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Abstract

Spore size plays a crucial role in the demarcation of fungal species. Spore size is measured
from either fresh or, more frequently, dried fungal specimens. In the present study, we investigate
the impact of drying on the basidiospore size of three ectomycorrhizal species, and the bias it can
generate on the taxonomic identification of fungal species. We measured a total of 1109
basidiospores of Amanita masasiensis, 2322 basidiospores of Lactifluus gymnocarpoides, and 920
basidiospores of Russula congoana from fresh sporocarps and spore prints. After specimens and
spore prints were dehydrated for 24h at 50°C, we measured 1200 basidiospores of A. masasiensis,
2348 basidiospores of L. gymnocarpoides and 1150 basidiospores of R. congoana. The effects of
drying on length, width, and length/width quotient (Q) values were tested using a linear mixed
model to control for inter-individual variation. Drying reduced the basidiospore length and width of
A. masasiensis by 10% and 16% respectively, resulting in a 7% increase in the quotient Q, while
both the length and width of basidiospores of L. gymnocarpoides and R. congoana were reduced by
3% and 6% respectively, with no change in Q. This study suggests that greater attention should be
given to the condition of the spores when spore size is used as a taxonomically discriminative
characteristic. This is especially relevant for the taxonomy of cryptic species, where other
discriminative characteristics may be lacking.
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Introduction

Spores are reproductive propagules whose color, shape, and size play a crucial role in taxon
delimitation in the traditional taxonomy of fungi. The first classification of fungi was based on the
use of spore color to define major taxonomic groups (Fries 1821), and up until the molecular boom
in fungal taxonomy (White et al. 1990, Ryberg et al. 2009, Seifert 2009, Abarenkov et al. 2010,
Nilsson 2011). Spore size has probably been the most frequently used features in the traditional
taxonomy of fungi (Togashi & Oda 1934, Romagnesi 1961, Bas 1969, Einhellinger 1985, Parmasto
& Parmasto 1987, 1992, Parmasto 1989). Though molecular techniques are powerful tools for
detecting cryptic, uncultivable and microscopic mycodiversity (Begerow et al. 2010), spore features
still remain crucial for species discrimination, and shape the morphological species concept even
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within the context of modern mycology (Hibbett et al. 2011). Although spore size and shape may
be characteristic for a species, they may also vary based on factors such as the age and size of the
sporocarp, micro-climatic conditions, and the harvest period (Togashi & Oda 1934, Parker-Rhodes
1949).

To measure spore size, spore samples can be taken from fresh or dried specimens, or even
from spore prints (spores that have been released from the sporocarp; (Parmasto & Parmasto 1987).
Materials are often dried for long term preservation and conservation of voucher specimens (Agerer
et al. 2000), and because of constraints such as availability of microscopic equipment at or close to
collecting sites and time constraints in connection to collecting material, it can be difficult to
investigate a large number of spore samples and specimens in the fresh condition. When re-
examining vouchers, dried materials are almost always used. Most, if not all, traditional
taxonomical works on fungi are performed using dried materials through refreshment of fungal
cells by mean of chemicals (Clémengon 1997). Intensive drying may alter and collapse fungal
spores, thus making species identification difficult (Yoshito et al. 2004), whilst the loss of water
during the drying process may be correlated with the thickness of the spore membrane. Drying
methods and conditions may change the shape and dimensions of dried spores compared to fresh
ones. As such, it is unlikely that the range limits of spore size used to taxonomically characterize a
species are identical in fresh and dried conditions.

We here investigate whether there is a shift in spore size and shape from fresh to dried spores,
in order to further morphological species recognition. Understanding the impact of drying on
species delimitation is crucial, especially for cryptic taxa that do not display a clear hiatus in spore
dimensions.

Materials & Methods

We investigated three taxonomically well circumscribed and easy-to-identify fungal species
in two different orders in the Agaricomycotina: Lactifluus gymnocarpoides (Verbeken) Verbeken,
Russula congoana Pat. (Russulaceae; Russulales), and Amanita masasiensis Hark. & Saarim
(Amanitaceae; Agaricales). Specimens of the three taxa (Fig. 1) were collected in Guineo-
Soudanian ectomycorrhizal-dominated woodlands (Yorou et al. 2014) in Benin from June to
September 2016. Color pictures of the specimens were taken using a digital camera (Canon
70EOD). Preliminary morphological data were recorded and identification was confirmed on fresh
specimens following standard description methods for the target genera: Verbeken & Walleyn
(2010) for Lactifluus, Buyck (1993, 1994) for Russula and Harkhonen et al. (2003) and Tulloss &
Yang (2017) for Amanita. Spore prints (Clémencon 2009) were collected from representative
sporocarp by placing the pileus hymenium-down on a light-colored piece of paper for 12-18 hours.
Specimens and spore prints were dried using an electric dryer (Dorrex Stockli 0076) at a
temperature of 50°C for 24 hours (De Kesel et al. 2002) to prevent damage on fungal structures and
be sure for complete drying of specimens. After complete dehydration of the specimens, the
sporocarp and spore prints were packed in hermetically sealed minigrip-type polyethylene bags
with their respective labels to prevent re-moistening. All labeled dried specimens are deposited at
the mycological herbarium of the University of Parakou (UNIPAR, Thiers 2019).

Fig. 1 — Color images of the species investigated. a Russula congoana. b Amanita masasiensis.
¢ Lactifluus gymnocarpoides. Scale Bars =1 cm.
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Microscopic examination of specimens

Basidiospores from fresh spore prints and from fresh sporocarps were examined
microscopically, and then the same specimens and their spore prints were examined again after
drying. For sporocarp, fine pieces of lamellae were excised with a razor blade under a Leica M6
stereomicroscope. Excised lamellae, or a sample of basidiospores from a spore print, were mounted
in tap water (for fresh material) or in 3% KOH in order to replenish the tissues (in case of dried
specimens; (Clémencon 2009). The preparation was then observed by mean of a Leica DM270M
light microscope equipped with a drawing tube and a scaled ocular. Line drawings and
measurements of the basidiospores were performed at 1000x magnification under normal light.
Members of Russulaceae generally have ornamented (warted, spiny or winged) basidiospores
(Verbeken & Walleyn 2010). For both L. gymnocarpoides and R. congoana, measurements did not
include the ornamentations. Basidiospore measurements were recorded to the nearest pm.

Spore size expression and statistics

The length (£) and the width (w) of each selected basidiospore were measured (Fig. 2), where
€ is the size along the longest axis, and w is the size along an axis perpendicular to €. Basidiospore
size ranges are expressed as (Lextmin)Cmin—Cmax(Lextmax) X (Wext.min)Wmin—Wmax(Wextmax), and the
average size as {m X Wm, Where “ext.min” denotes the extreme minimum, “min” denotes the 5™
percentile value, “max” denotes the 95 percentile value, “ext.max” denotes the extreme maximum,
and “M” denotes the mean. The quotient Q = €/w describes the shape of the basidiospore, and is
likewise expressed as the range (Qextmin)Qmin—Qmax(Qextmax) and mean value Qm. N and SD
represent the number of basidiospores sampled per specimen and the standard deviation of the
number of basidiospores per specimen, respectively.

Length, width, and Q values were log-transformed, and then fit to a linear mixed model using
the “nlme” package (Pinheiro et al. 2017) in R version 3.3.2 (R Core Team 2017). The state (fresh
vs. dry) and species, as well as the interaction between them, were modeled as fixed effects, and the
specimen the spores came from was modeled as a random effect. Statistical tests were performed
using the “multcomp” package (Hothorn et al. 2008) to evaluate the effects of drying on
basidiospore size and shape for each species, and to test for differences in effects between species.
Changes in the size and shape distribution of basidiospores before and after drying were visualized
using the “beanplot” package (Kampstra 2008).

5 um

Fig. 2 — Measuring basidiospores dimensions. a basidiospore of L. gymnocarpoides. b basidiospore
of A. masasiensis.
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Results

Sampling efforts

We investigated 24 specimens of A. masasiensis, 47 of L. gymnocarpoides and 23 specimens
of R. congoana, for a total of 94 specimens investigated. The difference in number of investigated
specimens between species depended upon the availability of specimens during the sampling
period. We attempted to investigate as many specimens as possible.

Descriptive statistics and distribution of basidiospore sizes in the investigated species

Due to time constraints when working with fresh material we investigated more spores from
dried material than from fresh material. Spore size metrics for all three targeted species are
summarized in Table 1 below. The size and shape distribution of spores for the different species are
shown in Fig. 3.

Impact of drying on basidiospore size of targeted species

In general, drying reduced the size of the spores in all three species (Fig. 3). After drying, the
length and width of A. masasiensis basidiospores decreased by an average of 10% (p < 0.0001,
95% confidence interval of mean (CIOM) 9%-11%) and 16% (p < 0.0001, CIOM 15%-17%).
There was a 3% mean reduction in the length and width of the basidiospores of L. gymnocarpoides
(¢, p < 0.0001, CIOM 2%-4%; w, p < 0.0001, CIOM 3%-4%). In R. congoana, the length and
width of basidiospores were reduced by 6% (¢, p < 0.0001, CIOM 5%-7%; w, p < 0.0001, CIOM
5%-—7%) after drying.

Table 1 Basidiospore size metrics for the target species. Q = quotient length/width expression of
basidiospore; N = number of basidiospores sampled per specimen; SD = standard deviation of the

number of basidiospores per specimen.

A. masasiensis L. gymnocarpoides R. congoana
Specimens 24 47 23
Total fresh basidiospores 1109 2322 920
Total dry basidiospores 1200 2348 1150
Basidiospore size, fresh  (6)7-13(15) x (6)7-9(11) x (6)7-10(11) x
(um) (5)6-9(10) (5)6-8(9) (5)6-8(9)
Mean size, fresh (um) 10.1x 7.1 8.0x7.0 8.3x7.0

Q, fresh

Mean Q, fresh

N, fresh

SD, fresh
Basidiospore size, dry
(um)

Mean size, dry (um)
Q, dry

Mean Q, dry

N, dry

SD, dry

(0.71)1.43-1.75(4.50)
1.44

7-50

10.9

(5)7-11(12) x
(4)5-8(9)

9.0x5.9
(0.60)1.57—2.00(2.40)
154

50

0.0

(1.00)1.14-1.33(1.80)
1.16

39-50

2.3

(6)7-9(10) x
(5)6-7(9)

7.8 x6.7
(0.88)1.14-1.33(1.60)
1.16

48-50

0.3

(1.00)1.14-1.33(1.57)
1.20

40

0.0

(6)7-9(10) x
(5)6-8(9)

7.8x6.5
(0.86)1.17-1.33(1.67)
1.20

50

0.0

The Q Ratio (Length/Width)

Drying increased the Q ratio (£/w) of the basidiospores of A. masasiensis by 7% (p < 0.0003,
CIOM 6%-9%), but had no significant effect on basidiospores shape of L. gymnocarpoides (p =
0.3, CIOM 0%-1%) and R. congoana (p = 0.85, CIOM -1%-2%).
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Interspecific assessment of the impact of drying on basidiospores

The interaction of species with drying was found to be significant for all three measure
parameters (¢, p < 0.0001; w, p < 0.0001; and Q, p < 0.001). Post-hoc tests found that all three
species differed in the effect of drying on length and width, with A. masasiensis showing the
greatest effects, and L. gymnocarpoides showing the smallest. There was no statistically significant
difference between L. gymnocarpoides and R. congoana in the effect of drying on Q (p = 0.99).
This is not surprising, since neither of these species showed any consistent change in Q after
drying.

A. masasiensis L. gymnocarpoides  R. congoana
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Fig. 3 — Beanplots of basidiospores length (a), width (b) and Q ratio (Ilength/width; c) distributions
of targeted species. In all graphs, a shaded kernel density plot (Gaussian bandwidth = 0.1 log units)
of the distribution before drying is shown in dark gray on the left, and after drying in light gray on
the right. Vertical axes are log-transformed. Thin lines within the distributions show the observed
values. Thick black lines show the means of the distributions.
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Discussion

This study reveals that drying affects the basidiospore sizes, suggesting that great care should
be taken during species demarcation, especially for cryptic species. For genera such as Amanita that
include toxic taxa, misidentification of species may lead to irreversible intoxication (Harkhénen et
al. 1995), although edible and fatally toxic species are typically differentiated by more than spore
characteristics. Original descriptions of species have been performed using dried specimens by
mycologists who are not in a position to obtain fresh material. As notes on detailed morphological
features (color, smell, taste) are often lacking, and in the absence of facilities to perform molecular
investigations, spore dimensions may play a critical role in the description, and discrepancies in
basidiospore measures between fresh and dried material may lead to taxonomical confusions. The
dimensions of dried basidiospore reported here for A. masasiensis match well with the original
descriptions of this species (Harkhonen et al. 1994, Tulloss & Yang 2017). However, basidiospore
sizes of fresh material of A. masasiensis are similar to those of A. tanzanica (Tulloss & Yang
2017). Both close species may be misidentified if the taxonomy is solely based on dried
basidiospores.

There have been very few studies that address drying as a factor on basidiospore size.
(Clémencon 1979) reported the rapid decline of spore size during basidiomata desiccation, a
phenomenon that is also demonstrated in the present studies (Fig. 3). Other environmental factors
that control the intra-specific variation of spore size include the humidity, temperature, and light
conditions of the habitat, and the substrate on which the species grows (Clémencon 1979, Kauserud
et al. 2008). Such differences are here accounted for by making a pairwise comparison using the
same sporocarps for both the fresh and dried treatment (Table 1).

Although drying reduced basidiospore size in all species, there was no impact on the Q value
of basidiospores for L. gymnocarpoides and R. congoana (Russulaceae), but for A. masasiensis the
Q value was also impacted. So, considering the standards defined by Neville & Poumarat (2004) to
characterize the shape of basidiospore based on their Q value in “Amaniteae”, it’s obvious that this
characterization is biased if measurements were done on dried spores. The length and width
reduction in the same proportions respectively 3% and 6% for L. gymnocarpoides and R. congoana
justifies the non-variation observed in their Q value, unlike A. masasiensis.

Among other factors that explain the change in basidiospore size and shape between
investigated species, we speculate that the structure and content of the basidiospore cell walls and
possibly the basidiospore ornamentation are key factors controlling water loss during drying
process. Lactifluus gymnocarpoides and R. congoana, along with other members of the
Russulaceae, have strongly ornamented (warted, spiny or winged) basidiospores (Buyck 1993,
Verbeken & Buyck 2001). In addition, the basidiospore ornamentation in Russulaceae is starchy, or
amyloid (Verbeken & Walleyn 2010), which is evidenced by a blue to dark blue colour in Melzer’s
reagent. Both L. gymnocarpoides and R. congoana have warted basidiospores (Buyck 1994,
Verbeken & Buyck 2001) while A. masasiensis has smooth and inamyloid basidiospores
(Harkhonen et al. 1994). More likely the basidiospore ornamentation in L. gymnocarpoides and R.
congoana may have played a buffer role and reduce the loss of water during drying process. The
thickness of the cell wall may also play a role, but this was not measured in the current study.

Our results caution against comparing spore measures based on fresh and dried material, and
highlight the need to clearly indicate under which condition the spores were measured when
describing taxa. Moreover, according to Raja et al. (2017), for a complete delimitation of taxa, it
would be better to associate the micromorphological characteristics to those molecular focused on
the use of DNA barcoding technique, revolutionary of the taxonomy.
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