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State of the art in cytogenetics, insights into
chromosome number evolution, and new C-value
reports for the fern family Gleicheniaceae
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ALEXANDRE SALINO

Abstract: Studies concerning the cytogenetics of Gleicheniaceae have been scarce,
especially those employing evolutionary approaches. Two chromosome number
evolutionary models have been hypothesized for Gleicheniaceae. One proposes that
ancestral haploid numbers were small and that the chromosome numbers of extant
species evolved through polyploidy. The other model proposes that, at the genus level,
fern chromosome evolution occurred from ancestors with essentially the same high
chromosome numbers seen in living lineages. Neither of those hypotheses has been
tested based on phylogenetic frameworks. We sought to (i) present the state of the
art of Gleicheniaceae chromosome numbers; (ii) test the two evolutionary models of
chromosome numbers within a phylogenetic framework; (iii) test correlations between
DNA contents and chromosome numbers in the family. We report here DNA C-values for
five species, which increases the number of investigated taxa nearly twofold and report
two new genera records. Ancestral state chromosome reconstruction corroborates the
hypothesis that ancestral chromosome numbers in Gleicheniaceae were as high as
those of extant lineages. Our results demonstrate the possible role of dysploidy in the
evolutionary chromosome history of Gleicheniaceae at the genus level and suggest that
the relationship between chromosome number and DNA content does not appear to be
linear.
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gene loss is possible, however, as Liu et al. (2019)
demonstrated that the range of genome sizes

Ferns and lycophytes stand out among vascular
plants for their distinct genomic evolutionary
histories, with the conservation of high
chromosome numbers in taxa with diploid
gene expressions (Haufler 1987, 2002, 2014).
Evidence shows that those plants underwent
multiple cycles of polyploidy (whole-genome
duplications - WGDs) (1KP 2019, Huang et al. 2020),
with subsequent diploidization involving gene
silencing, but without apparent chromosome
losses, so that high chromosome numbers were
retained (Haufler 2002, 2014). Some putative

in ferns arose not only from repeated cycles
of polyploidy but also through clade-specific
constraints governing DNA accumulation and/
or loss.

Whole Genome Duplication played a major
role in fern and lycophyte speciation (Wood et
al. 2009) and influenced not only chromosome
numbers but also genome sizes (e.g., Klekowski
& Baker 1966, Leitch & Leitch 2012, 2013, Barker
2013, Henry et al. 2015). The DNA content showed
high variability in ferns (Obermayer et al. 2002),
ranging from 1C = 0.25 pg in Salvinia cucullata
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Roxb. ex Bory (Li et al. 2018) to 1C = 150.61 pg
in Tmesipteris obliqua Chinnock (Hidalgo et
al. 2017). Although a few fern lineages show
exceptionally large (or very small) genomes,
ferns are typically characterized by medium-
sized genomes. They are distinctive as compared
to other land plants, however, as the only group
with a correlation between genome size and
chromosome numbers (Nakazato et al. 2008,
Clark et al. 2016).

Even with significant advances in molecular
studies of ferns and lycophytes, our knowledge
concerning DNA C-values and the genome
sizes of those plants remains incipient when
compared to angiosperms. The Plant DNA
C-values Database (Leitch et al. 2019), for
example, contains DNA C-value data for 12,273
species but cites only 246 ferns (about 0.2% of
all fern species) and 57 lycophytes (about 4% of
all lycophyte species).

Although recent studies have shed light
on the evolution of fern genome sizes (Clark et
al. 2016, Liu et al. 2019), sampling data is still
scarce, and it will be important to expand fern
genome size information to better understand
their genomic evolution (Bennett & Leitch
1995, Bennett et al. 2000).

The first interpretation of the evolutionary
significance of C-values in ferns was made
by Obermayer et al. (2002), based on a
well-supported phylogenetic hypothesis of
vascular plants (Pryer et al. 2001). Clark et al.
(2016) subsequently significantly increased
the number of fern species with documented
C-values, providing evolutionary significance
to a well-supported phylogeny of the group. A
positive correlation between the genome sizes
of ferns and lycophytes and their chromosome
numbers was observed (Nakazato et al.
2008, Obermayer et al. 2002). The fern family
Gleicheniaceae was included in previous works,
but it was represented only by five species
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distributed in two genera (Kuo & Li 2019, Clark
et al. 2016).

Inthat context, genome size studies together
with the analysis of chromosome numbers
represent important steps for genetic variation
studies, phylogenetics, taxonomy, and evolution,
and for understanding genome structure and
diversity (e.g., ploidy levels and expression, and
nuclear architecture). Studies dealing with the
cytology of Gleicheniaceae have been scarce
(e.g., Walker 1966, 1973, 1990, Mickel et al. 1966,
Love 1976, Tindale & Roy 2002), especially those
employing evolutionary approaches. Sorsa
(1968) proposed an evolutionary model for
chromosome numbers in Gleicheniaceae and
hypothesized two ancestor haploid numbers in
the family (n=17 and n=11) from which all extant
species evolved by polyploidy. A different point
of view about chromosome number evolution
in ferns, however, was proposed by Duncan &
Smith (1978). Those authors hypothesized that,
atthe generic level, fern evolution occurred from
ancestors that had essentially the same high
chromosome numbers observed in living ferns.
Neither of those hypotheses has been tested
within a phylogenetic framework, and more
studies are therefore needed to increase our
knowledge of fern cytogenetics and test possible
evolutionary patterns within a phylogenetic
framework.

We, therefore, sought to (i) review what is
already known about chromosome numbers in
Gleicheniaceae; (ii) test the hypotheses of Sorsa
(1968) and Duncan & Smith (1978) regarding
ancestral chromosome numbers at the genus
level in Gleicheniaceae; and (iii) report new DNA
C-values for the family, increase taxa sampling,
and evaluate the relationships between DNA
content and chromosome numbers.
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MATERIALS AND METHODS

Chromosome numbers and ancestral state
reconstructions

Chromosome numbers for Gleicheniaceae were
obtained from the EyeChrom online database
(Rivero et al. 2019) and through an extensive
literature review. The phylogenetic hypothesis
used to infer chromosome ancestral state
reconstructions was generated based on a data
matrix of three plastid genome regions (atpA,
atpB, and rbcL) available at GenBank (Table
). The data was assembled and aligned using
MUSCLE, implemented in MEGA X (Kumar et al.
2018), and the best-fitting model of molecular
evolution was determined using JMODELTEST
v.21.4 (Darriba et al. 2012) based on Bayesian
information criterion (Schwarz 1978). Bayesian
inference was used to estimate a tree using
MRBAYES v.3.2 (Ronquist et al. 2012), treating
each region as a separate partition. The analysis
consisted of two independent runs, with four

Table I. GenBank accession for phylogenetic framework.

Taxa
Matonia pectinata R. Br.
Dicranopteris linearis (Burm. f.) Underw.
Diplopterygium bancroftii (Hook.) A.R. Sm.
Gleichenella pectinata (Wild.) Ching
Gleichenia dicarpa R. Br.
Sticherus bifidus (Wild.) Ching
Stromatopteris moniliformis Mett.

Rouxopteris boryi (Kunze) H.M. Liu
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simultaneous Markov chains running three
million generations, with a random starting
tree, at a temperature of 0.2, and sampling one
tree every 100 generations. Convergence was
verified by examining ESS (effective sample
size) and PSRF (potential scale reduction factor)
using TRACER v1.6 (Rambaut et al. 2014), with a
10% burn-in. The remaining trees were used to
assess topology in a strict consensus.

The basal chromosome number was
inferred using ancestral state reconstruction
in CHROMEVOL v.2.0 (Glick & Mayrose 20714).
Character states were optimized using a model
assuming a constant rate of chromosome gain,
loss, and duplication, along with an estimated
rate of no duplication (asthat modelwas selected
based on the output of the initial analyses with
10 models of chromosome evolution and chosen
using Akaike information criteria).

rbcl atpA atpB

EU352307 EF463789 EF588716
KU936634 DQ390557 AY612694
EF463224 DQ390558 EF588713
EF588693 EF588671 AY612697
AF313584 EF463736 AF313550
EF463226 EF463737 EF463447
AY612685 DQ390578 EF463448
KF992488 - -
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DNA C-values

Details and vouchers of the five species studied
in the present work are presented in Table Il
We used flow cytometry to estimate the DNA
C-values of the species. Approximately 20 to
30 mg of young and fresh leaves of each species
studied and the same amount of young leaf
tissue from the internal reference standard
(Pisum sativum, 9.09 pg) was chopped into ice
containing 1 mL WPB buffer solution (0.2 M Tris.
HCL, 4 mM MgCL.6H.,0, 2 mM EDTA Na,2H.0, 86
mM NaCl, 10 mM sodium metabisulfite, 1 % PVP-
10,1 % (v/v) Triton X-100, pH 7-:5) (Galbraith et al.
1983, Dolezel et al. 1998, Loureiro et al. 2007).
The suspension was filtered through a 50-pm
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mesh and stained with 25 L propidium iodide
(10 mg L-1) (Sigma-Aldrich, USA) supplemented
with 2.5 pL RNAse (20 mg L-1). For each run, at
least 10,000 nuclei were analyzed per sample
on a CytoFLEX cytometer (Beckman Coulter,
USA). Histograms and statistical analyses were
obtained using CytExpert Software version 2.0.1.
DNA content was estimated using the G1 peak
position of the internal standard as a reference
following Dolezel & Bartos (2005). A Pearson
correlation test between chromosomal numbers
and DNA contents was performed using RStudio
(2020).

Table Il. Gleicheniales species with C-values reports. Family names follow PPG I (2016).

Families Taxa

Dipteridaceae

Dipteridaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Gleicheniaceae

Dipteris chinensis Christ

Dipteris conjugata Reinw.

Diplopterygium blotianum
(C.chr.) Nakai

Diplopterygium glaucum
(Thunb. Ex Houtt.) Nakai

Diplopterygium chinensis
(Rosesnt.) DeVol

Diplopterygium bancroftii
(Hook.) ARR. Sm.

Dicranopteris linearis (Burm. f.)
Underw.

Dicranopteris flexuosa (Schrad.)
Underw.

Gleichenella pectinata (Willd.)
Ching

Sticherus bifidus (Wild.) Ching
Sticherus gracilis (Mart.) Copel.

Sticherus lanuginosus (Fée)
Nakai

Sticherus nigropaleaceus
(Sturm) J. Prado & Lellinger
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2C 1C Voucher Reference
485 243 HM Liu s.n. Clark et al. (2016)
490 245 Schuettpelz 770 | Clark et al. (2016)
3.90 195 Kuo 4408 Kuo & Li (2019)
4.50 2.25 Kuo 4408 Kuo & Li (2019)
3.90 1.95 Kuo 4410 Kuo & Li (2019)
6.51 326 HM Liu s.n. Clark et al. (2016)
6.41 321 | M CNTSLENNUSZ | clar et al. (2016)
916 4,58 LV Lima 66 Perez et al. (2021)
449 2.24 LV Lima 62 Present study
10.90 5.45 LV Lima 90 Present study
6.48 3.24 LV Lima 212 Present study
10.77 5.38 LV Lima 64 Present study
18.32 916 LV Lima 94 Present study
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RESULTS

Gleicheniaceae comprises approximately 120
species (PPG 2016), although chromosome
numbers have been counted for only 37 species
(23%) (Table 111). Of the seven genera currently
accepted for the family, six have at least one
species with a known chromosome count
(except Rouxopteris H.M. Liu). The lowest haploid
number found in the family was n=20 (in some
Gleichenia species), and the highest was n= 80
(Dicranopteris linearis) (Table Il1). Sticherus, a
genus comprising approximately 94 species,
has chromosome data available for only nine
species (9.5%), although representing 42% of
all chromosome counts recorded for the family
(Figures 1and 2). Data is available for five species
of Gleichenia (40% of the recognized species in
the genus), four species of Diplopterygium (16%),
and three species of Dicranopteris (15%), as well
as for the monotypic genera Gleichenella and
Stromatopteris (Table II1). The haploid number
for most of the studied species of Sticherus is
n=34; some species (e.g.,, S. tenera, S. urceolatus,
S. interjectus, S. jamaicensis, and S. revolutus)
showed n=68. Gleichenia showed two different
haploid counts among the species investigated.
The most common was n=20 (17 specimens),
followed by n=22 (3 specimens). Gleichenia
microphylla showed both chromosome counts
(n=22 and n=20) in different populations (Figure
1, Table 111). Only three species of Diplopterygium
have had their chromosome numbers
investigated: D. bancroftii, D. farinosum, and D.
glaucum all showed n=56, while D. longissimum
showed n=20. Dicranopteris showed different
haploid counts, including n=78 (45% of the
counts), n=39 (34%), n=68 (7%), n=80 (7%), and
n=40 (3%) (Table Ill, Figure 1). Gleichenella
pectinata showed two different haploid counts
in the specimens investigated (n=43 and n= 44).
Stromatopteris (a lineage represented by a single
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species confined to New Caledonia) showed
n=39, although by only a single chromosome
count (Table 111, Figure 1).

The tree resulting from phylogenetic
inference agrees with the topology recovered
by Liu et al. (2020) and PPG | (2016) (Figure 2).
Two different clades were recovered, one with
Rouxopteris as the sister group of a clade
formed by Diplopterygium as the sister group
of Dicranopteris+Gleichenella. The other clade
is composed of Sticherus as sister to the
clade including Stromatopteris+Gleichenia.
The basal node of Gleicheniaceae had its
ancestral chromosome number recovered as
n=46, while the clade including Rouxopteris,
Diplopterygium, Dicranopteris, and Gleichenella
was recovered with n=48. In the clade including
Diplopterygium, Dicranopteris, and Gleichenella
the ancestral number recovered was n=51,
while the clade Dicranopteris+Gleichenella
showed n=45 (Figure 2). In the clade including
Sticherus, Stromatopteris, and Gleichenia the
ancestral number recovered was n=42, while
in Stromatopteris+Gleichenia the number
recovered was n=40.

Regarding DNA contents in Gleicheniaceae,
we increased here the sampled species in the
family by eight, reporting five new c-values:
Gleichenella pectinata (2C=4.49), Sticherus
bifidus (2C=10.90), Sticherus gracilis (2C=6.48),
Sticherus lanuginosus (2C=10.77), and Sticherus
nigropaleaceus (2C=18.32) (Table I1). We,
therefore, report the C-values for two genera
for the first time: Sticherus and Gleichenella
(Table I1). Despite the low sampling of C-values
in Gleicheniaceae, the correlation coefficient
between chromosome numbers and DNA
content was 0.47 (Supplementary Material -
Figure S1).
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Table Ill. Chromosome numbers in Gleicheniaceae. CN= Chromosome number.

Species CN(n) Reference
Dicranopteris linearis (Burm. f.) Underw. 39,78, 80 Mehra & Sc;ZthaSggsg)f ;f%z%oij;]gh (1975),
Dicranopteris flexuosa (Schrad.) Underw. 18, 68, 78 Love (1976), Walker (1973), Sorsa (1968)
Dicranopteris pedata (Houtt.) Nakaike 78 Nakato (1988)
Diplopterygium bancroftii (Hook.) A.R.Sm 56 Mickel et al. (1966)
Diplopterygium farinosum (Kaulf.) Nakai 56 Mickel et al. (1966)
Diplopterygium glaucum (Thunb ex s6 Mehra & singh (1956)
Diplopterygium longissimum (Blume) Nakai 20 Fabbri (1963)
Gleichenia alpina R.Br. 20 Tindale & Roy (2002)
Gleichenella pectinata (Willd.) Ching 43, L Walker & %gg%ﬂ Sg;i)éeggg)y & Walker
Gleichenia circinata (Sw.) C.Chr. 20 Brownlie (1958)
Gleichenia dicarpa R.Br. 22 Brownlie in Fabbri (1965)
Gleichenia microphylla (R.Br.) C.Chr. 20, 22 Brownlie in Fabbri (1963) Brownlie (1961)
Gleichenia rupestris R.Br. 20 Tindale & Roy (2002)
Sticherus bifidus (Willd.) Ching 34 Walker & Ortega (1992)
Sticherus brittonii (Maxon) Nakai 34 Walker & Ortega (1992)
Sticherus brackenridgii (E.Fourn.) H.S.John 34 Brownlie (1965)
Sticherus cunninghami (Hew ex Hook.) Ching 34 Brownlie (1958)
Sticherus flabellatus (R.Br.) H.St.John 34 Brownlie (1961)
Sticherus furcatus (L.) Ching 34 Walker (1966, 1990)
Sticherus hypoleucus (Sodiro) Copeland 34 Walker (1990)
Sticherus interjectus (Jermy & T.G.Walker) J.Gonzales 68 Jermy & Walker (1985)
Sticherus intermedius (Baker) Chrysler 34 Walker (1990)

Sticherus jamaicensis (Underw.) Nakai 68 Walker (1966, 1990)
Sticherus lobatus N.AWakef. 34 Tindale & Roy (2002)
Sticherus nudus (Moritz) Nakai 34 Walker & Ortega (1992)
Sticherus pallescens (Mett.) Vareschi 34 Walker & Ortega (1992)
Sticherus remotus (Kaulf.) Chrysler 34 Jermy & Walker (1985)

Sticherus retroflexus (J.Bommer ex Christ) Copeland 34 Walker (1990)
Sticherus revolutus (Kunth) Ching 68 Walker (1990), Walker & Ortega (1992)
Sticherus rubiginosus (Mett.) Nakai 34 Walker & Ortega (1992)
Sticherus strictissimus (Christ) Copeland 34 Walker (1990)
Sticherus tenera (R. Br.) Ching 34, 68 Tindale & Roy (2002), Thrower (1963)
Sticherus urceolatus M. Garrett, Kantvilas & Laws 68 Tindale & Roy (2002)
Sticherus milnei (Baker) Ching 34 Holttum & Roy (1965)
Sticherus x pseud?.téigg;as[ééermy & T.G.Walker) 51 Jermy & Walker (1985)
Sticherus x subrejr.ré%tﬁzsa([éesrmy & T.G.Walker) 51 Jermy & Walker (1985)
Stromatopteris moniliformis Mett. 39 Bierhorst (1968)
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Chromosome counts of Sticherus and Stromatopteris
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Figure 1. Distribution of chromosome numbers in the sampled species.
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DISCUSSION

Chromosome counts

Polyploidy events are common in ferns and
have likewise been observed in Gleicheniaceae,
as was hypothesized by Sorsa (1968), Duncan &
Smith (1978), and later by Haufler (2002, 2014).
Sticherus has straightforward examples of
polyploidy. That family showed only two haploid
numbers among the species studied (n=34 and
n=64) (e.g., Walker & Ortega 1992, Walker 1966,
1990, Brownlie 1958, 1961, Brownlie in Fabbri
1965, Tindale & Roy 2002). Sticherus tenera
showed different haploid numbers in different
populations (34 and 68) (Tindale & Roy 2002,
Thrower 1963), and it may represent a species
with different diploid and polyploid cytotypes.
In addition to polyploidy, other events can
induce chromosome number variations (either
increasing or decreasing them), including
aneuploidyanddysploidy,which may have played
important roles in Gleicheniaceae chromosomal
evolution. When one or more chromosomes
are lost or gained by aneuploidy, there will
presumably be deletions or duplications of
many genes — resulting in unbalanced, lethal,
or sub-vital constitutions, so that those types
of chromosome number variations have no
apparent evolutionary meaning (Guerra 2008).
Dysploidy, on the other hand, can induce
increases or decreases in haploid chromosome
numbers without resulting in unbalanced or
lethal constitutions (Friebe et al. 2005).
Polyploidy seems to be rather common
in Dicranopteris, as it showed counts of n = 39
and n =78 (Mehra & Singh 1956, Roy & Singh
1975, de Lange et al. 2004, Love 1976, Walker
1973). Other haploid counts, however, have been
found in the genus, such as n=40 (Manton &
Sledge 1954). Both dysploidy and polyploidy
events may have played roles in evolutionary
changes in the chromosome numbers of that

CHROMOSOME NUMBERS IN GLEICHENIACEAE

genus of Gleicheniaceae. One population of
Dicranopteris linearis investigated showed
n=40, and two others showed n=80. As n=39 is
one the most frequent haploid number found
in the genus, ascending dysploidy followed by
polyploidization could explain those haploid
numbers. Dicranopteris flexuosa also showed a
possible case of dysploidy, with a chromosome
decrease, with two specimens from different
populations showing n=68 (Araujo in Love 1976).
We hypothesize that from n=39, a dysploidy event
occurred, resulting in a chromosome decrease
and a count of n=34, followed by a polyploidy
event resulting in individuals with n=68.

Another possible dysploidy series was
observed in Gleichenia, with n=20 and n=22 (e.q,,
Walker & Ortega 1992, Brownlie 1958, Tindale &
Roy 2002), especially in G. microphylla, which
shows populations with both haploid counts
(Brownlie 1961, Brownlie in Fabbri 1965). Similarly,
Gleichenella pectinata, a widespread neotropical
species, may also present cases of dysploidy
series. Sorsa (1968) observed 44 chromosomes
in four specimens from three different localities
in Porto Rico, but also found populations with
n=43. Those different chromosome counts were
similarly reported in specimens from different
populations in Jamaica (Walker 1966), Trinidad
(Jermy & Walker 1985), and Mexico (Smith &
Mickel 1977).

In addition to dysploidy events, another
possible explanation for the variations seen
in Gleichenella and Gleichenia would be the
presence of B chromosomes - which are
supernumerary, usually with preferential
heritage, deviating from the usual Mendelian
segregation (Houben 2017). There is no evidence
to date, however, which could confirm the
existence of B chromosomes in Gleicheniaceae,
and more cytogenetics studies will be needed to
test that possibility.
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Additional cases of haploid numbers in
Gleicheniaceae remain unexplained, such as in
Diplopterygium. That genus has had only four
species investigated, with three showing n=56,
and D. longissimum showing n=20 (Mickel et
al. 1966, Mehra & Singh 1956), which could be
explained by dysploidy and polyploidy events
(or may represent chromosome miscounts).
Further attention should therefore be paid to D.
longissimum, as its chromosome count is quite
discrepant when compared to the other species
analyzed.

Ancestral state reconstruction

The ancestral state reconstruction (Figure
2) recovered by the best-fitting model
corroborates the hypothesis of Duncan & Smith
(1978) that the ancestral chromosome numbers
in Gleicheniaceae were as high as those of
extant lineages. The ancestral chromosome
number recovered in the first clade was 51
(Figure 2) in the node of Diplopterygium and
Dicranopteris+Gleichenella. In that case, we
hypothesize that ascendant dysploidy events
resulted in a lineage with a basic chromosome
number n=56, represented by the genus
Diplopterygium. Despite low sampling in that
genus, the chromosome counts were constant
(n=56) among the investigated species, which
may representstability throughthe chromosomal
evolutionary history of the genus.

The ancestral chromosome number
recovered in other genera in that clade
(Dicranopteris and Gleichenella) was n=45.
Dicranopteris showed five different chromosome
number counts (n=39, n=40, n=68, n=78, and
n=80). Subsequent chromosome decreases
would have to be assumed in a scenario with
an ancestral number of n=45. In both cases,
populations with n=80 and n=78 may have
arisen through polyploidy. The second and less
frequent count was n=68 (Table IIl), which could

CHROMOSOME NUMBERS IN GLEICHENIACEAE

have resulted from an autopolyploidization
eventinapopulation having n=34.No population
of Dicranopteris has yet been found with n=34,
but that does not exclude the possibility of
additional chromosome losses followed by
subsequent autopolyploidization. More species
and populations need to be sampled to construct
a better panorama of the evolutionary history
of chromosome numbers in Dicranopteris. As
mentioned above, Gleichenella showed two
different chromosome counts (n=44 and n=43).
The ancestral chromosome number recovered
(n=45) suggests a trend of chromosome loss in
the lineage.

Regarding the second clade, ancestral
character reconstruction showed ancestral
numbers as high as those of extant lineages.
A significant reduction in chromosome
numbers (from n=42 to n=34) was observed
in Sticherus as compared to the ancestral
number recovered; additionally, no evidence of
dysploidy was observed in the genus, only cases
of autopolyploidy.

The clade formed by Stromatopteris
+Gleichenia has a hypothetical ancestral
chromosome number n=40, which implies a
reduction of one chromosome in the former
genus. Two haploid numbers have been reported
in Gleichenia (n=20 more frequently, and n=22
less frequently). We hypothesize that there
was a reduction by half of the total number of
ancestral chromosomes, in this case, resulting
in n=20; the chromosome count of n=22 might
be the consequence of a subsequent event of
ascending dysploidy, as has been documented
in other fern genera (e.g.,, by Wang et al. 2010 in
Lepisorus [Polypodiaceae], and by Bellefroid et
al. 2010 in Asplenium [Aspleniaceae]).

The same chromosome number may have
independently appeared twice in different
genera. Although the haploid number of
Stromatopteris is the same as one of the haploid
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numbers of Dicranopteris (n=39) (Bierhorst 1968),
it may not represent a homologous condition,
as Stromatopteris is placed in a different clade
with Gleichenia (n=20 and n=22) and Sticherus
(n=34 and n=64). Thus, additional studies will
be required focusing on fern cytology, and
evolutionary patterns will need to be examined
in the light of phylogenetic studies. Further
attention must also be paid to Gleichenia, as
its monophyly is still questionable due to low
sampling in phylogenetic analyses.

C-values

Chromosome numbers alone are not sufficient to
fully understand the evolutionary cytogenetics
of ferns. Liu et al. (2019) demonstrated, using
Asplenium (Aspleniaceae) as a model, that the

CHROMOSOME NUMBERS IN GLEICHENIACEAE

evolution of fern genome sizes is not shaped
solely by chromosome number changes arising
from polyploidy, but also by constraints on
the average quantity of DNA per chromosome.
The differences in DNA contents observed in
differentlineages may be related to chromosome
size, and not necessarily to ploidy levels. We,
therefore, examined the DNA contents of five
Gleicheniaceae species and present here, for
the first time, C-values for two Gleicheniaceae
genera, Sticherus and Gleichenella, and likewise
increased the number of sampled species in the
family to eight by reporting new c-values for five
species (Table Il, Figure 3).

The differences in DNA contents observed
among Sticherus species could be related to
chromosome size, and not just ploidy levels. We
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observed 3-fold variations in the DNA contents
of the four Sticherus species examined, which
ranged from 6.48 pg in Sticherus gracilis to 18 pg
in Sticherus nigropaleaceus. The DNA contents
of Sticherus lanuginosus (10.77 pg) and S. bifidus
(10.9 pg) were similar and may be good examples
of the chromosome number stability observed
in the genus. The difference in the DNA content
of S. nigropaleaceus, as compared with the
other species of the genus so far investigated,
may represent a case of polyploidy. Although
no chromosome counts have so far been made
for S. gracilis, its DNA content may be related to
chromosome size, as the chromosome numbers
in Sticherus usually are stable (Table Il1), with
few cases of polyploidy (18%).

Despite the low sampling of C-values
in Gleicheniaceae, our results indicate that
chromosome numbers and DNA contents
in Gleicheniaceae may be uncorrelated.
Gleichenella showed the lowest DNA content in
the family (4.49 pg) and has n=44, while Sticherus,
which usually shows n=34, had the highest DNA
content values, ranging from 6.48 pg to 18.32 pg.
The DNA contents of Diplopterygium bancroftii
(n=56) and Dicranopteris linearis (n=39) are
similar (6.51 pg), which may be related to the
lack of correlation between DNA content and
chromosome numbers in the family; further
attention must be given to Stromatopteris,
Rouxopteris, and Gleichenia. Despite low
sampling in the family, our results are close
to the projections made by Clark et al. (2016),
who estimated the mean of DNA content of
Gleicheniales to be 10 pg.

CONCLUSIONS

Our chromosome ancestral state reconstructions
corroborate the hypothesis that the ancestral
chromosome numbers in Gleicheniaceae were

CHROMOSOME NUMBERS IN GLEICHENIACEAE

as high as those now seen in extant lineages.
The duplication of whole chromosome numbers
(polyploidy), as well as the dysploidy series,
appear to have played important roles in
Gleicheniaceae chromosome evolution. We
emphasize here the importance of cytogenetic
studies as well as the need for more
chromosome counts and DNA content data
for the Gleicheniaceae (together with better-
resolved phylogenetic inferences) to elucidate
chromosome evolution in the group. The analysis
of DNA C-values suggests that chromosome
numbers and DNA contents may not be
correlated in Gleicheniaceae, but an expanded
sampling of DNA C-values and chromosome
counts will be needed to verify that hypothesis.

Acknowledgments

This study was financed in part by the Coordenagao de
Aperfeicoamento de Pessoal de Nivel Superior - Brazil
(CAPES) - Finance Code 001 (8888719244/2018-00). We
thank Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq) for the research grant (307115/2017-
8) awarded to A. Salino. We thank Simone Jaqueline
Cardoso for her help with the paper images.

REFERENCES

BARKER MS. 2013. Karyotype and genome evolution in
pteridophytes. In: Greilhuber J et al. (Eds), Plant genome
diversity, vol. 2. Springer, Vienna, Austria, p. 245-253.

BELLEFROID E, RAMBE SK, LEROUX O & VIANE RL. 2010. The
base number of ‘loxoscaphoid’ Asplenium species and
its implication for cytoevolution in Aspleniaceae. Ann
Bot 106: 157-171.

BENNETT MD & LEITCH 1). 1995. Nuclear DNA amounts in
angiosperms. Ann Bot 113-176.

BENNETT MD, JOHNSTON S, HODNETT GL & PRICE HJ. 2000.
Allium cepa L. cultivars from four continents compared
by flow cytometry show nuclear DNA constancy. Ann Bot
85: 351-357.

BIERHORST DW. 1968. On the Stromatopteridaceae (fam.
nov.) and on the Psilotaceae. Phytomorphology 18:
232-268.

An Acad Bras Cienc (2021) 93(Suppl. 3) €20201881 11| 14



LUCAS VIEIRA LIMA et al.

BROWNLIE G. 1958. Chromosome numbers in New Zealand
ferns. T Roy Soc Nz Bot 85: 213-216.

BROWNLIE G. 1961. Additional chromosome numbers-New
Zealand ferns. T T Roy Soc Nz Bot 88: 1-4.

BROWNLIE G. 1965. Chromosome numbers in some Pacific
Pteridophyta. Pacific J Sci 19: 493-497.

CHIARUGI. Caryologia 16: 237-335.

CLARK ] ET AL. 2016. Genome evolution of ferns: evidence
for relative stasis of genome size across the fern
phylogeny. New Phytol 210: 1072-1082.

DARRIBA D, TABOADA GL, DOALLO R & POSADA D. 2012.
jModelTest 2: more models, new heuristics and parallel
computing. Nat Met 9: 772-772.

DE LANGE PJ, MURRAY BG & DATSON PM. 2004. Contributions
to a chromosome atlas of the New Zealand flora, 38
Counts for 50 families. New Zealand | Bot 42: 873-904.

DOLEZEL ) & BARTOS JAN. 2005. Plant DNA flow cytometry
and estimation of nuclear genome size. Ann Botany 95:
99-110.

DOLEZELJ, GREILHUBER J, LUCRETTIS, MEISTER A, LYSAK MA, NARDI
L & OBERMAYER R. 1998. Plant genome size estimation by
flow cytometry: Inter-laboratory comparison. Ann Bot
82:17-26.

DUNCAN T & SMITH AR. 1978. Primary basic chromosome
numbers in ferns: facts or fantasies? Syst Bot 3: 105-114.

FABBRI F. 1963. Primo supplemento alle tavole
cromosomiche delle Pteridophyta di Alberto.

FABBRI F. 1965. Secondo supplemento alle tavole
cromosomiche delle Pteridophyta di Alberto Chiarugi.
Caryologia 18: 675-731.

FRIEBE B, ZHANG P, LINC G & GILL BS. 2005. Robertsonian
translocations in wheat arise by centric misdivision
of univalents at anaphase | and rejoining of broken
centromeres during interkinesis of meiosis II. Cytogenet
Genome Res 109: 293-297.

GALBRAITH DW, HARKINS KR, MADDON JM, AYRES NM, SHARMA
DP & FIROOZABADY E. 1983. Rapid flow cytometric analysis
of the cell cycle in intact plant tissues. Science 220:
1049-1051.

GLICK L & MAYROSE I. 2014. ChromEvol: Assessing the
Pattern of Chromosome Number Evolution and the
Inference of Polyploidy along a Phylogeny. Mol Biol Evol
31: 1914-1922.

GUERRA M. 2008. Chromosome numbers in plant
cytotaxonomy: concepts and implications. Cytogenet
Genome Res 120: 339-350.

CHROMOSOME NUMBERS IN GLEICHENIACEAE

HAUFLER CH. 1987. Electrophoresis is modifying our
concepts of evolution in homosporous pteridophytes.
Am | Bot 74: 953-966.

HAUFLER CH. 2002. Homospory 2002: an odyssey of
progress in pteridophyte genetics and evolutionary
biology. BioScience 52: 1081-1093.

HAUFLER CH. 2014. Ever since Klekowski: testing a set of
radical hypotheses revives the genetics of ferns and
lycophytes. Am J Bot 101: 2036-2042.

HENRY TA, BAINARD JD & NEWMASTER SG. 2015. Genome size
evolution in Ontario ferns (Polypodiidae): evolutionary
correlations with cell size, spore size, and habitat type
and an absence of genome downsizing. Genome 57:
555-566.

HIDALGO O, PELLICER J, CHRISTENHUSZ M), SCHNEIDER H
& LEITCH 1). 2017. Genomic gigantism in the whisk-fern
family (Psilotaceae): Tmesipteris obliqua challenges
record holder Paris japonica. Bot J Linn Soc 183: 509-514.

HOLTTUM RE. 1957. Florae Malesianae Praecursores XVI On
The Taxonomic Subdivision Of The Gleicheniaceae, With
Descriptions Of New Malaysian Species And Varieties.
Reinwardtia 4: 257-280.

HOLTTUM RE & ROY SK. 1965. Cytological observations on
ferns from New Guinea with descriptions of new species.
Blumea 13: 129-139.

HOUBEN A.2017. Bchromosomes—-a matter of chromosome
drive. Front Plant Sci 8: 210.

HUANG CH, QI X, CHEN D, QI J & MA H. 2020. Recurrent genome
duplication events likely contributed to both the ancient
and recent rise of ferns. J Integr Plant Biol 62: 433-455.

JERMY AC & WALKER TG. 1985. Cytotaxonomic studies of the
ferns of Trinidad. Bull British Mus Bot 13: 133-276.

KLEKOWSKI EJ & BAKER HG. 1966. Evolutionary significance
of polyploidy in the Pteridophyta. Science 153: 305-307.

KUO LY & LI FW. 2019. A roadmap for fern genome
sequencing. Am Fern ) 109: 212-223.

KUMAR S, STECHER G, LI M, KNYAZ C & TAMURA K. 2018. MEGA
X: Molecular Evolutionary Genetics Analysis across
computing platforms. Mol Biol Evol 35: 1547-1549.

LEITCH 1), JOHNSTON E, PELLICER J, HIDALGO O & BENNETT MD.
2019. Plant DNA C-values Database. https://cvalues.
science.kew.org/. Accessed in August 11: 2020.

LEITCH AR & LEITCH 1). 2012. Ecological and genetic factors
linked to contrasting genome dynamics in seed plants.
New Phytol 194: 629-646.

An Acad Bras Cienc (2021) 93(Suppl. 3) €20201881 12 | 14



LUCAS VIEIRA LIMA et al.

LEITCH 1) & LEITCH AR. 2013. Genome size diversity and
evolution in land plants. In: Leitch J et al. (Eds), Plant
genome diversity, vol. 2, physical structure, behaviour
and evolution of plant genomes. Wien, Austria, Springer-
Verlag, p. 307-322.

LI FW, BROUWER P, CARRETERO-PAULET L, CHENG S, DE VRIES J,
DELAUX PM & PRYER KM. 2018. Fern genomes elucidate land
plant evolution and cyanobacterial symbioses. Nature
plants 4: 460-472.

LIMA LV & SALINO A. 2018. The fern family Gleicheniaceae
(Polypodiopsida) in Brazil. Phytotaxa 358: 199-234.

LIU H ET AL. 2019. Polyploidy does not control all: lineage-
specific average chromosome length constrains genome
size evolution in ferns. J Syst Evol 57(4): 418-430.

LIU H, RAKOTONDRAINIBE F, HENNEQUIN S & SCHNEIDER H.
2020. The significance of Rouxopteris (Gleicheniaceae,
Polypodiopsida): a new genus endemic to the
Madagascan region. Plant Syst Evol 306: 1-11.

LOUREIRO ], RODRIGUEZ E, DOLEZEL J & SANTOS C. 2007.
Two New Nuclear Isolation Buffers for Plant DNA Flow
Cytometry: A Test with 37 Species. Ann Bot 100: 875-888.

LOVE A. 1976. I0OPB chromosome number reports LIII.
Taxon 25: 483-500.

MANTON | & SLEDGE WA. 1954. Observations on the cytology
and taxonomy of the pteridophyte flora of Ceylon Phil
Trans R Soc Lond B 238: 127-185.

MEHRA PN & SINGH G. 1956. Cytology of Indian
Gleicheniaceae. Current Science 25: 168-168.

MICKEL JT, WAGNER WH & CHEN LK. 1966. Chromosome
observations on the ferns of Mexico. Caryologia 19:
95-102.

NAKATO N. 1988. Notes on chromosomes of Japanese
pteridophytes (2). ) Jap Bot 63: 214-218.

NAKAZATO T, BARKER MS, RIESEBERG LH & GASTONY GJ. 2008.
Evolution of the nuclear genome of ferns and lycophytes.
In: Biology and evolution of ferns and lycophytes (p. 175-
198). Cambridge University Press.

OBERMAYER R, LEITCH I}, HANSON L & BENNETT MD. 2002.
Nuclear DNA C-values in 30 species double the familial
representation in pteridophytes. Ann Bot 90: 209-217.

ONE THOUSAND PLANT TRANSCRIPTOMES INITIATIVE. 2019. One
thousand plant transcriptomes and the phylogenomics
of green plants. Nature 574: 679-685.

PEREZ BG, LAURO ATD, MARCAL S & LIMA LV. 2021. Estimativa da
quantidade de DNA nuclear em Dicranopteris flexuosa
(Schrad.) Underw. Analecta 6: 1-8.

CHROMOSOME NUMBERS IN GLEICHENIACEAE

PPG 1. 2016. A community-derived classification for extant
lycophytes and ferns. J Syst Evol 54: 563-603.

PRYER KM, SCHNEIDER H, SMITH AR, CRANFILL R, WOLF PG,
HUNT JS & SIPES SD. 2001. Horsetails and ferns are a
monophyletic group and the closest living relatives to
seed plants. Nature 409: 618-622.

RAMBAUT A, SUCHARD MA, XIE D & DRUMMOND AJ. 2014. Tracer
v1.6. http://beast.bio.ed.ac.uk/Tracer Accessed 11 August
2020.

RIVERO R, SESSA EB & ZENIL-FERGUSON R. 2019. EyeChrom
and CCDBcurator: Visualizing chromosome count data
from plants. App Plant Sci 7: e01207.

RONQUIST F, TESLENKO M, VAN DER MARK P, AYRES DL, DARLING
A, HOHNA S & HUELSENBECK JP. 2012. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice
across a large model space. Syst Biol 61: 539-542.

ROY SK & SINGH JB. 1975. A note on the chromosome
numbers in some ferns from Pachmarhi Hills, Central
India. Science & Culture 41: 181-183.

RSTUDIO TEAM. 2020. RStudio: Integrated Development
for R. RStudio, PBC, Boston, MA URL http://www.rstudio.
com/.

SCHWARZ G. 1978. Estimating the dimension of a model.
Ann Stat 6: 461-464.

SMITH AR & MICKEL JT. 1977. Chromosome counts for
Mexican ferns. Brittonia 29: 391-398.

SORSA V. 1968. Chromosome Studies on Puerto Rican
Ferns (Gleicheniaceae). Caryologia 21(2): 97-103.

THROWER SL. 1963. Victorian species of Gleichenia Smith
(subgenus Mertensia). Proc Roy Soc Vic 76: 153-162.

TINDALE MD & ROY SK. 2002. A cytotaxonomic survey of the
Pteridophyta of Australia. Australian Systematic Botany
15(6): 839-937.

WALKER T. 1966. IX.—A Cytotaxonomic Survey of the
Pteridophytes of Jamaica. T RSE 66: 169-237.

WALKER TG. 1973. Additional cytogenetic notes on the
pteridophytes of Jamaica. T RSE 69: 109-135.

WALKER TG. 1990. Cytotaxonomic notes on the
pteridophytes of Costa Rica. 1. Gleicheniaceae. Fern Gaz
13: 385-390.

WALKER TG & ORTEGA F. 1992. Cytotaxonomic notes on
members of Venezuelan Gleicheniaceae. Fern Gaz 14:
139-148.

WANG L, QI XP, XIANG QP, HEINRICHS J, SCHNEIDER H & ZHANG
XC. 2010. Phylogeny of the paleotropical fern genus

An Acad Bras Cienc (2021) 93(Suppl. 3) €20201881 13 | 14



LUCAS VIEIRA LIMA et al.

Lepisorus (Polypodiaceae, Polypodiopsida) inferred from
four chloroplast DNA regions. Mol Phyl Evol 54: 211-225.

WOOD TE, TAKEBAYASHI N, BARKER MS, MAYROSE |, GREENSPOON
PB & RIESEBERG LH. 2009. The frequency of polyploid
speciation in vascular plants. P Natl Acad Sci USA 106:
13875-13879.

SUPPLEMENTARY MATERIAL

Figure S1.

How to cite

LIMA VL, SOUSA SM, ALMEIDA TE & SALINO A. 2021. State of the art in
cytogenetics, insights into chromosome number evolution, and new
C-value reports for the fern family Gleicheniaceae. An Acad Bras Cienc
93: €20201881. DOI 10.1590/0001-3765202120201881.

Manuscript received on December 7, 2020;
accepted for publication on May 10, 2021

LUCAS VIEIRA LIMA?
https://orcid.org/0000-0003-1517-7100

SAULO MARGCAL DE SOUSA?
https://orcid.org/0000-0001-8229-9330

THAIS ELIAS ALMEIDA®
https://orcid.org/0000-0002-1611-1333

ALEXANDRE SALINO?
https://orcid.org/0000-0003-0104-7524

CHROMOSOME NUMBERS IN GLEICHENIACEAE

"Universidade Federal de Minas Gerais, Instituto
de Ciéncias Biologicas, Departamento de Botanica,
Laboratorio de Sistematica Vegetal, Av. Antonio
Carlos, 6627, 31270-901, Belo Horizonte, MG, Brazil

2UniversidadeFederal de Juiz de Fora, Instituto de Ciéncias
Biologicas, Departamento de Biologia, Laboratorio

de Genética e Biotecnologia, Rua José Lourengo

Kelmer, s/n, 36036-900 Juiz de Fora, MG, Brazil

*Universidade Federal do Oeste do Para, Herbario HSTM,
Avenida Marechal Rondon, s/n, 68040-070 Santarém, PA, Brazil

Correspondence to: Lucas Vieira Lima
E-mail: lucaslimal618@gmail.com

Author contributions

LV. Lima: Contributions to the conception and design of
the study, data collection, data analysis and interpretation,
preparation of the manuscript draft, contribution to the critical
revision, and the addition of intellectual content. S. M. Sousa:
Contributions to data collection, analysis and interpretation,
manuscript preparation, critical revision, and the addition of
intellectual content. T. E. Almeida and A. Salino: Contributions
to manuscript preparation, critical revision, and the addition of
intellectual content.

[@)ey |

An Acad Bras Cienc (2021) 93(Suppl. 3) €20201881 14 | 14



