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Summary

A new genus in the fungal family Glomeraceae, order Glomerales of
the Glomeromycetes class is described, named Pacispora. The type
species is P, scintiflans which, as P. dominikii and P. chimonobam-
busae, was formerly placed in the genus Glomus of the Glomeraceae.
Two of the already known species are re-described in this paper, and
four new species of the new genus are published herein: Pacispora
Sfranciscana, P robigina, P. coralloidea and F. boliviana. Spores of
the new genus are formed terminally on hyphae, a feature they share
only with Glomus and Paraglomus. An inner, usually three-layered
wall is present inside the spores, from which the spores germinate
directly through the outer spore wall, which usually is also three-
layered, This germination characteristic is shared with Scuellospora,
Acaulospora and Entrophospora but not with Glomus and Paraglomus.
The formation of vesicular arbuscular mycorrhiza - so far confirmed
for two of the seven Pacispora spp. -, the staining characteristics of
the root internal fungal structures and the features of the subtending
hyphae of the spores are most similar to species of the genus Glomus.
For these reasons, we currently suggest to include Pacispora into the
Glomeraceae. The seven Pacispora spp. can morphologically be
differentiated by the spore surface structure, the characteristics of the
spore wall ornamentation, and by the spore color and spore size. An
identification key is presented. Three of the Pacispora spp. were
abundantly detected in the high altitudes of the Swiss Alps. However,
the occurrence of this genus in temperate, mediterranean and tropical
regions suggests that Pacispora is ubiquitous and adapted to many
terrestrial environments.

Introduction

Arbuscular mycorrhizal fungi (AMF) are important below ground
components for the functioning of natural terrestrial ecosystems (VAN
DER HEDEN and SANDERS, 2002). They play an important role for
the plants nutrient up-take and enhance the plants tolerance to biotic
and abiotic stresses (SMITH and READ, 1997). Today it is known that
the benefit of arbuscular mycorrhizae for the plant (or the cultivated
crop} depends on the AMF species or AMF species community
involved in the symbiosis, e.g. AMF species differ greatly in their
efficacy to take up phosphate from the soil and transport it to their
host {(SIEVERDING, 1991). Thus, whatever research is done with AME,
being ecological or functional, it is important to identify or name
correctly the AMF species involved in a study. Only by that way studies
are repeatable and comparable with other studies.

Soil born fungi which arc able to establish arbuscular myceorrhiza with
plant species were recently included into the newly described fungal
phylum Glomeromycota (SCHUSSLER et al., 2001). The authors erecled
several new orders in the single class of the new phylum on the basis
of molecular genetic evidences. The class Glomeromycetes' of the

' The names of the class, the order and the family were orthographically
corrected by SCHUSSLER et al. (2001). We apply the comect naming: Glo-
meromycetes, Glomerales and Glomeraceae.

new phylum was described by CAVALIER-SMITH (1998) and the order
Glomerales by MORTON and BENNY (1990), based on morphological
characteristics of the mycorrhiza formation and the morphology of
the spores formed by the fungal species. The species of the family
Glomeraceae form typically mycorrhizae with vesicles and arbuscles
inthe roots (MORTON and BENNY, 1990). Species of the genus Glomus
form spores terminally or intercalary of a hypha, the formation of
spores in aggregations and sporocarps is also possible. All spores of
the genus Glomus have a rather simple wall structure, and usually
germinate through the hyphal attachment (MORTON and BENNY,
1990).

As expressed by WALKER (1992} it is evident that spores of some of
the Glomus spp. form an inner wall separated from an outer spore
wall. From this inner wall they germinate directly through the outer
spore wall. This led to the suggestion that those species should be
separated from the genus Glomus. There are three species affected:
Glomus scintillans Rose and Trappe {ROSE and TRAPPE, 1980Q),
G. dominikii Blasz. (BLASZKOWSKI, 1988) and G. chimonobambusae
Wu and Liu (WU and L1u, 1995). During studies of the diversity of
AMF in several climatic regions (alpine, temperate and tropical
climates), we found four new fungal species, that all have the same
general morphological features in common with the three species
mentioned: They form an usually three-layered outer spore wall and
an additional inner wall that usually is also three-layered. We see now
these features shared as a justification to out-group the seven species
from the genus Glomus and describe them in a new genus in the
Glomeraceae. We dedicate the new genus to the peaceful town Assisi
in Italy, that belongs to the "World Cultural Heritage' of the UNESCOQ,
as one of the four new species was found there during the occasion of
the 3" inter-religious summit called "Day of prayer for peace in the
world', in January 2002.

Materials and methods
Soil sampling

During the study of the diversity of AMF in ficld sites of quite different
land use systems (arable lands, semi-natural grasslands}, natural
vegetations (natural forests) and climatic regions (Alpine, Temperate
and Tropics) soil cores were taken from 0-10 ¢m soil depth between
March 2000 and July 2003. Undisturbed soil cores were used for AMF
inoculation of trap cultures in the greenhouse. For direct AMF spore
isolation and identification, the soils were homogenized and mixed
by hand and were air-dried for storing until further analyses.

Trap cultures and single species cultures

Trap cultures were cultivated over periods of & to 32 months in a
greenhouse at the Botanical Institute of the University of Basel,
Switzerland. Pots with 1-9 litre volume were filled up to 60-75 %
with an autoclaved substrate (Terragreene-loess mixture; 3:1; pH-HzO
6.7; available phosphorus (Na-acetate) 2.6 mg kg'!; available potassium
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Fig. 1: Pacispora franciscana. A. Spore formed singly in soil. B. Spore with two walls (sw and iw); wall layer iw2 staining in Melzer's, C. Broken spore with
three-layered outer spore wall (sw1-3) and three-layered inner wall (iw1-3), D. Pore of the subtending hypha closed at the spore base by a bridging
septum formed by sw2 (sp) and by sw3. E. and F. Germination orb (go). Specimens in Fig. 1 A, C-F mounted in PVLG, specimen in Fig. 1 B mounted
in PVLG with Melzer's reagent.

(Na-acetate) 350 mg kg ). The mycorrhizal soil inoculum (4.5-10 %  Trifolium pratense L. and Plantago lanceolata L. were used as host
of the pot volume) was placed at the surface and covered by more  plants for the AMF derived from the temperate and mediterranean
sterile substrate (25-40 % of the pot volume). Lolium perenne L.,  regions. For the AMF derived from the High Alpine altitudes as an
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additional host Hieracium pilosella L. was seeded. For the AMF de-
rived from the tropical regions Stvlosanthes guianensis (Aubl.) Sw.,
Bracharia humidicola (Rendle) Schweik and Chromolaena odorata
(L.) King & H.E.Robins were used as hosts. An automated watering
system (Tropf-Blumat, Weninger GmbH, 6410 Telfs, Austria) was
installed. The spore formation was monitored in the trap cultures
throughout 6 to 32 months. In addition, multi-spore single species
cultures were started with spores directly collected from the field and
grown on the plants mentioned above. For inoculation, 30 spores were
placed at three positions each per pot (of 1 litre volume) below the
seeds and an automated watering system installed as performed for
the trap cultures. Spores from the new genus reproduced only scarcely
in trap cultures and none of the single species cultures was successful.

Spore isolation, identification and taxonomy

Spores from the field samples or the culture substrates were isolated
as described by OEHL et al. (2003). A wet sieving (mesh width
80 um) process and a subsequent water/sucrose solution (70%, w/v)
gradient centrifugation process at 900 x g for 2 min in 50 ml tubes
were applied. Morphological properties of spores and their sub-cellular
structures are based on observations of spores mounted in polyvinyl
alcohol-lactic acid-glycerol (PVLG) or a mixture of PYLG and
Melzer's reagent (BRUNDRETT et al., 1994), a mixture of lactic acid to
water at 1:1, and water only. The terminology of the spore wall structure
is that suggested by INVAM (International Culture Collection of
Arbuscular and Vesicular- Arbuscular Endomycorrhizal Fungi: http://
www.invam.caf.wvu.edu/). Specimens of the newly described species
mounted in PVYLG and the mixture of PVLG and Melzer's reagent
were deposited in the herbaria indicated below.

Genus and species descriptions
Pacispora gen. nov. Sieverd. & Oehl
Type species: Pacispora scintillans {Rose & Trappe) Sieverd. & Ochl

Description:

Sporocarpia ignota. Sporae singulatim terminaliterque ex hyphis
Jertilibus in solo efformatae. Sporae globosae vel subglobosae raro
none regulare. Sporae cum tunicas duas, tunica exterior et interior
ctim stratis tribus. Hypha affixa ad basem sporam typice cylindrata
vel constricta, Tunica hyphae confluentis cum stratis exterioris tunicae
duarum externae. Porus hyphae affixae nonnumquam cum stratis
secundo et stratis interiorio tunicae externae occludans. Una vel
plerigue tubae germinativae formans ex areae germinativae in funicam
interior el lunicam externam penetrans.

Formation of sporocarps is not known. Fungi of the new genus form
single spores terminally on hyphae in the soil. Spores are generally
globose, subglabose to ellipsoid in shape, seldom irregular. The spores
have usually a three layered outer wall and an inner wall which usually
is three-layered. The middle layer of the inner wall usually reacts to
Melzer's reagent. The hyphal attachment is cylindric or often slightly
constricted at the base of the spore. The wall of the subtending hypha
is confluent with the outer and middle wall layers of the outer spore
wall. The pore of the hyphal attachment is usually closed by a septum
that arises from the middle layer of the outer spore wall and by the
tightly adherent innermost layer of the outer spore wall, and finally
by the formation of the inner wall. Germination of spores is from the
inner wall directly through the outer wall. A germination orb is rarely
visible even during the process of germination. One or several germ
tubes are formed. Two species of the new genus are known so far to
form vesicular arbuscular mycorrhiza.

Etymology: Latin: paci- (prefix from pax, peace or peaceful), and
spora (spore). We dedicate this genus to the peace in the world.

Key to the species of Pacispora

la. Spores generally with smooth surface 2
1b. Spores with ornamented surface 3
2a. Spore generally hyaline to subhyaline P. fransciscana
2b. Spores rusty brown in colour P. robigina

3a. Spores with tubes, warts or knobs
on the outer spore wall layer 4
3b. Spores with pits on the second layer
of the outer wall
4a. Tiny tubes longer than 5 wm,
generally 4-5 times longer than broad P, chimonobambusae
4b. Fine tubes (0.5-1.2 um in diam) shorter than 5 wm,
usually 1.2-3 times longer than broad,
spores generally < 175 pm in diam P. dominikii
4¢. Knobs with length and width usually equal (1-3 um),
spores generally > 175 pm in diam;
outer wall generally < 5 pum thick
4d. Warts with length and width usually equal
(3-5 um) or broader than high;
spores generally < 165 pm in diam;
outer wall generally > 5 um thick

P. boliviana

P. scintillans

P. coralloidea

Pacispora franciscana sp. nov. Sieverd. & Oehl (Fig. 1)

Description:

Sporocarpia ignota. Sporae singulatim terminaliterque ex hyphis
fertilibus in solo efformatae. Sporae hyalinae ad atbae, globosae vel
subglobosae, (106-)120-171(-191) um in diam, vel ellipsoidae, (125-)
162-191(-212)x(112-)137-162(-195) um, sine ornamentatione. Sporae
cum tunicas duas, tunica exterior et interior; uterque tunicae cum
stratis tribus. Primum stratum tunicae exterioris 0.5-0.9 ym crassum;
secundum stratum tunicae exterioris laminatum, 2.5-6.5(-7.5) crassum,
tertium strafum tunicae exterioris < 0.5 pm crassum. Primum stratum
tunicae interioris 0.4-0.8 pm crassum; secundum stratum tunicae
interioris, 0.5-2.5(-3) crassum, tertium siratum tunicae interioris
< 0.5 um crassum. In solutione Melzeri stratum secundum tunicae
interioris pupureum colorans. Hypha affixa ad basem sporam saepe
typice constricta vel cylindrata. Tunica hyphae affixae confluentis cum
stratis exterioris tunicae duarum externae sporarum. Porus hyphae
affixae nonnumaquam cum stratis secundo et stratis interiorio tunicae
externae occludans. Una vel plerigue tubae germinativae formans ex
areae germinativae in tunicam interior. Typus hic designarus: #31-
3101: Z+ZT.

Sporocarps unknown.

Spores are hyaline to shiny bright white in colour, globose to sub-
globose with (106-)120-171(-191) um in diam, to broad ellipsoidal,
(125-)162-191(-212)x(112-)137-162(-195) um in diam. Spores have
an outer three-layered spore wall and an inner three-layered wall.
Outer spore wall surface smooth and three layered: outer layer (swl)
hyaline and 0.5-0.9 pm thick, usually tightly adherent to second layer
(sw2); sw2 finely laminated, hyaline to white and 2.5-6.5(-7.5) um,
inner layer (sw3), hyaline and thin (< 0.5 um), separable under pressure
but usually adherent to sw2 and then difficult to observe.

Inner spore wall is hyaline and three-layered. Outer layer (iw1) is 0.4-
0.8 um thick, in broken spores often separating under light pressure
from the middle layer (iw2); the middle layer (iw2) is 0.5-2.5(-3) um
thick and the inner layer (iw3) is very thin (< 0,5 um), flexible and
showing folds in broken spores; iw3 is usually adherent to iw2 and
often difficult to observe. Wall layer iw2 stains purple to deep purple
in Melzer's reagent.
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Subtending hypha usually straight or sometimes recurved, 7.5-12 pm
in diam at the spore base, or when slightly constricted widening from
7-10 to 10-14 um within 5-10 pum distance from the base. The wall of
the hyphal attachment is of the same color and continuous with wall
layers swl and sw2 and at the same thickness as those up to 15-30
(-60) pm distance from the spore base tapering then to less than
0.5 pm.

Pore of the subtending hypha is closed at the spore base by a bridging
septum formed by sw2 and by the adherent sw3.

Germination is directly through the outer spore wall. Germ tube is
formed from a germination orb positioned on the outer surface of the
inner wall, irregular in shape, 14-26 x 20-38 um diam, showing fine
transparent folds; details of the germination orb are usually not or
very difficult to observe even during germination.

Formation of mycorrhiza unknown.

Etymology: Latin, franciscana referring to the place where spores of
this species were found for the first time, this was near the cathedral
of Saint Francis in Assisi (Umbria, Italy).

Type: Isolated from grassland with olive trees, 300 m south of the
cathedral of St. Francis, Asissi, Umbria, Italy. Holotype here desig-
nated: Slide Nr. 31-3101: Z + ZT, Isotypes: FB, OSC.

Fig. 2: Pacispora robigina. A. Broken spore formed singly in soil with two walls (sw and iw) and subtendi

Distribution: Pacispora franciscana was found in grasslands under
olive trees growing on Calcaric Cambisols in Central Italy, and also in
calcareous Lithic Leptosols in the High Alpines of Eastern Switzerland
(Haldensteiner Calanda, 2800 m above sea level), near Chur (Kanton
Graubiinden), Switzerland.

Pacispora robigina sp. nov. Sieverd. & Oehl (Fig. 2)

Description:

Sporocarpia ignota. Sporae singulatim terminaliterque ex hyphis
fertilibus in solo efformatae. Sporae robiginae vel castaneae, globosae
vel subglobosae, (100-)125-155(-161) pum in diam, vel ellipsoidae,
95-135 x 135-165 pm, sine ornamentatione. Sporae cum tunicas duas,
tunica exterior pigmentata et tunica interior hyalina; uterque tunicae
cum stratis tribus. Primum stratum tunicae exterioris 2.5-3.5(-5)
crassum, robiginum vel flavum; secundum stratum tunicae exterioris
laminatum, 4.0-6.5 pm crassum, robiginum vel flavum; tertium stratum
tunicae exterioris < 0.5 um crassum, flavum. Primum stratum tunicae
interioris 0.4-0.8 wm crassum; secundum stratum tunicae interioris,
2.2-3.0 crassum, tertium stratum tunicae interioris < 0.5 um crassum.
In solutione Melzeri stratum secundum tunicae interioris pupureum
colorans. Hypha affixa ad basem sporam saepe typice constricta.
Tunica hyphae confluentis cum stratis exterioris tunicae duarum
externae. Porus hyphae affixae nonnumquam cum stratis secundo et
stratis interiorio tunicae externae occludans. Typus hic designatus:
#32-3201: Z+ZT.

25ym

hypha. B. Broken spore with inner wall staining

in Melzer’s. C. Broken spore with three-layered outer spore wall (sw1-3) and three-layered inner wall (iw1-3). Specimens in Fig. 2 A and C mounted in

PVLG, specimen in Fig. 2 B mounted in PVLG with Melzer's reagent.
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Sporocarps unknown.

Spores are rusty brown to dark reddish brown, globose to subglobose
(100-)125-155(-161) pm to broad ellipsoidal, rarely oblong, 95-135 x
135-165 wm in diam. They have a three-layered outer spore wall and
an inner three-layered wall.

Outer spore wall with a smooth surface and consisting of three wall
layers: outer wall layer (sw1) orange to brown to dark reddish-brown
and 2.5-3.5(-5) wm thick, tightly adherent to second layer (sw2); sw2
laminated, light orange brown to rusty brown, 4.0-6.5 um thick, inner
layer (sw3) concolorous with sw2 and thin (< 0.5 pm), tightly adherent
to sw2 and thus usually visible only in broken spores.

Inner wall with three hyaline layers: The outer layer (iwl) is 0.4-
0.8 wm thick, often separating under slight pressure from iw2 in broken
spores; the middle layer (iw2) 2.2-3.0 pm thick and the inner layer
(iw3) is very thin (<1 pm), flexible, often difficult to see. iw3 is tightly
adherent to iw2, but usually showing several folds in broken spores
mounted in PVLG. Wall layer iw2 stains deep purple in Melzer's
reagent.

Subtending hypha is usually straight or slightly recurved, 8-15 um at
the spore base when constricted and widening to 12-25 pum in diam in
some distance from the base. The wall of the subtending hypha is
concolorous with sw2 for some distance from the spore base. The
wall is confluent with sw1 and sw2 and as thick as these two layers at
the spore base thinning to less than 1 um and becoming hyaline in
30-80(-100) um distance from the spore base.

Pore of the subtending hypha is closed at the spore base by wall
thickening and a bridging septum of sw2 and adherent sw3. The
bridging septum of sw2 sometimes resembles a plug.

Germination of spores not observed, thus unknown.

Formation of mycorrhiza unknown.

Etymology: Latin, robigina referring to the rusty brown spore color.

Type: [solated from a calcareous Lithic Leptosol in the High Alpines
at the Haldensteiner Calanda (9°27°45 East, 46°53’45" North) at
2800 m above sea level (m.a.s.1.), near Chur (Kanton Graubiinden),
Switzerland. Holotype here designated: Slide Nr. 32-3201: Z + ZT,
Isotype: FB; OSC.

Distribution: Spores of P. robigina were found in High Alpine
grasslands on calcareous Lithic Leptosol at 2.800 m.a.s.]. in Eastern
Switzerland and also in High Alpine grasslands at 2.780 m.a.s.]l. on a
siliceous Lithic Leptosol close to the Mutt glacier at the pass of Furka
of the Gotthard region (Kanton Wallis), Central Switzerland.

Pacispora chimonobambusae (Wu & Liu)
Sieverd. & Oehl comb. nov.
= Glomus chimonobambusae Wu & Lin, Mycotaxon 53: 283-294.

Description as in WU and Liu (1995). See also ACT (Arbuscular my-
corrhizal culture collection center in Taiwan (http://www.tari.gov.tw/
ACT/ACT.htm).

Pacispora dominikii Blaszk, emend, Sieverd. & Oehl
comb. nov. (Fig. 3)
= Glomus dominikii Blaszk., Karstenia 27: 37-42.

Emendation:

Sporocarps unknown,

Spores are dull white to shiny white, globose to subglobose, (75-)95-
150¢-175) um in diam and consist of a three-layered outer spore wall
and a three-layered inner wall.

Quter spore wall with three layers: A hyaline to shiny white, 0.5-0.9
(-1.5) pm thick outer layer (sw1), covered with fine tubes that are 1.0-
3.5(-5.7) pm long and 0.7-1.9 pm broad and round at the tops; tubes
can be densely packed or positioned in varying distance (1-5 um)
from each other; iw1 is generally adherent to the second layer (sw2)
but sometimes separates under pressure; swl can also be evanescent
on some pores; the second layer (sw2) hyaline to white, laminated,
1.5-3.5 um thick; inner layer (sw3) very thin (< 0.5 um) concolorous
with sw2, tightly adherent to sw2. only separable under pressure,
generally difficult to observe. Usually all layers stain light yellow in
Melzer's reagent.

Inner wall has three hyaline layers: The outer layer (iwl) is 0.4-
0.8 um thick, under pressure separable from the middle layer (iw2),
0.5-2.5 pm thick. Inner layer (iw3) is very thin and flexible usually
showing several folds in broken spores. Wall layer iw2 stains deep
purple in Melzer's reagent.

Subtending hypha usually straight or slightly recurved, 5-12 pm in
diam at the spore base, often constricted. The hyphal wall is confluent
with the two outer layers of the outer spore wall thinning to less than
0,5 um within a distance of 15-30 pm from the spore base.

Pore of the subtending hypha usually closed by a septum formed by
sw2 and by sw3.

Germ tube(s) arising from a germination orb on the surface of the
inner wall; germination orb seldom visible even during germination.
Germination directly through the outer wall.

Forms vesicular arbuscular mycorrhiza with fungal structures staining
blue with trypan blue (Blaszkowski: Arbuscular mycorrhizal fungi
(Glomeromycota), Endogone and Complexipes species deposited in
the Department of Plant Pathology, University of Szczecin, Poland:
http://www.agro.ar.szczecun.pl/~jblaszkowski/).

Collections examined: Poland: Prof. Blaszkowski's collection Nr. 17/
13; 43/13; 52/13; 53/13; 65/13; 69/13; 79/13; 13/2427-2433; 106/13/
1347-1361; 104/13/961. Switzerland: Spores isclated from a temperate
grassland and from arable lands at Therwil, Switzerland (slides nr.
33-3301, 33-3302, Ochl collection). Germany: Spores isolate from a
vineyard at Neustadt, Weinstrasse, and a subsoil of a maize field in
Rheinweiler (slide nr. 33-3303/ 33-3304, Oehl collection). France: a
subsoil of a maize field in Burnhaupt-Le Haut (slide nr. 33-3304, Oehl
collection). Chile: Temuco, Sta. Eduviges Slides nr. 4843, 4844 and
4846 of 28 March 1988, nr. 4895 — 4898 of 31 March 1988, nr. 4899
and 5000 of 2 July 1988 (all Sieverding collection).

Distribution: This species is widely distributed in Europe in agronomic
fields with usually lower levels of soil available phosphorus (OEHL
et al., 2003; 2004), It was also found in wheat fields in Chile (near
Temuco), in cultivated soils of Brazil, as well as in pastures in the
South Kivu, Democratic Republic of the Congo, in East-Africa.

Pacispora scintillans Rose & Trappe emend. Sieverd. & Oehl
comb. nov. (Fig. 4)
= Glomus scintillans Rose & Trappe, Mycotaxon 10: 413-420.

Emendation:

Sporocarps unknown.

Spores are globose to subglobose (180-230 um in diam), to broad
ellipsoidal 210-237x (135-)181-225 pm, subhyaline to white. Spores
have an outer three-layered spore wall and an inner three-layered
wall.

Outer spore wall with three layers, together 2.5-3.5(-4.0) pm thick: a
thin (<0.5 pm), subhyaline, outer wall layer (swl) with round knobs
that are (1.0-)1.6-2.8 um long and (0.7-)1.4-2.8 um broad often
constricted at their base; length and width of a knob about equal; the
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Fig. 3: Pacispora dominikii. A. Broken spore formed singly in soil. B. Outer spore wall (sw) and inner wall (iw); ornamentation with fine tubes positioned on the
outer surface of spore wall layer swl (side and plan-view). C. Tubes at the spore surface may be 1.2-3 times longer than broad. D, Tubes appear as fine
point ornamentations in plan-view. E. Pore closure of the subtending hypha at the spore base. F, Spore segment with two walls (sw and iw); wall layer iw2
staining purple in Melzer's. G. Spore wall segment with thin layers sw3 and iw|, difficult to observe as tightly adherent to their neighboured layers (sw2
and iw2, respectively). H. Tsolated inner wall consisting of three wall layers (iw1-3). Specimens mounted in PVLG with Melzer's reagent (Fig. 3 F) or in

PVLG alone (all others).

top of the knobs frequently with a slight central depression visible in
plan view; sw1 tightly adherent to laminated second layer sw2 that is
also hyaline to shiny white and (1.0-)2.0-3 um thick; the very thin
inner layer (0.5-1.0 um) is usually hardly to observe as usually tightly
adherent to and concolorous with sw2.

Inner wall also is hyaline and three-layered. The outer layer iwl is
0.4-1.0 um, often easily separating from iw2; the middle layer iw2
(1.2-)2.0-3.0(-4) pm; the inner layer (iw3) highly flexible and very
thin (<0.5 pm), usuvally showing several folds; usually adherent to

iw2 and then difficult to observe; wall layers iw2 staining purple in
Melzer's reagent.

Pore closure at the spore base through a bridging septum and the wall
thickening of sw2 and through sw3 though this was extremely difficult
to observe in holotype material.

Subtending hypha usually cylindrical, 6-8 pum thick at the spore base.
The wall of the subtending hypha is thinning to < 0.5 um in a distance
of 15-30 um from the spore base.

Formation of mycorrhiza unknown.
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20 pm

Fig. 4: Pacispora scintillans (Holotype nr. OSC 41352). A. Spore formed singly in soil, spore color darkened in the mountant (PVL) after 25 years; B-C. Plan
view of the knobby ornamentation on the spore surface; tops of the knobs are pitted. D-F. Broken spore with three-layered outer spore wall (sw1-3) and
three-layered inner wall (iw1-3). Specimens in Fig. 4 A-D mounted in PVL or PVLG; specimen in Fig. 4 E and F mounted in PVLG with Melzer's
reagent after 25 years of storage in lactophenol; iw2 reacting to Melzer's.

Specimens examined: Holotype, OSC Nr. 41352.

Pacispora coralloidea sp. nov. Sieverd. & Oehl (Fig. 5)

Description:

Sporocarpia ignota. Sporae singulatim terminaliterque ex hyphis
fertilibus in solo efformatae. Sporae subhyalinae ad subflavae,
globosae vel subglobosae, (110-)122-150(-165) pm in diam vel
ellipsoidae, 125-145 x 145-163 pm con ornamentatione in superficie.
Sporae cum tunicas duas, tunica exterior et interior; uterque tunicae
cum stratis tribus. Tunica exterior (5.0-)6.5(-10.0) wm crassum; primum
stratum tunicae exterioris < 1.0 um crassum con verrucis exiguis
(2.5-)3.0-5.0 pm x 2.0-3.5(-5.0) um; secundum stratum tunicae
exterioris laminatum, 3.8-9.0 wm crassum, tertium stratum tunicae
exterioris < 0.5 um crassum. Primum stratum tunicae interioris
0.5-1.2 um crassum; secundum stratum tunicae interioris, 1.5-2.8 pm
crassum, tertium stratum tunicae interioris < 0.5 pm crassum. In
solutione Melzeri stratum secundum tunicae interioris pupureum
colorans. Hypha affixa ad basem sporam saepe typice constricta.
Tunica hyphae confluentis cum stratis exterioris tunicae duarum
externae. Porus hyphae affixae nonnumguam cum stratis secundo et
stratis interiorio tunicae externae occludans. Typus hic designatus:
#34-3401: Z+ZT.

Sporocarps unknown

Spores are subhyaline to light yellow to cream in colour, globose to
subglobose, (110-}122-150(-165) um in diam, rarely broad ellipsoidal.
125-145 x 145-163 pm in diam. They have an outer spore wall and an
inner wall.

Outer spore wall with an ornamented surface and with three layers:
Outer wall layer (sw1) subhyaline to light yellow to cream, < 1.0 um
thick, densely covered with warts that are round or irregular at their
base, (2.5-)3.0-5.0 um broad and that are 2.0-3.5(-5.0) um long; swl
tightly adherent to sw2. The second layer (sw2) is finely laminated,
also subhyaline to light yellow to cream and 3.8-9.0 um thick. The
inner layer (sw3) is concolorous with sw2 and thin (< 0.5 pm) and is
(due to the strong ornamentation of iw1) often difficult to observe
even in broken spores. All three layers usually stain light yellow in
Melzer's reagent.

Inner wall hyaline and three-layered: Outer layer (iwl) is 0.5-1.2 um
thick, under pressure often separating from the middle layer (iw2)
that is 1.5-2.8 um thick — middle layer staining deep purple in Melzer's
reagent; inner layer iw3 very thin (< 0.5 um) and difficult to observe
as it is often tightly adherent to iw2; in broken spores iw3 often visible
through forming of several folds.

Subtending hypha is generally straight or sometimes recurved, 7.5-
14 pm in diam, often constricted at the spore base and thus widening
to 12-21 um diam in 6-18 um distance from the spore base. The wall
of the subtending hypha is continuous with the two outer layers of the
outer spore wall. The wall of the subtending hypha is 2.5-3.0 um thick
at the base and is tapering to less than | um thickness within a distance
of (10-)30-90(-130) pm from the spore base. The ornamentation of
swl often continues over the whole distance where the wall of the
subtending hypha is thick, becoming less dense and disappearing
gradually with increasing distance from the spore base.

Pore of the subtending hypha usually closed at the spore base by a
bridging septum of sw2 and by the adherent sw3. Frequently the closure
by sw2 resembles a plug.
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Fig. 5: Pacispora coralloidea. A. Spore formed singly in soil. B. Spore with characteristic warty surface or

ation and sub

ding hypha. C. Warty

ornamentation structure at the spore surface (warts about 3-5 pm in size); inner wall stained in Melzer's, D, Broken spore with three-layered outer spore
wall (sw1-3) and three-layered inner wall (iw1-3). E. Pore at the spore base closed by a bridging septum formed by sw2 (sp) and by adherent sw3; a
hyphal peg arises from the subtending hypha. Specimens in Fig. 5 A, B, D and E mounted in PVLG, specimen in Fig. 5 C mounted in PVLG with

Melzer's reagent.

Germination of spores not observed.
Formation of mycorrhiza unknown.

Etymology: Latin, coralloidea referring to the characteristic orna-
mentation of the spores surface.

Type: Isolated from a High Alpine grassland on a siliceous Lithic
Leptosol close to the Mutt glacier at the pass of Furka (8°25'12" East,
46°33°54” North, 2.780 m.a.s.l.) in the Gotthard region of Central
Switzerland (Kanton Wallis). Holotype here designated: Slide Nr. 34-
3401: Z + ZT, Isotype: OSC.

Distribution: Spores of P. coralloidea were found in High Alpine
grasslands on a siliceous Lithic Leptosol in Central Switzerland, as
well as in a High Alpine grassland vegetation at 2.800 m.a.s.l. at the

mountain Haldensteiner Calanda, near Chur (Kanton Graubiinden) in
Eastern Switzerland.

Pacispora boliviana sp. nov. Sieverd. & Oehl (Fig. 6)
Description:

Sporocarpia ignota. Sporae singularim terminaliterque ex hyphis
fertilibus in solo efformatae. Sporae flavae fulvae, globosae vel sub-
globosae, 70-95 pm in diam vel ellipsoidae, 71-105 x (57-)62-80 pm.
Sporae cum tunicas duas, tunica exterior et interior; uterque tunicae
cum stratis tribus. Primum stratum tunicae exterioris, hyalinum ad
subhyalinum, 1.3-2.3(-3.0) um crassum; secundum stratum tunicae
exterioris flavae fulvae, cum lamina, 2.5-3.5(-4.5) wm crassum con
depressionibus, 3.5-5.5 um latis et 0.5-1.1 um profundis ornatum,
tertium stratum tunicae exterioris < 0.5 um crassum. Tunica interior
hyalina; primum stratum tunicae interioris 0.5 pum crassum;
secundum stratum tunicae interioris, 1.2-2.0 wm crassum, tertium
stratum tunicae interioris < 0.5 um crassum. In solutione Melzeri
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Fig. 6: Pacispora boliviana. A. Spore formed singly in soil; the two outer spore wall layers continue in the subtending hypha (hyphal wall layers hw1 and hw2);
at the spore base a septum (sp) is closing the pore. B, Broken spore with three-layered outer spore wall (sw1-3) and three-layered inner wall (iw1-3). C.
Spore with characteristic pits on the surface of spore wall layer sw2. D. Plan view to the spore wall ornamentation. E. Isolated inner wall with three layers

(iw1-3). All specimens mounted in PVLG.

stratum secundum tunicae interioris non colorans. Tunica hyphae
confluentis cum stratis exterioris tunicae duarum externae. Porus
hyphae affixae nonnumquam cum strato secundo et strato interiorio
tunicae externae occludans. Germinatio et area germinationis in-
cognita. Typus hic designarus: #35-3501: Z+ZT.

Sporocarps unknown.

Spores yellow brown to brown, globose to subglobose, 70-95 pm,
ellipsoid or irregular, 71-105 x (57-)62-80 pm in diam. Spores with a
three-layered outer spore wall and a three-layered inner wall.

Outer spore wall with three adherent layers: Outer layer (sw1) smooth
on surface, sometimes laminated, 1.3-2.3(-3.0) pum thick, sloughing
with age; swl filling the depressions of sw2. The yellow to brown
middle, laminated layer (sw2), 2.5-3.5(-4.5) um thick, is densely
covered on the outer surface with shallow, usually pentagonal pits,
3.5-5.5 um wide and 0.5-1.1 um deep with dams 0.5-1.6 um wide

between the pits. The inner layer (sw3) is subhyaline to light brown,
closely adherent to sw2 and about 0.5 pum thick, often difficult to
observe beneath the ornamented sw2, None of these layers stains in
Melzer's reagent.

Inner wall hyaline and three-layered: The outer layer (iw1) is about
0.5 pum thick, the middle layer (iw2) is 1.2-2.0 um thick and the inner
layer (iw3) very thin and flexible showing several folds in broken
spores and is difficult to observe. None of the layers of the inner wall
reacts to Melzer's reagent.

Subtending hypha usually straight and cylindrical, sometimes slightly
constricted at the spore base, 5 -10 um in diam. The wall of the attach-
ment is confluent with the two outer layers of the outer spore wall and
is often as thick as those for up to (5-)10-30(-60) pum distance from
the spore tapering then to less than 0.5 pm; usually 1-2 to several
septae are visible in the subtending hypha formed by sw2. The
subtending hypha is often broken readily within 2-7 um distance from
the spore base, or is absent.
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Pore of the subtending hypha usually closed at the spore base by a
bridging septum formed by the innermost lamina of sw2 andfor by
the adherent sw3.

Germ tubes: Not observed

Formation of mycorrhiza unknown.

Etymology: Latin, boliviana (Bolivia) referring to the country from
where this species was isolated the first time.

Type: Isclated from a trap culture in the greenhouse at the Botanical
Garden of the University of Basel, Switzerland, inoculated with soil
inoculum derived from a natural forest in the semi-arid, tropical Gran
Chaco, District Santa Cruz, Bolivia. Holotype here designated: Slide
Nr, 35-3501: Z + ZT, Isotype: OSC.

Distribution: Spores of P. bofiviana were isolated from a trap pot
culture with Stylosanthes guianensis, Bracharia humidicola and
Chromolaena edorata as hosts. Besides P boliviana, 15 other AMF
species were found. The Bolivian soil was a Haplic Luvisol with the
following chemical and physical characteristics: pH 6.4 (H,0), 2.6 %
organic carbon, 2.3 mg kg’ available phosphorus (extracted by Na-
acetate) and 19 % clay.

Discussion

Fungal species of the new genus Pacispora can morphologically be
distinguished from other genera in the Glomeromycetes by the com-
bination of the following two spore features: Firstly, spores arise
terminally from hyphal mycelia, a feature they share only with Glomus
(TuLasNE and TULASNE, 1845) and Paraglomus (MORTON and
REDECKER, 2001). Secondly, an inner wall (in the sence ol wall
group alter WALKER, 1983) is present inside the spores from which
the spores germinate, This feature is shared with Scutellospora
(WALKER and SANDERS, 1986), Acaufospora (GERDEMANN and
TrRAPPE, 1974; emended BERCH, 1985), Entrophospora (AMES and
SCHNEIDER, 1979} and Archaeospora (MORTON and REDECKER, 2001}
but not with Gigaspora (GERDEMANN and TRAPPE, 1974; BENTIVENGA
and MORTON, 1995}, and not with Glomus and Paraglomus.

All our intentions failed to establish pure pot cultures of P. dominikii
and of the four new Pacispora spp. Hence, we could not confirm the
formation of mycorrhiza of these species. However, for at least two
species of the new genus Pacispora (£ dominikii and P chimono-
bambusae) the formation of vesicular arbuscular mycorrhizae in
plant roots is known (BLASZKOWSK], http://fwww.agro.ar.szczecin,pl/
~jblaszkowski/ and Wu and Liu, 1995, respectively). They share this
feature with the genera Acatfospora and Entrophospora that do not
form their spores terminally, and with Glomus. From one species of
Pacispora (P. dominikif) it is known that the fungal structures stain
blue to dark blue with trypan blue (BLASZKOWSKI, http://www.agro.ar.
szezecin.pl/~jblaszkowski/), and the observation of slides from Prof,
Blaszkowski's collection of herbarium material of £ dominikit show
fungal structures in roots with plenty of vesicles. These features are
not in common with Paraglomus, as the family Paraglomeraceae and
the genus Paraglomus are described (o form sparse faintly staining
mycorrhiza with almost absence of vesicles ('Arbusculae hyphaeque
mycorrhizarum ubi tinguntur invisibiles ve! pallidae. Vesiculae rarae
vel absentes', MORTON and REDECKER, 2001}. Thus, we propose, that
the new genus Pacispora is included in the Glomeraceae family,

Pacispora spp. share some spore wall features and germination
characteristics with the Acaulosporaceae: This is firstly the usually

three-layered outer spore wall and the formation of an inner separated
wall. However, Pacispora species do not have the 'beaded' wall layer
in the inner wall as do have Acawlospora spp. The germination orb
positioned on the inner wall becomes rarely visible in Pacispora. This
is in common with Acaulosporaceae (SPAIN, 1992). The structure of
the germination orb in Pacispora is usually not visible, even not in
broken spores, nor after specific preparations of the inner wall, e.g. by
isolation and removing the spore contents,

For the description of the new genus we were able to obtain type
material of two of the three species formerly grouped into Glomus,
i.e. of P scintitfans and P. dominikii. Though the holotype of P,
scintillans is in a bad shape, we saw, as with the well preserved
specimens of P. dominikii, the features that all Pacispora spp. have
in common: the three-layered outer spore wall and the three-layered
inner wall. The subtending hyphae of all the Pacispara spp. have also
similar characteristics. We did not have the chance to look at the type
material of P chimonobambusae, and the sporadically obtained
specimens of P chimonobambusae we isolated from tropical soils of
South-East Asia were not in a sufficient quality to base a re-description
of this species on them. However, the original description and the
photographs shown in Dr. Wu's internet presentation (ACT: huip://
www.tan. gov.tw/ACT/ACT.htm) are good enough to group this species
into Pacispora.

Spores of different Pacispora spp. can morphologically be diffe-
rentiated by the presence, the position and the characteristics of the
spore wall ornamentations, by the spore color, spore size and the spore
wall thickness as presented by the key above.

The two Pacispora spp. with a smooth spare surface, P, franciscana
and P. robigina, are differentiated mainly by the color of their spores,
In addition, the outer spore wall layer (swl) of P. robigina is much
thicker and more rigid than swl of P. franciscana.

Of the ornamented species £, boliviana is easy to recognize because it
has an ornamentation of pits in the outer wall instead of projections in
the form of tubes, knobs or warts on the outer wall as the four other
omamented species have.

The species with projections on the spore wall are all hyaline, sub-
hyaline to shiny, cream or dull white in color. Spores of P chimono-
bambusae have long, clavate projections, reaching up to 12.5 ym
length. The ornamentations of the others are all shorter. We re-named
the warts in P dominikii 'tubes' instead of warts because they are tiny,
generally thin and often with a length to width ratio of about 1.2-3:1;
also, the tubes are rounded, i.e. oiten dome-shaped, at the top. Spores
of P. scintiffans have nodule-formed knobs, and the holotype material
teaches us that the tips of the knobs have frequently a shallow central
depression, i.e. there is a pit in the tip. The ornamentation of P, corallo-
idea is completely different: The warts are broader and very densely
packed, are often broader than high, have an irregular base and are
reugh on the surface.

Though the holotype of P. scintitians contains only 10 spores, all spores
are bigger than 180 pm in diam. We never found a spore of P. domintkii
of that size having observed several hundreds from different regions
of the world.

At least three of the newly described Pacispora spp. (P, franciscana,
B robigina and P. coralloidea) were frequently found in high altitudes
of the Swiss Alps where this genus is obviously well adapted to the
extreme Alpine climatic conditions. However, the isolation of spores
of P. franciscana, P. dominikii, P. chimonobambusae and P, boliviana
from mediterranean and tropical regions, respectively, suggests that
this genus is ubiquitous and adapted o many different climates.






