per family, which is a hazardous

basis for generalizing, but where different workers

have made examinations of the same species or

genera they have almost always come to the same

conclusion about structures. Examples to the con-

trary are discussed below. Thus, classic Arum-type

families include Compositae and Malvaceae, whereas

Paris-type families include Aceraceae and

Gentianaceae. This list is not exhaustive, and it does

not include a number of early surveys published in

languages other than English that we have not seen.

Nevertheless, it shows that Paris-types are indeed

very common, as suggested by Brundrett & Kendrick

(1990b).

The Liliaceae–as defined by Cronquist–seems at

first sight a particularly ‘difficult ’ family, with

representatives of both classes (Table 1). It includes

variations of Paris-types that have distinctive in-

tracellular hyphal swellings (‘bobbits ’). These were

described in detail by Widden (1996) in Clintonia

and Medeola. Rather similar features in Colchicum

were noted by Gallaud (1905), as shown in Figure 2.

The swellings are a consistent feature of these plants.

The classification of liliaceous plants is currently

under review and the different structural classes can

be distributed quite neatly (bearing in mind the

limited numbers of genera surveyed) between the

families listed by Dahlgren, Clifford & Yeo (1985).

This has been done in Table 1. Table 2 gives more

details, and shows the distinct distribution within

the Superorder Liliiflorae sensu Dahlgren et al.

(1985), which includes taxa from outside the

Liliaceae sensu Cronquist (1981). Ornithogalum

(Hyacinthaceae) was described as an Arum-type by

Gallaud. A detailed study of O. umbellatum by

Bonfante-Fasolo & Scannerini (1977) showed ex-

tensive intracellular hyphal coils in the outer cortex

with intercellular hyphae in the inner cortex. This

difference appears in other plants (see below).

Extensive ramifications of intercellular hyphae be-

tween epidermis and cortex in Thysanotus

(Anthericaceae) are another example of a variant in

the Arum-type class (McGee, 1988). Structural

variation within Paris-type dicots is illustrated by

the presence of lobed intracellular hyphae in Linum

catharticum (illustrated in Gay et al., 1982).

Families with genera of both classes are also listed

in Table 1 (last column: ‘B’). Examples include the

Apocynaceae, Euphorbiaceae and Solanaceae (this

last being a favourite for experimental studies).

Some plants contain Paris-type features (especially

extensive hyphal coils) but also many intercellular

hyphae: see Table 1: last column ‘I’. The

Apocynaceae again includes genera in this category

(Weber et al., 1995). Obviously, as with the gym-

nosperm Ginkgo, discussed above, there is a com-

plication where rare intercellular hyphae have been

recorded in roots that are otherwise distinctly Paris-

type. Theobroma (cacao) is one such example

(Laycock, 1945; Nadarajah, 1980). Gallaud (1905)

wrestled with these issues when he found that some

Ranunculus spp. fell into the Paris class, whereas

others had Arum-type features. This appears to be

the sole example where species of one genus were put

into both classes by a single investigator. The most

complicated family is the Leguminosae, where the

situation is not clarified when it is divided into the

different sub-families.

The Gramineae are also complicated (Table 1)

and we have not attempted to sort out distribution of

the VA mycorrhizal classes into the graminaceous

sub-families. Nicolson’s (1959) survey of grasses in

Britain suggested that Paris-types are very common.

Greny (1973) made a detailed anatomical–

morphological study of several important members

of the Gramineae and concluded that Zea, Avena,

Triticum, Hordeum, Lolium and Holcus all have
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Table 2. Distribution of Arum-types and Paris-types within the Superorder Liliiflorae sensu Dahlgren et al.

(1985) (for simplicity, only names of genera are listed)

Arum-types Paris-types References

O. Asparagales

Convallariaceae* Convallaria Gallaud (1905)

Maianthemum Gallaud (1905)

Polygonatum Gallaud (1905)

Smilacina Brundrett & Kendrick (1990b)
Ruscaceae* Ruscus Gallaud (1905)

Agavaceae Agave Gallaud (1905)

Hypoxidaceae* Curculigo Janse (1897)

Asphodelaceae* Aloe Gallaud (1905)

Anthericaceae* Anthericum Gallaud (1905)

Hyacinthaceae* Hyacinthoides Gallaud (1905)

Muscari Gallaud (1905)

Ornithogalum Gallaud (1905), Bonfante-

Fasolo &Scannerini (1977)

Scilla Gallaud (1905)

Alliaceae* Allium Janse (1897); et multi alii

O. Burmanniales

Thismiaceae Thismia Janse (1897)

McLennan (1958)

O. Dioscorales

Dioscoraceae Tamus Gallaud (1905)

Dioscorea Gallaud (1905)

Trilliaceae* Paris Gallaud (1905)

Trillium Brundrett & Kendrick (1990b)
Medeola† Widden (1996)

O. Liliales Colchicum† Gallaud (1905)

Wurmbea McGee (1986)

Liliaceae sensu stricto* Erythronium Brundrett & Kendrick (1990b)
Uvulariaceae* Disporum† Janse (1897)

Clintonia† Widden (1996)

Uvularia† Girard (1985)

* Included in the Liliaceae sensu Cronquist (1981).

† Hyphal swellings: see text.

Arum-type mycorrhizas whereas Phleum,

Alopecurus, Agrostis and Agropyrum have Paris-

types. By contrast, Johnston (1949) described Zea as

having Paris-type mycorrhizas. Although he did not

refer to Gallaud’s classification, his survey of plants

in the West Indies split them on the basis of (a) the

presence of an extensive intercellular phase in the

outer and inner cortex, or (b) the presence of

extensive intracellular hyphal coils in the cortex.

Apart from the distinction between outer and inner

cortex, these are essentially the same as Gallaud’s

definitions. Since the many other workers who have

used Zea have shown it to contain extensive

intercellular hyphae, this poses a problem, and it

must be emphasized that a number of families are in

the ‘B’ category in Table 1 as a result of Johnston’s

survey of plants from the West Indies. Geographical

factors aside, there may be no need to have doubts

about Johnston’s powers of observation, because a

number of investigators have noted that Zea has

hyphal coils in the outer cortex (e.g. Winter, 1951;

Meloh, 1963; Gerdemann, 1965; Greny, 1973;

Kariya & Toth, 1981; Morton, 1985). Hence in this

case there might be plasticity, which might be

exhibited in different maize cultivars. Triticum and

Hordeum can also have extensive hyphal coils

(Greny, 1973). Hyphal coils in the outer cortex occur

in other genera, including tobacco (Hildebrand &

Koch, 1936) and some legumes, including Medicago

and Trifolium spp. (Abbott, 1982). They may reflect

differences in cortical structure and function. In

addition to formation in the outer cortex, hyphal

coils are frequently formed during penetration of

fungal hyphae through cells of hypodermes of both

Arum-types and Paris-types, as shown by several

early workers, including Gallaud (1905); see also

Smith, Long & Smith (1989)–we were then in

ignorance of the earlier work. Hypodermes, though

frequently overlooked, are present in many plants

(e.g. Peterson, 1988; Perumalla, Peterson & Enstone,

1990).

Weber and his collaborators have published a

valuable series of papers that survey development

of VA mycorrhizas in the Apocynaceae,

Asclepiadaceae, Gentianaceae and Loganiaceae

(Table 1). These families are all members of the

Order Gentianales. As already noted, the achloro-

phyllous members of the Gentianaceae are classic
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Paris-types. However, the other families in the

Order include Arum-types, both types or inter-

mediates–the Apocynaceae contains all of these

(Table 1; Weber et al., 1995). Weber and his

colleagues have proposed that Paris-types are phylo-

genetically more advanced than Arum-types, reflect-

ing weakened fungal vigour in some hosts and hence

an evolutionary tendency towards successful myco-

heterotrophy (e.g. Imhof & Weber, 1997). Given the

frequency of Paris-types, and their dominance in

lower plants, we are not convinced by this argument.

Much of the information in Tables 1 and 2 has

been obtained with field-grown plants and hence

plants of uncertain age. Preliminary results by

So$ derstro$ m et al. (1996) have suggested that up to

18 d Petroselinum crispum (parsley) and Daucus

carota (carrot)–both in the Umbelliferae–display

some Arum-type features, with Paris-type features

predominating afterwards. These developmental

effects deserve further study in relation to root

anatomy and the ageing and turn-over of individual

fungal colonization units.

 .     

?

We believe that the answer to this question lies in the

context in which it is asked. Systematists who are

interested in structures other than reproductive ones

might question the usefulness of the classification if

it is blurred by the occurrence of intermediates or

(especially) of taxa at family or genus level with

representatives of both classes. However, some

problems can be cleared up by revision of plant taxa,

as with the ‘old’ Liliaceae, and it is even possible

that distribution of VA mycorrhizal classes might be

helpful where taxonomic characters include non-

reproductive features, as with liliaceous plants

(Dahlgren et al., 1985). Developmental changes–as

suggested by So$ derstro$ m et al. (1996) with parsley

and carrot–are another complication in this context.

If the interest lies in the development and

physiology of the symbiosis and (especially) any

differentiation in function between the different

interfaces, then the distinction might still be im-

portant. This especially relates to whether structural

differences can be correlated with differences in

mycorrhizal responsiveness (growth increases com-

pared with non-mycorrhizal controls) and the whole

question of cheating, as summarized above. The

issue is then not whether any given interface is

totally absent, but whether limitations or changes in

its surface area (or molecular activity) affect rates of

solute transfer. The presence or absence of

arbuscules, at least, is a feature in which most VA

mycorrhizologists ought to be interested. Obviously,

environmental considerations must to be taken into

account in considering structural and functional

plasticity, given evidence for changes in colonization

rates, intraradical hyphae and numbers of arbuscules

under low light, high soil P, low temperature etc (see

Smith & Smith, 1996, for discussion). However,

there is no evidence that the structural basis of the

classes is under environmental control.

 .   

The distinction between the two VA mycorrhizal

classes and the occurrence of intermediates is

certainly important if features of roots (morpho-

logical, physiological or both) are being sought that

might promote the formation of one class or another.

The simplest possibility is that Arum-types occur in

roots with large intercellular spaces within the

cortex. This possibility was considered over-simple

by Gallaud (1905). For example, he pointed out that

those Ophioglossaceae that have mycorrhizas falling

within the Paris class do so despite the presence of

intercellular spaces. Other Paris-types, such as

Voyria (Imhof & Weber, 1997) and Colchicum (see

Fig. 2) also have obvious intercellular spaces in their

roots and there can be few roots in which intercellular

spaces of one sort or another are completely absent,

given the need for aeration. Nevertheless, Brundrett

& Kendrick (1988, 1990b) have proposed that Arum-

types are formed in roots which have continuous

longitudinal air-spaces within their cortices (or inner

cortices, where most intercellular hyphal growth

often occurs), thus allowing a pathway of low

physical resistance for hyphal growth, compared

with the intracellular pathway. This intercellular

route then gives the opportunity for rapid sequential

penetration of cortical cells and growth of arbuscules,

and intracellular vesicles, where present. The oc-

currence of limited or discontinuous intercellular

spaces in roots, or differences between outer and

inner cortices, might account for the intermediate

VA mycorrhizal structures.

Brundrett & Kendrick (1990a) demonstrated that

the intracellular spread of colonization in Paris-types

was relatively slow when compared with spread in

Arum-types. However, it is still not clear why, in

Paris-types, hyphae do not grow extensively between

appressed root cell walls and along tortuous in-

tercellular pathways. Perhaps these pathways are

physically and biochemically less favourable than

sequential penetrations of cell walls. In other words,

differences in cell wall structure and modifications

produced during fungal colonization might be im-

portant (Bonfante-Fasolo & Fontana, 1985;

Bonfante-Fasolo, 1988).

The structural basis of the classes proposed by

Brundrett & Kendrick is based on few examples and

needs to be tested more rigorously with a wider

range of plants. Justin & Armstrong (1987) surveyed

the root structure and porosity of 91 plant species,
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grown in non-mycorrhizal conditions, with the aim

of assessing anatomical responses to flooding. Their

results certainly showed quantitatively that even in

drained soil there are large air-spaces in roots of

some plants that form Arum-type mycorrhizas (e.g.

Zea–particularly in the inner cortex) or that are from

Arum-type families (e.g. Compositae: Table 1).

However, the porosity of roots of Allium and other

putative Arum-types (e.g. Vicia and Lotus spp.) is no

greater than that of Paris-types such as Viola and

members of the Umbelliferae (Justin & Armstrong,

1987). What is required to put Brundrett and

Kendrick’s proposal on a firmer foundation is

comparison of the (three-dimensional) intraradical

spread of the fungal hyphae with the development

and distribution of intercellular spaces, as deter-

mined by appropriate infiltration techniques, in a

wider range of Arum-type, Paris-type and inter-

mediate plants. Intercellular spaces in roots have

received little direct attention from most VA mycor-

rhizologists and their distribution and extent can

become obscured where root squashes or cross-

sections are used to identify the presence of VA

mycorrhizas.

If the formation of the individual classes of VA

mycorrhiza depends primarily on the presence or

absence of cortical intercellular spaces, or indeed on

any other anatomical property of the plant root, then

the taxonomic issue is transferred immediately to

that of the value of root anatomy as a taxonomic

character. Certainly, it is not surprising that there is

much consistency of root anatomy in individual

genera or families, especially where plants have not

been bred for cultivation; i.e. for rapid growth. It

then seems a truism that the formation of the two

classes or intermediates between them is primarily

under the genetic control of the host. We note again

here the seminal demonstrations of the formation of

Arum-types or Paris-types when different hosts were

colonized by the one species or isolate of VA

mycorrhizal fungi (Barrett, 1958; Gerdemann, 1965;

Jacquelinet-Jeanmougin & Gianinazzi-Pearson,

1983). Inevitably, however, there are complications

and more questions to address.

 .      

Abbott (1982) compared the anatomy of ten

Glomalean endophytes in the Arum-type Trifolium

subterraneum. She showed that isolates differed with

respect to production of vesicles, hyphal branching

and diameter, etc, as found by others. More

important in the present context, she found that

isolates of Gigaspora and Glomus formed extensive

‘ loops’ of intracellular hyphae in the outer cortex

with intercellular hyphae plus (intracellular)

arbuscules in the inner cortex. Acaulospora was

different in that it produced ‘predominantly’ in-

tracellular hyphae (including coils) throughout the

cortex of T. subterraneum. Differences between

fungal species or strains in (primarily) Arum-types

might result from differences in their ability to

penetrate the various cell types within the root.

However, it is still not clear why some fungi prefer a

more tortuous intracellular pathway when extensive

intercellular spaces are common. Demuth, Fors-

treuter & Weber (1991) found differences in the size

of hyphal coils and in the size and shapes of

arbuscules when species of Gentiana (Paris-type)

were colonized by different isolates of Glomus and

Acaulospora. We conclude that it is possible for the

fungal genome to exert significant control on VA

mycorrhizal structure at the Arum}Paris-type level.

It seems unlikely that an individual fungal species or

strains can greatly affect the extent of intercellular

spaces within the root. The amount of plasticity in

hyphal structures that can be superimposed by

genomic variation in fungi as well as in hosts clearly

requires more study with other host}fungus com-

binations, and especially the quantification of the

relative sizes of intracellular and intercellular inter-

faces that can be produced by different fungi on the

one plant species.

More subtle variation has been found by B.

So$ derstro$ m & S. Dickson (unpublished) in Petro-

selinum (parsley), in which Glomus sp. (WUM 16)

formed extensive coils and few arbuscules. The

reverse was the case with G. mosseae. The distinction

was not apparent in Daucus (carrot), again pointing

to interactions between genomes of fungus and host

in determining structural features.

 .  

The issue of whether the intercellular and intra-

cellular environments are the more favourable for

growth of the fungal endophyte is important to the

plant physiologist interested in VA mycorrhizas.

Intuitively, an intracellular interface (whether a coil

or arbuscule) seems a more favourable environment

for nutrient transfer than an intercellular one. Even

though the intracellular interface is topologically still

apoplastic, with modified cell walls between the

fungal and plant plasma membranes, the latter are

much more closely appressed than they are in an

intercellular interface–especially one of compara-

tively large volume. Intuition aside, however, there

is no reason to suspect that cortical intercellular

spaces in roots are nutritionally unfavourable for

growth of VA mycorrhizal fungi. Concentrations of

40–50 m hexose equivalents (20–25 m sucrose)

have been measured in cortical apoplasts of non-

mycorrhizal roots of barley (Farrar, 1985) and

Ricinus (Chapleo & Hall, 1989). These concentra-

tions were quite similar to the cytoplasmic concentra-

tions. The condition that is necessary for sustained

fungal uptake of organic C in the cortical apoplast is
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that the rate of release from cortical cells must keep

pace with (or be increased by) fungal demand. There

are at present too many unknowns to approach this

issue mathematically. In addition, the intercellular

phase might be more favourable for maintenance of

O
#
levels for fungal respiration. As already noted, the

presence or absence of hypodermes–which increase

the isolation of the cortical apoplast from the external

(soil) environment–does not appear to be associated

with the occurrence of the two classes.

Possible interrelationships between mycorrhizal

structures and function are well worth further

investigation in mycoheterotrophic plants. Those

that are VA mycorrhizal appear all to have Paris-

type mycorrhizas. Besides the Gentianaceae, ex-

amples include Thismia spp. (Thismiaceae: some-

times included in Burmanniaceae): see Table 1.

Since VA mycoheterotrophic plants receive organic

C via their fungal endophyte from an adjacent donor

plant (rather than directly from soil) there must be

significant physiological differences from ‘normal’

VA mycorrhizal plants, at least at the level of

membrane transport proteins and their operational

control. There seem to be strong parallels in

structure between the Paris-type VA mycorrhizas in

heterotrophic gametophytes of Lycopodium, plants

of the Burmanniaceae and Gentianaceae and the

(non-VA) mycorrhizas in orchids. The cells of the

last contain hyphal coils, as shown by Janse (1897)

and many workers subsequently: representative

illustrations are in Smith & Read (1997). Although

heterotrophic growth of orchids mostly depends on

a supply of organic C from soil via the fungal

hyphae, there can be transfer from an autotrophic

‘donor’ plant via the hyphae. Control of mycorrhizal

structures by the plant is nicely shown by the

formation of hyphal coils in orchids by fungi from an

ectomycorrhizal host (Zelmer & Currah, 1995).

Since protocorms or roots of orchids seem to lack

large intercellular spaces (as shown by illustrations

in Smith & Read, 1997), absence of an intercellular

phase is not surprising if the reasoning applied above

to VA mycorrhizas is again applied.

There can also be transfer of organic C between

linked autotrophic VA mycorrhizal plants of the

same or a different species: see Smith & Smith

(1996). Despite previous uncertainties about the

significance of amounts of organic C transferred and

its form (Smith & Smith, 1996), the use of stable

isotopes is now giving good evidence of significant

net transfer of organic C between ectomycorrhizal

plants at least (Simard et al., 1997). There is nothing

yet to implicate the structural considerations in this

review in transfer of solutes between linked VA

mycorrhizal plants. Nevertheless, following the

reasoning of Imhof & Weber (1997), it would be nice

to know if Paris-type interfaces are better adapted

than Arum-type interfaces as sites for transfer of

organic C in autotrophic receiver plants

 . 

This survey of the relative extent of Arum- and

Paris-type VA mycorrhizas has shown that the latter

are not rare and anomalous cases, as has been

sometimes thought. They occur in a vast number of

wild plants, including woody ones in which it is not

easy to distinguish details of structures–as we found

when examining Durio, Nephelium and Artocarpus

(Smith et al., 1997). In examples such as these,

arbuscules can often be obscured by the dense

hyphal coils and vesicles can be rare or lacking,

depending on the fungal endophyte and environ-

mental conditions. Accordingly, some Paris-types

may well have not have been recognized as VA

mycorrhizas. There is now considerable scope for

DNA ‘finger-printing’, to identify unknown fungal

endophytes, especially in lower plants and in other

examples where normal features used for identifica-

tion–whether vesicles, arbuscules or both–are ab-

sent. Increasing use of this technique to identify

mycorrhizal fungi from plants collected from the

field can be anticipated.

Whether there are significant functional differ-

ences between the various interfaces in the two

classes remains to be seen. It is particularly im-

portant to establish if the presence of extensive

intracellular hyphal coils in Paris-types can render

arbuscules unnecessary as sites for nutrient transfer.

This would help explain the numerous reports of

absence of arbuscules in this class. However, it is

possible that in at least some cases absence of

arbuscules only occurs in some phases of root

growth, as shown with an Alpine Ranunculus sp. by

Mullen & Schmidt (1993). This will be a problem

with surveys of field-grown material where the age of

the roots is uncertain. Control of formation of

arbuscules by the host vis-a[ -vis the fungus is highly

relevant to the vexed question of nomenclature (cf.

Smith, 1995; Walker, 1995). If a so-called

‘arbuscular ’ mycorrhizal fungus can form a func-

tional mycorrhiza without arbuscules, owing to

control solely exerted by the host (the emphasis is

important) what is the best nomenclature to use–for

fungus and symbiosis? Perhaps we should start

referring to ‘Glomalean mycorrhizas’ to avoid all

structural and functional issues. In that case, it will

certainly be unwise to define the Glomales by the

presence of arbuscules, with an explicitly stated

functional role for these structures in nutrient

interchange, as was done by Morton & Benny (1990).

It is for this reason that we have not adopted

‘Glomalean mycorrhizas’ throughout the present

review. Another possibility–though difficult to pro-

nounce at first sight–is ‘zygomycetous’

or–simpler–‘Z-mycorrhiza’ (Trappe, 1987). This

avoids all structural issues.

Less provocatively, we hope that this review will

prompt renewed interest in the distribution of the
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two classes between and within families and will

awaken interest in comparative studies of structure

and function. It would be useful if check-lists could

include structural details of the VA mycorrhizas. We

suggest that classifications of Arum-types and Paris-

types, based on the presence or total absence of

intercellular hyphae in the cortex, and intermediate

types (e.g. ‘near-Paris ’), based on limited or rare

intercellular hyphae but extensive intracellular coils

in the inner cortex and (where present) intercalary

arbuscules are useful in this regard. Presence or

absence of arbuscules should certainly be recorded,

along with presence or absence of vesicles. We

recognize that this may increase the work-load in

future studies of VA mycorrhizal diversity!
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