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Summary

A new fungus of the arbuscular-mycorrhiza forming Glomeromy-
cetes was found in a coffee plantation in Palestina, located in the
Amazonian region of San Martin State in Peru. The fungus was pro-
pagated in bait cultures on Brachiaria brizantha, Medicago sativa
and Sorghum vulgare as host plants. It forms typical acaulosporoid
spores laterally on sporiferous saccule necks. The spores are brown-
ish yellow to yellow brown, 125-160 um in diam and are crowded
with papillae on their surface. The papillae are approximately 1 pm
wide as well as high. According to the color and surface structure of
its spores, the fungus is here described under the epithet Acaulospora
Sflavopapillosa. Phylogenetically, the new fungus clusters in a well-
separated clade within a group that comprises A. fragilissima, A. sac-
cata, A. papillosa, A. morrowiae, A. delicata, A. rugosa, A. dilatata
and A. longula. Also A. excavata and A. dilatata were found by con-
comitant morphological and molecular phylogenetic analyses in San
Martin State during this study: A. excavata in another coffee planta-
tion, and A. dilatata in an inka nut plantation. An identification key
for all species in the family Acaulosporaceae is updated in this study.

Key words: agroforestry, farming systems, Glomeromycota, Acau-
losporaceae, soil biodiversity.

Introduction

In the family Acaulosporaceae, there are several major clades of
Acaulospora species, which have either large spores or small spores.
Major clades of Acaulospora species with rather large spores
(> 130 um) are for instance the species of the groups represented by
A. laevis, or by A. scrobiculata and A. spinosa (GERDEMANN and
TRAPPE, 1974; LIN et al., 2019). In contrast, species of another Acau-
lospora group represented by A. longula form rather small spores
(generally < 100 um). A species group to which A. cavernata and
A. sieverdingii belong and a species group arround A. foveata, form
spores with different diameters varying from either large or small
or intermediary sizes (OEHL et al., 2011; BLASZKOWSKI et al., 2015;
CORAZON-GUIVIN et al., 2019a; LIN et al., 2019).

In the rhizosphere of coffee and the inka nut, several Acaulospora
species have already been found, for instance A. aspera (CORAZON-
GUIVIN et al., 2019a) and A. flava (CORAZON-GUIVIN et al., 2021).
In our most recent survey from coffee and inka nut plantations in
San Martin State of Peru, we found spores and obtained sequences of
three other Acaulospora species. One of these species is new to the
scientific community, while the other two species, A. dilatata and A.
excavata, are already known from other habitats and continents (e.g.
MORTON, 1986; INGLEBY et al., 1994; PEREIRA et al., 2015). The new

* Corresponding authors

fungal species is described hereafter under the epithet A. flavopapil-
losa. Additionally, we present spore illustrations and molecular phy-
logenies of the two other species, A. dilatata and A. excavata. Finally,
the identification keys for the family Acaulosporaceae, published by
our research group (OEHL et al. 2006; 2012; LIN et al. 2019), are im-
proved and updated in the present study.

Material and methods

Study sites and soil sampling

Between July and December 2019, soil samples (0-30 cm depth)
were repeatedly taken in Palestina (76°27°46.32”S 76°49°18.70”W,
745 m.a.s.l.) in a coffee plantation, in Bello Horizonte (6°31°39.54”S
76°17°57.85”W, 321 m a.s.l.) in a inka nut plantation, and in Nuevo
Lamas (6°36°6.67”S 76°11’'56.36”W, 973 m a.s.l.) in a coffee plan-
tation. The first site is located in the province El Dorado, and the
second and the third sites are located in the province San Martin.
Both provinces belong to the Department (State) San Martin in the
transition zone of Peruvian Amazonia lowlands and adjacent Andean
low mountain ranges. These sites are traditionally cultivated under
agroforestry systems, where coffee is grown with forest tree species
and the inka nut is grown in mixed cultures together with banana as
well as several other field crops such as Manihot esculenta. Both,
inka nut and coffee grew without addition of chemical fertilizers
and plant protection products. Soil pH (H,O) was 6.5 in Palestina,
6.6 in Bello Horizonte and 4.6 in Nuevo Lamas, while available
P (‘Olsen-P’, OLSEN et al., 1954) was 10.9 mg P kg™ in Palestina,
13.2 mg Pkg™! in Bello Horizonte, and 9.2 mg P kg™! in Nuevo Lamas.
In the province of El Dorado, the mean annual temperatures are
about 28-32 °C, with variation between 22 and 36 °C throughout the
year, mean annual precipitation is approximately 1200 mm. In the
province of San Martin, the mean annual temperatures are about
23-33 °C, with variation between 19 and 37 °C throughout the year,
mean annual precipitation is approximately 1380 mm (SENMHI,
2019).

AM fungal bait cultures

Bait cultures were established in the greenhouse of the Facultad de
Ciencias Agrarias, Universidad Nacional de San Martin-Tarapoto,
Peru, for 8 months under ambient temperature conditions, in cylindri-
cal 3 L pots with 3 kg of substrate. Three bait cultures were estab-
lished per field site with soil originating from the collection sites. The
substrate consisted of a 2:1:1 mixture of field-collected soil samples,
vermiculite and coarse river sand. The substrate mixtures were auto-
claved at 121 °C for 60 min, three weeks before establishment of the
bait cultures. The pots were first filled to 75% with the autoclaved
substrate. Thereafter, layers of 200 g of non-sterilized rhizospheric
soils were added to the substrate surface and five seeds either of
Sorghum vulgaris L., Medicago sativa L. and Brachiaria brizantha
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(A. Rich.) Stapf were placed in order to establish the mycorrhizal
association and reproduce spores of the new fungal species together
with the complete native arbuscular mycorrhizal fungi (AMF) com-
munities. The seeds were surface sterilized before seeding, using so-
dium hypochlorite (0.5%). Finally, the seeds were covered with the
remaining 25% of the autoclaved substrate. The cultures were main-
tained in the greenhouse, with 21.4 °C +£2.0 °C,29.0°C+3.0 °C and
360 °C + 2.0 °C as minimum, mean and maximum temperatures,
respectively. The relative humidity was from 46 to 75% between
January and August 2020. The pots were irrigated every other day and
fertilized with a Long Ashton nutrient solution every two weeks, with
reduced P contents (60% reduction; 20 pg P mL'; HEWITT, 1966).

Spore morphological analyses

Spores of the new fungus were found in the bait cultures from Pales-
tina, while spores of two other Acaulospora species were found in
Nuevo Lamas or Bello Horizonte, respectively. Single spores of each
fungus were separated from their bait culture samples by a wet sieving
process as described by SIEVERDING (1991). Spores were mounted on
microscope slides in polyvinyl alcohol-lactic acid-glycerol (PVLG;
KOSKE and TESSIER, 1983), Melzer’s reagent, a mixture of PVLG and
Melzer’s reagent (BRUNDRETT et al., 1994), a mixture of lactic acid to
water at 1:1, and in water (SPAIN, 1990). Morphological characteris-
tics of the spores and their subcellular structures were observed in a
high power light microscope at various magnifications. The termino-
logy of the spore structures basically is that presented in BLASZKOWSKI
(2012) and OEHL et al. (2012) for species with acaulosporoid spore
formation. Photographs were taken with a digital camera (Leika DFC
295) on a compound microscope (Leitz Laborlux S), using Leica Ap-
plication Suite Version V 4.1 software. Specimens mounted in PVLG
and a mixture of PVLG and Melzer’s reagent (1:1) were deposited at
Z+ZT (the joint herbarium of ETH Zurich and University of Zurich,
Switzerland; https://www.herbarien.uzh.ch/en.html).

Molecular analyses

Intact, healthy spores were isolated from the bait culture samples, and
cleaned by friction on fine filter paper (CORAZON-GUIVIN et al.,2019a,
¢). Spores were surface-sterilized (MOSSE, 1962) using a solution of
chloramine T (2%), streptomycin (0.02%) and Tween 20 (2-5 drops
in 25 mL final volume), for 20 min and rinsed five times in milli-Q
water. For the new species from Palestina one independent group of
sterile spores, containing 20-30 spores, was selected under a laminar
flow hood and individually transferred into Eppendorf PCR tubes.
Crude extract was obtained by crushing the spores with a sterile dis-
posable fine-tipped pilon in 3 pL. milli-Q water under the observation
at 5x magnification using a stereoscope (Carl Zeiss, CORAZON-GUIVIN
et al., 2019a, c). For the two other species, each 20-30 spores were
also provided from their isolation sites and processed accordingly.
Direct PCR of these crude extracts was performed in an automated
thermal cycler (Eppendorf Mastercycler nexus, Germany) with a
Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad,
CA, USA) following manufacturer’s instructions with 0.4 uM con-
centration of each primer. A two-step PCR was conducted to amplify
the ribosomal fragment consisting of partial SSU, ITS1, 5.8S, ITS2
and partial LSU rDNA using the primers SSUmAf/LSUmAr and
SSUmC{/LSUmBT, consecutively, according to KRUGER et al. (2009).
PCR products from the second round of amplifications (~1500 bp)
were separated electrophoretically on 1.2% agarose gels, stained with
Diamond™ Nucleic Acid Dye (Promega) and viewed by UV illu-
mination. The band of the expected size was excised with a scalpel.
The amplified DNA was isolated from the gel with the GFX™ PCR
DNA and Gel Band Purification Kit (Sigma-Aldrich) following the
manufacturer’s protocol, cloned into the pCR2.1 TOPO TA cloning

vector (Invitrogen, Carlsbad, CA, USA) and transformed into One
Shot® TOP10 chemically competent Escherichia coli (Invitrogen,
Carlsbad, CA, USA). For the new species nine recombinant colonies
were selected. For the two other species seven and five recombinant
colonies, respectively, were selected by blue/white screening and the
presence of inserts detected by PCR amplification with KOD DNA
Polymerase (Sigma-Aldrich) using universal forward and reverse
M13 vector primers. After isolation from transformed cells, plasmids
were sequenced on both strands with M13F/M13R primers using
the BigDye Terminator kit 3.1v (Applied Biosystems). The products
were analyzed on an automated DNA sequencer (ABI 3730XL DNA
analyzer-Macrogen Inc). All generated sequences were deposited
at GenBank (OK360960-OK360968, OK356196-OK356202 and
OK356203-0K356207).

Phylogenetic analyses

The phylogeny was reconstructed by independent analyses of the
ITS region and the partial SSU, 5.8S, and partial LSU rDNA data se-
quences. The AM fungal sequences obtained were aligned with other
Acaulosporaceae sequences from GenBank (Supplementary Mate-
rial 1) in ClustalX (LARKIN et al., 2007), generating two data sets
(alignments). Two separate trees were constructed covering the ITS
region of the rDNA (first data set) and the partial SSU, 5.8S and par-
tial LSU rDNA (second data set). Gigaspora margarita W.N. Becker
& L.R. Hall was included as outgroup. Prior to phylogenetic analysis,
the model of nucleotide substitution was estimated using Topali 2.5
(MILNE et al., 2004). Bayesian (two runs over 3 x 10° generations,
with a sample frequency of 300 and a burnin value of 25%) and maxi-
mum likelihood (1,000 bootstrap) analyses were performed, respec-
tively, in MrBayes 3.1.2 (RONQUIST and HUELSENBECK, 2003) and
PhyML (GUINDON and GASCUEL, 2003), launched from Topali 2.5,
using the GTR + G model.

Results

In the taxonomy section, the new species is firstly described morpho-
logically, and its phylogenetic position shown. Secondly, its currently
known distribution is shortly summarized. Finally, a key is updated
for the morphological identification of the species attributed to the
family Acaulosporaceae.

Taxonomy

Acaulospora flavopapillosa Corazon-Guivin, G.A. Silva & Oehl sp.
nov. Figs. 1-6

MycoBank MB 841841

Diagnosis: Differing from A. papillosa in having larger and pig-
mented spores, which are brownish yellow to yellow-brown.

Etymology: Latin, flavo-, (= yellow to yellow brown) and -papillosa
(papillate) referring to the spore color and the papillate spore surface
structure of the new species.

Holotypus: Accession ZT Myc 66249, deposited at Z+ZT, specimen
derived from a bait culture established on the host plants Sorghum
vulgare, Brachiaria brizantha and Medicago sativa in the greenhouse
of the Molecular Biology and Genetics Laboratory, Faculty of Agri-
cultural Sciences, National University of San Martin-Tarapoto, Peru.
Fungal inoculum for the culture originated from a coffee plantation
in Palestina (Province El Dorado, San Martin State; 76°27°46.32”S
76°49°18.70”W, 745 m.a.s.1). Collector was Mike Anderson Corazon
Guivin and collection date was 25.04.2019. Isotype (ZT Myc 66252)
was also deposited at Z+ZT. Living cultures of the fungus are current-
ly established at the Universidad Nacional de San Martin-Tarapoto.
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Figs. 1-6: Acaulospora flavopapillosa. 1-2. Crushed spores in PVLG with three walls (OW, MW & IW) formed laterally on the neck of sporiferous saccules,
and forming a single permanent cicatrice on the outer wall. 3-4. Crushed spores in PVLG + Melzer’s. 5. Papillate spore surface in cross view: Papillae
are approximately 1 um wide and high. OWL1 hyaline and evanescent to semi-persistent. OWL2 permanent, structural and brownish yellow to yellow-
brown, OWL3 ususally closely adherent to OWL2. MWL1-2 hyaline and often not easily separated by pressure on the cover slide, or when separate,
often each showing several wrinkling folds due to their high flexibility (e.g. Fig. 3). 6. IWL1 generally only 0.8-1.1 pm thin, and thus, its beaded
ornamentation is only observed, when clearly separating from IWL2. IWL2 stains purple to dark purple in Melzer’s (Figs. 3-4). IWL3 difficult to ob-

serve as only 0.5-1.1 pum thick and usually closely adherent to IWL2.

Description: Sporiferous saccules are hyaline and singly formed at
the end or intercalary of mycelial hyphae. The saccules are globose
to subglobose, 95-140 x 90-135 um, with 2-3 wall layers that are in
total 2.3-4.0 um thick. The saccule necks are 20-50 pum broad at the
saccule termini, about 20-30 um at the point of spore formation, and
taper to 10-16 pum in 30-100 um distance from the spore towards
the mycelium. The saccule usually collapses after the spore wall has
formed and usually is detached from mature spores.

Spores form laterally on the neck of sporiferous saccules in 40-100 um
distance from the sporiferous saccule. They are globose to subglo-
bose, brownish yellow to yellow brown, 125-160 um in diam and
have three walls.

Outer wall consists of three layers (OWLI1-OWL3). Outer layer
(OWLY1) is hyaline to subhyaline, 1.0-1.3 pum thick, crowded with
fine papillae, which are approximately 1 um wide as well as high,
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and evanescent to semi-persistent. Second layer (OWL2) is brownish
yellow to yellow brown, persistent, laminated, 3.0-5.0 um thick. The
inner layer of the outer wall (OWL3) is concolorous with OWL2,
about 0.8-1.2 pum thick and regularly observed in crushed spores.
None of the OW layers stains in Melzer’s reagent.

Middle wall is hyaline, bi-layered and only 1.4-2.0 um thick in total.
Both layers (MWLI1 and MWL2) are semi-flexible to flexible. They
often appear as being only one wall layer, when tightly adherent to
each other, but quite often they also show several wrinkling folds.
None of the MW layers stains in Melzer’s reagent.

Inner wall is hyaline, with two to three layers (IWL1-IWL3). The
IWL1 is about 0.8-1.1 pum thick with a ‘beaded’, i.e. granular struc-
ture, which usually is difficult to observe, since IWL1 is rather thin
and generally adherent to IWL2. IWL2 is 1.1-2.1 um thick and regu-
larly stains pinkish purple to dark purple in Melzer’s reagent. IWL3
is 0.5-1.1 um and generally very difficult to detect since it is closely
adherent to IWL2. As found for the two MW layers, also each of
the IW layers is rather thin and may show several folds, due to their
wrinkling nature.

Cicatrix remains after detachment of the connecting hypha, 8-13(-17)
x 7-13 um wide. The pore is closed by inner laminae of OWL2 and
by OWLS3.

Formation of vesicular-arbuscular mycorrhizal structures is not
known.

Molecular analyses: The phylogenetic analyses of the ITS region
and partial SSU, 5.8S, and partial LSU rDNA sequences placed A.
Sflavopapillosa in a separated clade inside a group to which A. fragilis-
sima, A. saccata, A. papillosa, A. morrowiae, A. delicata, A. rugosa,
A. dilatata and A. longula belong (Figs. 7-8). The clade for the new
species was full supported for Bayesian posterior probabilities in both
analyses and was supported by 98% and 99% bootstrap values for
ML analyses for the ITS and SSU-5.8S-LSU data set, respectively.
In the BLASTn analyses, the sequences with closest match (96%) to
the new fungus are from A. morrowiae, A. dilatata and A. longula.
Four environmental sequences, related to A. flavopapillosa (97% of
identity), were found in roots of tropical plants from a hydrocarbon-
polluted soil in the amazon region of Ecuador (GARCES-RUIZ et al.,
2019) and in roots from Hedera rhombea in Niigata, Japan (AHULU
et al., 2006).

Distribution of A. flavopapillosa and other Acaulospora species in
San Martin State of Peru:

So far, the fungus was only found in a coffee plantation in Pales-
tina (one agroforestry site, grown with forest species such as Cordia
alliodora and Calycophyllum spruceanum) located in the Amazonia
region, Province of El Dorado, Department of San Martin in Peru.
In CORAZON-GUIVIN et al. (2021), 14 Acaulospora species had al-
ready been reported in San Martin State either in coffee or inka nut
plantations. Here, we add, besides A. flavopapillosa, also A. dilatata
to this list (Figs. 7-8 and 9-11; ZT Myc 66250) and deliver for A.
excavata the first phylogenetic data from Peru (Figs. 7-8 and 12-13;
ZT Myc 66251, to compare with PEREIRA et al., 2015). Acaulospora
dilatata was found in an inka nut plantation in Bello Horizonte and
A. excavata in a coffee plantation in Nuevo Llamas, both located
in the province San Martin. Acaulospora flavopapillosa is the third
Acaulospora species, which is originally described from Peru, after
A. aspera (CORAZON-GUIVIN et al., 2019a) and A. flava (CORAZON-
GUIVIN et al., 2021).

Key for the morphological spore identification of Acaulospora-
ceae species

In order to establish an updated key for Acaulosporaceae, we fol-
lowed OEHL et al. (2006; 2012; 2014) and LIN et al. (2019). As in
LIN et al. (2019), a few species were not included in the key, since it
was assumed that they do not belong to the genus Acaulospora (e.g.
A. soloidea) or might be synonymous with previously described spe-
cies (A. walkeri with A. laevis) or confused with species from other
glomeromycotean orders (‘A. brasiliensis’ with Ambispora brasili-
ensis). Now, also A. polonica is excluded from the key following
BEASZKOWSKI et al. (2021). Six recently or newly described species
are included here: A. koreana (LEE et al., 2018), A. aspera (CORA-
ZON-GUIVIN et al., 2019a), A. flava (CORAZON-GUIVIN et al., 2021),
A. fanjing (HE et al., 2021), A. jejuensis (PARK et al., 2021), and A.
flavopapillosa. The references for the original and emended species
descriptions for all Acaulosporaceae species included in the identifi-
cation key are given in Supplementary Material 2:

1 Spores apparently not formed on stalk of sporiferous saccules . . .2
1’ Spores generally formed on/in stalk of sporiferous saccules . . . .3

2 Spores white to pale ochraceous, 69-85 um, IWL1 hyaline, beaded;
IWL2 1.5-3.5 um in PVLG, deep purple in Melzer’s reagent . . . . . ..
................................ A. saccata D. Redecker et al.
2’ Spores creamy white to pale ochraceous, 60-83 um. IW not stain-
ing in Melzer’s reagent except for IWL1, which may become light

greenish yellow-ochre .. ........ A. fragilissima D. Redecker et al.
3 Spores with a single cicatrix at spore base . .................. 4
3’ Spores with two persistent cicatrices at the spore, proximal and
distal tothe saccule . ........ ... ... ... .. L 52
4 Spores without ornamentation on the outer spore wall . ... ..... 5
4’ Spores with ornamentation on the outer spore wall .. ........ 23
5 Spores generally < 100 um . ... ... 6
5’ Spores generally > 100 pm. . .. ... i 12

6 Spores hyaline to pale yellowish cream, 80-125 x 80-110 pm; OW
turning slightly darker yellow, but IW staining orange-red in Melzer’s
.................................. A. delicata C. Walker et al.
6’ Spores yellow or ochreaous to light yellow brown to orange
brown ... ... 7

7 Spores yellow or ochreaous to light yellow brown .. .......... 8
7’ Spores dark yellow brown to orange brown, (72-)95-105(-126) um
............................. A. mellea Spain & N.C. Schenck

8 Spores with a smooth surface. . ........................... 9
8’ Spores with a either papillae or rugose surface. ............. 10

9 Spores without reaction in Melzer’s reagent, spores pale yellow to
yellow brown, (55-)65(-75) um, a beaded wall hitherto not observed
..................................... A. gedanensis Blaszk.
9’ Spores with reaction in Melzer’sreagent . . ................ 11

10 Spores with small papillae (0.5-1.1 wm wide, 0.5-1.2 pum high, and
in 0.5-1.1 wm distance from each other), yellow white to light yellow
to creamy, 65-100 um; papillae often disappearing in lactic acid
based mountants ............ A. papillosa C. M R. Pereira & Oehl
10° Spores with a rugose surface, generally with ballooning OWL1
in lactic acid based mountants, subhyaline to straw colored, (49-)92
CIB)m. .o A. rugosa J.B. Morton
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Fig.7: Phylogenetic tree of the Acaulosporaceae obtained by analysis from sequences of the ITS region of the rDNA from different Acaulospora spp. sequences
are labeled with their database accession numbers. Support values (from top) are from Bayesian inference — BI (performed with two runs over 3 x 10°
generations, with a sample frequency of 300 and a burnin value of 25%) and maximum likelihood — ML (performed with 1,000 bootstrap), respectively.
The GTR + G model was used in both analyses. Sequences obtained in this study are in boldface. Only support values of at least 70% are shown. Thick
branches represent clades with more than 90% of support in all analyses. The tree was rooted by Gigaspora margarita.
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Fig.8: Phylogenetic tree of the Acaulosporaceae obtained by analysis of partial SSU, 5.8S, and partial LSU rDNA sequences from different Acaulospora spp.
Sequences are labeled with their database accession numbers. Support values (from top) are from Bayesian inference — BI (performed with two runs
over 3 x 10° generations, with a sample frequency of 300 and a burnin value of 25%) and maximum likelihood — ML (performed with 1,000 bootstrap),
respectively. The GTR + G model was used in both analyses. Sequences obtained in this study are in boldface. Only support values of at least 70% are
shown. Thick branches represent clades with more than 90% of support in all analyses. The tree was rooted by Gigaspora margarita.
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Figs. 9-11: Acaulospora dilatata. Crushed spores in PVLG or PVLG + Melzer’s reagent with three walls (OW, MW & IW) and multiple wall layers (OWL1-3,
bi-layered MW, IWL2). OWLI initially smooth (Fig. 9), getting roughened in the course of time (Figs. 10-11), sometimes resembling as finely pitted.

IWL2 staining purple to dark purple in the presence of Melzer’s reagent.

12

150 pm

Figs. 12-13: Acaulospora excavata.12.Young, crushed spore in PVLG formed laterally on the neck of a hyaline sporiferous saccule. The yellow spore wall layer
is crowded by large pits on its outer surface. 13. Crushed spore in PVLG + Melzer’s reagent with three walls (OW, MW & IW). IW(L2) staining purple

to dark purple in the presence of Melzer’s reagent.

11 Spores with a mucilaginous wall, dull to pale yellow, 75-90(-100) pm
............................ A. longula Spain & N.C. Schenck
11’ Spores, without mucilaginous wall, bright yellow, sparkling in
reflected light, 79-92(-120) pm . . .. .. ..o oo

12 Spores hyaline to brilliant white, 145-317 um . ...............
.................................. A. splendida Sieverd. et al.

12’ Spores with pigmented spore wall. . ..................... 13
13 Spores yellow to honey colored to yellow brown ........... 14
13’ Spores brown to dark brown, reddish orange, orange brown to red
brown, or greenishbrown . ....... ... ... .. ... ... .. ... 16

14 Spores generally < 150 um, yellow to brownish yellow to yellow
DIOWI . o o 15
14’ Spores generally > 150 pwm, (120-)150-300 x (120-)150-520 pm,
honey colored, dull brown yellow to yellow brown to olive brown . .
................................... A. laevis Gerd. & Trappe

15 Spores always smooth on surface, light yellow to bright yellow to
yellow brown, (95-)105-160 x (95-)100-150 pm. . ...............
............................... A. flava Corazon-Guivin et al.
15’ Spores with a smooth to roughened surface sometimes resembling
a minute, pitted surface, (78-)106(-130) um, deep yellow to brownish
yellow. ... A.dilatata ] .B. Morton

16 Spores without staining reaction on the outer wall in Melzer’s
TEAZENL. . ¢ ot ottt et e e 17
16’ Spores with staining reaction on the outer wall in Melzer’s
reagent, spores reddish orange, (80-)183(-340) wm, IW purple to dark
purpleinMelzer’s . ....... ... ... ... ... A. koskei Btaszk.

17 Spores with a rather thin, evanescent to rarely semi-persistent
outer hyaline spore wall layer. . .......... ... ... ... .. ... 18
17 Spores with a thick, semi-persistent to persistent outer hyaline
spore wall layer, (150-)185(-240) um, dark brown to black . . ... ...
......................................... A. thomii Btaszk.

18 Spores without or only pale pink staining reaction on the inner

wallin Melzer’s. ...... ... .. .. 19
18° Spores with a purple to dark purple staining reaction on IW in
Melzer’s. . oo 21

19 Spores (96-)127(-153) x (99-)132(-158) wm, light brown to dark
brown; IWL2 staining light pink in Melzer’s. . ..................
.................................. A. koreana E.H. Lee et al.

20 Spores brown, 260-330 pm. . ... ...
...................... A. entreriana M..S. Veldzquez & Cabello
20’ Spores orange brown to dark red brown, 180-380 pm . ........
............................... A. colossica P.A. Schultz et al.
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21 Spores greenish yellow brown to greenish brown, 140-205 x 140-

193 um. .o A.viridis Palenz. et al
21’ Spores orange-red to capsicum-red, orange-brown to red-brown
..................................................... 22

22 Spores orange-red to capsicum-red, (170-)298-330 um. ... .....
...................................... A. capsicula Blaszk.
22’ Spores orange-brown to red-brown, (109-)123(-138) um. . .. ...
.................................... A. fanjing RJ. He et al.

23 Spores with papillae, spines, warts, pustules, or other regular to

irregular Projections . . ... ...t 24
23’ Spores with depressions (pits) or cerebriform folds......... 34
24 Spores with projections, but without reticulum. . ........... 25
24’ Spores with projections and an additional reticulum . . ... ... 33

25 Spores with papillae, spines, tubercles, warts, pustules or other
regular projections. . .. ... ..t 26
25’ Spores with tortuous hyphae-like structures on the surface that are
subhyaline to pale yellow to sometimes dark yellow. These structures
are also highly irregular in length (2.6-10.5(-35) pum), width (2.5-
7.5 um, up to rarely 13 pm) and height (2.4-7.5 um), and the dis-
tances between each other are also quite variable (0.0-6.5 pm); spores
yellow orange to orange brown, 61-84(-94) x 61-80(-91) pm . . ... ..
................................... A. tortuosa Palenz. et al.

26 Spores with papillae, spines, tubercles, warts, or pustules. . . . . 27
26’ Spores with inseparable polygonal segments (4-6 x 5-10 in diam
and 4-6 pum thick) and circular to ellipsoidal projections (3-6 x 3-4 um
wide and up to 3.2 um high); each projection with a central cavity;
(112-)130-175 pm . . ..o oeee e A. denticulata Sieverd. & S. Toro

27 Spores with papillae, spines, tubercles, or warts . . .......... 28
27’ Spores crowded with pustules; pale brown when young, becom-
ing yellow brown with age, 45-65(-72) x 44-62(-68) pm. . ... .....
................................... A. pustulata Palenz. et al.

28 Spores with papillae, spines or tubercles. . ................ 29
28’ Spores with evenly distributed warts or flattened elevations on
OWL2, up to 1 um high on the upper surface, frequently deteriorat-
ing with age, and then gradually becoming invisible; spores yellowish
white to orange-yellow, 65-80 um .. ....... A. ignota Btaszk. et al.

29 Spores crowded with papillae, brownish yellow to yellow brown,
125-160 pwm; papillae approximately 1 pm wide and high .. .......
........................ A. flavopapillosa Corazon-Guivin et al.
29’ Spores with spines or tubercles. . .. .......... ... ... .. ... 30

30 Spores with spines or tubercles formed on hyaline to subhyaline,
evanescent to (semi-) persistent outer layer(s) of OW........... 31
30” Spores crowded with fine spines formed below the evanescent
OWL1 on the upper surface of the structural, laminated, pigmented
layer; spines about 1.0-2.9 um high, 0.9-1.4 um at the base, pointed
to 0.5 um broad at the top, and <1 wm apart; spores yellow brown to
brown 74-98(-107) x 73-98 um ......... A. spinulifera Oehl et al.

31 Structural layer on OW generally < 2.5 um thick; spores light
yellow when young, becoming bright yellow to brownish-yellow,
120-187 x 116-180 pm; second evanescent layer (OWL2) subhya-
line, densely crowded with short spiny projections that are 0.5-1.1 um
high and 0.4-0.8 pm wide at base ...... A. spinosissima Oehl et al.
317’0OW generally >25 umthick........... .. .. .. ... ... 32

32 Spores with fine crowded, densely organized spines, 1-4 um tall,
1 um at base and tapering to 0.5 um at the tip; spores yellow brown
to brown to rarely dark brown, (110-)140-330 pm . . .............
.............................. A. spinosa C. Walker & Trappe
32’ Spores with fine tubercles, 0.7-3.5 pm long and 1.5 pm broad at
the base, tapering to 0.7-1.1 at the rounded tip, irregular distances
(0.5-3 um) between single tubercles; spores dark honey brown to
reddish black, 250-340 pm. . ....... A. tuberculata Janos & Trappe

33 Reticulum three-layered enclosing polygonal projections +1 X
1 um; spores light brown to brown, generally 150-200 um .. ......
....................... A. bireticulata FM. Rothwell & Trappe
33’ Reticulum one-layered, overlaid over crowded, densely-orga-
nized spines 2 um high; spores yellow brown to dark brown, 140-

330 M. e A. elegans Trappe & Gerd.
34 Spores With pits . . ..o v et 35
34’ Spores with cerebriform folds, light yellow to brown, (87-)112-
168(-175)um ... A. rehmii Sieverd. & S. Toro

35 Spores in sporocarps, dark reddish brown to dark brown, 75-
80 um, ornamentation of 0.5-1 um wide, 4-5 sided pits, 1.2 x 0.5-
1.0 um across, ridges form a mesh reticulum. . . A. taiwania H.T. Hu

35’ Spores formed singly in soil, not in sporocarps. . ........... 36
36 Spores regularly < 100 pum. . ... ... oo 37
36’ Spores regularly > 100 pm. . . ... ... 43
37 Pits of irregular shape. . . ........ .. ... oo 38
37’ Pits of regular round shape . . . ......... ... ... . ... . ... 40

38 Spores with a reticulum forming ridges between the pits; spores
yellow, becoming mostly yellowish brown when mature, (50-)70-
95(-112) um, or occasionally ellipsoidal or ovoid 79-126 x 50-92 pm;
OWL2 yellowish brown, 2.1-3.5 pm thick, uniformly ornamented
with rounded (0.5-1.4 um) to elliptical pits, 1.3-1.9 um long, 0.9-
1.4 um wide, and 0.6-2.3 um deep; some pits vermiform or ‘rugulate’,
2.2-4.8 um long and 0.5-1.0 um wide. . . A. herrerae Furrazola et al.
38’ Spores generally without a reticulum.................... 39

39 Spores hyaline to subhyaline to rarely light yellow, 65-85 um,
irregular pits resembling small dots (0.8-1.8 um) or lines (0.5-1.2 x
1.8-25um). ovve A. sieverdingii Oehl et al.
39’ Spores bright yellow to dark yellow, with irregular pits, 81-100 x
75-82 um, 0.9-1.5 x (0.9-)1.5-3.5(-5.5) um wide and 1.2-2.5 pm in
depth. ... ... A. nivalis Oehl et al.

40 Spores hyaline, subhyaline, pale yellow to creamy........... 41
40’ Spores yellow to orange brown, or creamy brown to light brown
..................................................... 42

41 Spores hyaline to subhyaline, with concave round pits of widest
diameter < 3.5 pm; (60-)72(-95) pm; pits 2.0-2.5 x 3.0-3.5 um, when
seen in a plan view,0.8-1.0 umdeep . ......... A. paulinae Blaszk.
41’ Spores pale yellow to creamy, with concave, round and shallow
pits of widest diameter (3.2-)3.5-7.8 pm; 70-95 x 60-70 pm. . ......
.......................................... A.verna Btaszk.

42 Spores yellow to orange brown, 65-85 wm; truncated cone shape
pits of widest diameter of 1.5-22 um ........ A. alpina Oehl et al.
42’ Spores creamy brown to light brown, often appearing with a
grayish tint in water, 65-92 pm; pits about 0.8-1.6 x 0.7-1.4 um wide,
0.6-1.3 um deep and about (1.5-)2.2-5.1 umapart . ..............
..................................... A. baetica Palenz. et al.
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43 Pits of irregular shape. .. ........ ... ... L il 44
43’ Pits of regular round shape. . . ........ ... ... .. .. 46

44 Spores whitish, subhayline to olive, greenish-yellow, turquoise or
e (T 1 PN 45
44’ Spores reddish-yellow to yellow-brown, 100-180 um, with ir-
regular, saucer-shaped pits,0.2-3 x0.2-6 um .. ......... ... .. ...
.................................... A. lacunosa J.B. Morton

45 Spores subhyaline to light olive or brownish white, 100, 100-240
x 100-220 pm; circular to ellipsoid to y-shaped pits, 1.0-1.5 x 1.0-
30m ... A. scrobiculata Trappe
45 Spores green or turquoise, rarely yellowish-green, (142-)189
(-244) x (146-)201(-246) um; ‘numerous pits with the form of crater’,
‘polygonal or irregular ellipsoid pits’, 1.3-24 um ...............
............................. A. jejuensis H. Park & A H. Eom

46 Spores regularly 100-180 um . ......... ... ... 47
46’ Spores regularly 185-310(410) x 215-350(480) um, yellowish
brown to yellow brown to sometimes reddish brown, becoming
brown to black brown with age, with concave round pits, 3.5-8.5(-12)

x3.5-12.5(-16) pm. .. ..o A. foveata Trappe & Janos
47 Pitsregularly <20 m ... ... 48
47 Pitsregularly >2.0 um. ... ... oo 50

48 Pits only 1.0-1.5(-1.8) um apart, 0.4-0.7 wm in diam and up to
0.8 wm deep; spores yellow to yellow brown spores, (120-)135-195 x
(120-)130-187 pm . .. ........... A. aspera Corazon-Guivin et al.
48’ Single pits generally separated by larger distances than 1.5 um..
..................................................... 49

49 Spores subhyaline to yellow-white, 105-129 pm, pits 1.1-2.0(-2.7)
wm wide and at least as deep (1.4-3.5 um) as wide; pits 2.0-3.2 um
APATT . ot A. punctata Oehl et al.
49’ Spores bright yellow orange to orange brown, 150-220 pm,
crowded with minute pits, 0.5-1.2(-1.8) pm wide and 0.5-1.1 um
deep, and 1.5-2.5(-3.5) pm apart............ A. minuta Oehl et al.

50 Spores without small pits and ridges within the large pits. . . . . 51
50 Spore with secondary small pits (ca. 0.5 wm broad and deep)
and fine ridges within irregularly shaped, often edged to sometimes
dumbbell-shaped pits (5.5-19 x 3.5-8.6 um) large pits; spore whitish
yellow, dark yellow to light brown, 135-205 um .. ...............
...................................... A. reducta Oehl et al.

51 Spores yellow brown, 115-170 pum, with concave round pits,
2.5-5.0 um in diam and 1.7-2.5 um in depth. . . A. cavernata Blaszk.
51’ Spores ochre to brown, 100-180(-200) wm, with concave round
pits, 4-20 um in diam and 2-6 pmindepth...... ... ... ... ... ..
............................ A. excavata Ingleby & C. Walker

52 Spores described to be formed either laterally on or within the
neck of the sporiferous saccule, while saccule was never observed;
spores hyaline or subhyaline to pale yellow, 75-140 pm; OWL1
covered with irregularly spaced, hemispherical, hyaline to subhyaline
protrusions, 0.5-3 pm wide and upto 1 pmhigh .................
............................. A. colliculosa Kaonongbua et al.
52’ Spores exclusively formed intrahyphally within the neck of the
sporiferous saccule . . ... . L 53

53 Spores with a strong proximal cicatrix, which continues from a

few to several pm into the sacculeneck............... ... ... 54
53’ Spores with a fine proximal cicatrix, which resembles a ring and
does not continue into the sacculeneck ..................... 55

54 Spores with smooth surfaces, pale yellow to yellow brown,
64-74x84-99 um. . ... ... ... A. tsugae T.C. Lin & Oehl
54’ Spores with pitted spore ornamentation, pale yellow to yellow
brown, 85-140 x 95-210 wm; pits 1-3 wm in diam and 0.7-1.7 um in
depth, separated by ridges 2-6 um wide. . ....... ... ... ...
........... A. kentinensis (C.G. Wu & Y.S. Liu) Kaonongbua et al.

55 Spores with smooth surfaces, pale yellow to light golden brown,
(75-)100-T15(-135) M« .o et e
... Kuklospora colombiana (Spain & N.C. Schenck) Oehl & Sieverd.
55’ Spores with spiny spore ornamentation, subhyaline to yellowish-
white, 100-250 um; OWL2 crowded with fine spines, 2-3 wm high
andOS pumindiam................... K. spinosa B.P. Cai et al.

Discussion

Acaulospora flavopapillosa can be distinguished from all other spe-
cies in the family Acaulosporaceae by the combination of its spore
size (125-160 um), brownish yellow to yellow brown spore color
and the characteristics of the outer spore surface, which is crowded
by papillae. The morphologically most similar species is A. papil-
losa, which forms smaller and less pigmented spores, 69-100(-110) x
65-93(-101) um in diam and yellow white to light yellow or creamy
(PEREIRA et al., 2016). Other similar species have also significantly
smaller spores, such as A. dilatata (80-125 pm) and A. rugosa (49-
118 um), which has irregular folds on the spore surface instead of
small papillae, and/or they have smooth spore surfaces, such as A.
delicata, A. longula and A. morrowiae (all generally < 100 pm) or
A. flava (130-190 um; CORAZON-GUIVIN et al., 2021). Acaulospora
dilata was firstly described to have a pitted, roughened spore surface
(MORTON, 1986), but later on (http://fungi.invam.wvu.edu/the-fungi/
classification/acaulosporaceae/acaulospora/dilatata.html), it was also
presented with a smooth surface. Our observations confirm these
diverging descriptions, depending on the degradation stage of the
outermost spore wall layer (Figs. 9-11). We assume that also for A.
Sflavopapillosa the presence of different degradation stages might
complicate the morphological identification of spores especially,
when isolated from field soil samples.

Also phylogenetically, A. flavopapillosa is closely related to A. papil-
losa (PEREIRA et al., 2016). Remarkably, A. flavopapillosa exclusive-
ly clusters together with Acaulospora species, which are character-
ized by smooth or roughenend to papillate spore surfaces, but rather
small spores (generally < 100 um: A. longula, A. fragilissima, A. mor-
rowiae, A. papillosa, A. rugosa, A. saccata; approximately 100 pwm:
A. dilatata). Acaulospora flavopapillosa forms the largest spores of
all the species within this group (LIN et al., 2019). With respect to
spore surface ornamentation, this group still has only species with
smooth or roughened spore surfaces, but not any species with perma-
nent ornamentations, constituted by e.g. persistent projections or pits
(LiNetal.,2019).

Interestingly, all these species discussed here above were firstly re-
ported from tropical southern America (e.g. SCHENCK et al., 1984;
PEREIRA, 2016), from the USA (MORTON, 1986; WALKER et al.,
1986), or more recently also from tropical New Caledonia (CROSSAY
et al., 2018). Except for the recently described A. saccata, a much
wider distribution is already known for all other species, as they
were all reported in several climatic zones and/or continents since
their first records. Future research has to show also for A. flavopapil-
losa, if it has a wide distribution as most of the other fungi of the
group, or if it is rather restricted to Western Amazonia, or even to
traditional coffee plantations in San Martin State of Peru. The clos-
est matches of ecological sequences (97% identity) reported from the
West Amazonia region in Ecuador (GARCES-RUIZ et al., 2019) and in
roots from Hedera rhombea in Niigata, Japan (AHULU et al., 2006)
suggest that the new fungus has a wider distribution. The matches,
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however, were not close enough to confirm the identity. More applied
research should elucidate, a) if the group of AMF species to which
A. flavopapillosa belongs, and especially those found in the Neo-
tropics, have positive effects on coffee, cacao or inka nut or any other
crop growth, quality or yield in Peru, in southern and central Ameri-
can countries, or elsewhere in the Tropics, and b) if other Glomero-
myota species, such as Microkamienskia peruviana of the Glomera-
ceae (CORAZON-GUIVIN et al., 2019b) or Paraglomus occidentale of
the Paraglomeraceae (CORAZON-GUIVIN et al., 2020) have higher,
lower or complementary benefits for agricultural production.
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