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Abstract

Grasses are one of the largest angiosperm families, widespread and economically important. Variation in genome size has
functional consequences and is an essential parameter for understanding evolutionary patterns. In this study, we report the
nuclear genome sizes (2C values) of 32 species and subspecies from 27 genera of Poaceae, including most of its subfamilies,
examined by flow cytometry. Obtained genome sizes were analyzed together with the chromosome numbers to give informa-
tion on the size of monoploid chromosome sets with the chromosome base number x and the mean chromosome size and
then supplemented with the previously published data to obtain a deeper insight into the genome size evolution in grasses.
Monoploid genomes of < 0.6 pg/1Cx and chromosomes of <0.1 pg are presumably characteristic of the subfamilies Arundi-
noideae, Chloridoideae, Micrairoideae and the Oryzoideae. The larger 1Cx values (1.2—1.8 pg) of the evolutionarily ‘early
diverging’ subfamilies Anomochlooideae and Pharoideae are discussed in context with the origin of grasses and the pan-grass
whole-genome duplication. The data indicate that the ancestral grass had a monoploid genome of this size, which is less than
half the size previously assumed. Genome size data and available chromosome numbers support the concept of the ancestral
grass karyotype (AGK) with x=12. The AGK seems to have been conserved in some grass subfamilies (Bambusoideae,
Oryzoideae, Pharoideae, parts of the Pooideae), while the major genome rearrangements are lineage-specific and occurred
after the separation of the BOP and the PACMAD clades, i.e. when the diversification of their subfamilies had begun.
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Introduction

Angiosperm genomes vary spectacularly in size, ranging
in non-replicated gametophytic nuclei (1C) from 61 Mbp
(=~ 0.0623 pg) in the dicot Genlisea tuberosa to 148,881
Mbp (= 152.23 pg) in the monocot Paris japonica, a ca.
2440-fold difference (Pellicer et al. 2010; Fleischmann et al.
2014). Main drivers shaping genome size variation within
comparatively short evolutionary time spans are polyploidy
(whole-genome duplication) and the increase or decrease of
transposable element copies, which can lead to rapid, line-
age-specific change of genome size as shown in significant
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cereal crops such as rice, wheat, maize, barley and sorghum
(Slotkin et al. 2012). These changes in genome structure,
content of coding and non-coding DNA and in genome
evolution represent important mechanism of speciation in
plants (Chen 2007; Kejnovsky et al. 2012; Slotkin et al.
2012; Leitch and Leitch 2013).

The phylogenetic aspects of genome size variation have
been studied in several angiosperm families, including the
grasses (Poaceae), where there was no clear overall trend
in genome size evolution: the 2C values increased in some
lineages while decreasing in others (Bennetzen and Kellogg
1997; Kellogg 1998; Kellogg and Bennetzen 2004; Caetano-
Anollés 2005; Leitch et al. 2010), although in one of the
grass subfamilies, the Pooideae, a steady increase in genome
size was observed, leading to the very large genomes of
wheat and its relatives (Kellogg 1998). Recent advances in
the phylogenetic analyses of this family, including phylog-
enomic data from the nuclear and plastid genome of the
Poaceae (Blaner et al. 2014; Gallaher et al. 2019, 2022;
Baker et al. 2022; Huang et al. 2022), make it worthwhile to
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examine the genome sizes of representatives of the differ-
ent groups in this family using the reliable method of flow
cytometry (FCM) and to discuss them in the light of these
new findings.

Poaceae, the study group, is one of the most successful
evolutionary lineages of angiosperms. Grasses can be found
on all continents and comprise approximately 11,800 species
in 790 genera (Soreng et al. 2022). Leaving aside bamboo
forests, which are formed by woody grasses, 30-40% of the
Earth’s land surface is covered by natural grasslands such
as steppes, savannas, prairies, pampas and wetland (Gibson
2009; Linder et al. 2018; Griffith et al. 2020), which, due to
their enormous productivity, also provide the food base for
many herbivores. In Earth’s history, grasses became ecologi-
cally dominant during the early to middle Miocene, when an
extensive transition from forest to grassland took place. This
transition occurred at different times on different continents.
Grasslands spread across the globe from the mid-Miocene to
the early Pliocene, and C, grasses played an important role
in this expansion (Edwards et al. 2010; Stromberg 2011;
Stromberg and Staver 2022; Wang and Lu 2022).

There is no doubt that grasses are the most important
plant family for mankind. In terms of global crop produc-
tion, cereals are the most important group of crops. In 2020,
just four individual crops will account for half of the world’s
production of primary crops: sugarcane (20% of the total),
maize (12%), wheat and rice (8% each), all grasses (FAO
2022). Corn, wheat and rice account for about 90% of cereal
production, followed by barley, sorghum, oats, rye, and vari-
ous millets (Statista 2023). This makes grasses a major focus
for crop research, plant breeding, genetics, physiology and
developmental biology (Kellogg 2015; McSteen and Kel-
logg 2022). DNA sequence and genomic analyses have con-
tributed significantly to our understanding of the diversity,
taxonomy, and phylogeny of grasses, their biogeographic
patterns, and their evolutionary unfolding.

As documented by fossil remains, grasses originated
between the Lower and early Upper Cretaceous (Gallaher
et al. 2019, 2022; Schubert et al. 2019). Using molecular
dating based on nuclear and plastid DNA sequence and
genomic data, most studies converge in placing the origin
of the family at about 125 Ma in the Lower Cretaceous. The
beginning diversification of the family occurred at 98—105
My (Ma et al. 2021; Gallaher et al. 2022; Huang et al. 2022;
Elliott et al. 2024). The first lineage to diverge phylogeneti-
cally was the small subfamily Anomochlooideae, the only
grass subfamily lacking the typical spikelets, followed by the
also small subfamilies Pharoideae and Puelioideae. A split
about 16 Ma later, around the Cretaceous-Paleogene (K-Pg)
boundary, led to the origin of the two largest clades of
grasses called BOP and PACMAD clade, abbreviated after
the initial letters of the subfamilies they contain (GPWG
2001; GPWG 1II 2012; Kellogg 2015; Soreng et al. 2022).
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The crown age of the BOP clade, comprising the subfami-
lies Bambusoideae, Oryzoideae and Pooideae with a total of
374 genera and 5941 species, was at about 75 Ma in the late
Upper Cretaceous, that of the PACMAD clade, comprising
the subfamilies Panicoideae, Aristidoideae, Arundinoideae,
Micrairoideae, Danthonioideae and Chloridoideae with alto-
gether 408 genera and 5815 species was younger and dates
to about 65 Ma in the Lower Paleocene (Hodkinson 2018;
Gallaher et al. 2019, 2022; Schubert et al. 2019; Ma et al.
2021; Orton et al. 2021, Huang et al. 2022; Elliott et al.
2024; see Soreng et al. 2022 for numbers of taxa).

The nuclear genome of grasses has long been known to
show considerable variation in chromosome number (1) and
DNA content (2):

(1) Somatic (sporophytic) chromosome numbers range
from 2n=4 in Colpodium biebersteinianum (syn. Zin-
geria biebersteiniana) and C. versicolor to 2n=ca. 266
in Poa litorosa (Hair and Beuzenberg 1961; Hair 1968;
Tzvelev and Zhukova 1974; Sokolovskaya and Proba-
tova 1977). Polyploidy, i.e. the multiplication of chro-
mosome sets by WGDs, is common in grasses and is
virtually considered a hallmark of this family compared
to other angiosperm lineages (Stebbins 1956, 1985;
Estep et al. 2014). The chromosome numbers of the
aforementioned Colpodium and Poa species correspond
to twofold (diploid) and 38-fold ploidy, since their
chromosome base numbers are x=2 and x=7, respec-
tively. This highlights another long known variable fea-
ture of grass genome organization, namely the number
of chromosomes in the monoploid chromosome sets,
which ranges in the family almost continuously from
x=2to x=18. It may be quite stable in some subfami-
lies and tribes, such as Chloridoideae and Panicoideae
with mostly x=9 or 10, assuming that the rarely found
number x=35 in some Panicoideae rests on reductional
dysploidy (Avdulov 1931; Stebbins 1956, 1985; de Wet
1987; Hunziker and Stebbins 1987; Hilu 2004; Kel-
logg 2015). The diversity of chromosome base numbers
in the Poaceae has led to different hypotheses about
their evolutionary pathways. According to the ‘reduc-
tion hypothesis’, comparatively high chromosome base
numbers such as x =12 were ancestral and lower num-
bers were derived from them by descending dysploidy.
This hypothesis was first proposed by Avdulov (1931),
later adopted by Raven (1975) and GPWG (2001), and
in principle also by Hilu (2004), who however proposed
x=11 as the ancestral number in the Poaceae. The base
number x= 12 was therefore considered to be derived
from x=11 by ascending dysploidy, and the lower
numbers x=7, 9, 10, etc., occurring within the sub-
families of the BOP and PACMAD clades, by descend-
ing dysploidy. Conversely, the ‘secondary polyploidy
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hypothesis’ (Stebbins 1982, 1985) proposed x=12 and
11 as secondary chromosome base numbers derived
from x=35 or 6 by polyploidy and thus the lower num-
bers as original in grasses (Sharma 1979; de Wet 1987;
Hunziker and Stebbins 1987).

The nuclear genome size of grasses varies from 0.42
pg/2C in Panicum gilvum (chromosome number not
known, probably 2n=2x=18) (Chen et al. 2021)
to 45.26 pg/2C in decaploid Thinopyrum ponticum
(2n=170) (Vogel et al. 1999). The 2C values, which
refer to the DNA content of non-replicated diplophasic
(sporophytic) nuclei, thus show a 90.5-fold variation.
The highest 2C value of a diploid grass is 18.9 pg in
Secale montanum (2n = 14) (Eilam et al. 2007), which
already implies a 37.8-fold variation among diploids.

This astonishing genome size variability corresponds to
the long-known cytogenetic observation that grass chromo-
some sizes can be extraordinarily different when analyzed
microscopically, as extensively documented almost a century
ago (Avdulov 1931). Therefore, the following questions and
hypotheses are addressed in this study:

(a)

(b)

Varying monoploid chromosome numbers (i.e., chro-
mosome base number x) in a group of closely related
taxa are usually not caused by aneuploid doubling or
loss of single chromosomes. Rather, they are caused
by chromosome rearrangements, such as (Robertso-
nian) chromosome fissions or chromosome fusions,
which are usually caused by nested fusions or end-to-
end telomeric fusions (Luo et al. 2009; Schubert and
Lysak 2011; Salse 2016a, b; Lusinska et al. 2018, 2019;
Winterfeld et al. 2018; Mayrose and Lysak 2021; Lysak
2022). Data on genome size and chromosome num-
ber of monoploid chromosome sets, i.e. the 1Cx value
which denotes the DNA content of a non-replicated
monoploid genome (chromosome set) with the chro-
mosome base number x, and the base number x can
be used to test which mechanisms underlie the strong
variation in chromosome base number in grasses. To
accomplish this, representative taxa from most of the
major phylogenetic lineages of the grasses, including
a total of 11 of their 12 subfamilies (see Soreng et al.
2022), were compared using a phylogenetic framework
of their interrelationships (Saarela et al. 2018; Gallaher
etal. 2019, 2022; Baker et al. 2022; Huang et al. 2022).
The origin of grasses was preceded by a WGD called
the p event (Paterson et al. 2004; Tang et al. 2010;
Ming et al. 2015; McKain et al. 2016; Qiao et al. 2022),
a hypothesis originally derived from phylogenetic gene
pair analyses in representatives of the ‘core grasses’,
i.e., members of the BOP and PACMAD clades men-
tioned above. This WGD has been confirmed for two

©)

of the three earliest diverging grass subfamilies, the
Anomochlooideae, in which Streptochaeta, one of
the two genera of this subfamily, and the Pharoideae,
with only the single genus Pharus, have been studied
(McKain et al. 2016; Ma et al. 2021; Seetharam et al.
2021). Since the Anomochlooideae are the phyloge-
netic sister of all other grasses, the p-WGD is therefore
placed at the origin of the grasses. It occurred before
the Anomochlooideae diverged from the lineage that
gave rise to the rest of the grasses, i.e., the ‘spikelet
clade’. A comparison of the monoploid genome sizes
(1Cx) of these ‘early diverging’ lineages with those of
most grass subfamilies (BOP and PACMAD clade) and
neighboring families of the Poaceae (Winterfeld et al.
2023) could therefore potentially provide information
on the genome sizes to be assumed for the emergence
of grasses after the p event.

Genomic analyses of the arrangement of genes in the
chromosomes of extant grasses revealed their remark-
able collinearity despite structurally very different
chromosome sets and partly distant relationship. This
led to hypothesize a karyotype with five or seven pro-
tochromosomes before the p-WGD occurred. The p
event resulted in duplicated 10 or 14 chromosomes
from which the intermediate ‘ancestral grass karyo-
type’ (AGK) of 12 chromosomes was formed (Salse
et al. 2008; Bolot et al. 2009; Murat et al. 2014, 2017;
Wang et al. 2015; Salse 2016a, b; Pont et al. 2019;
Bellec et al. 2023). Among the ‘early diverging’ grass
lineages, the AGK does not appear to have changed
very much, whereas it did later on a massive scale with
the emergence of the ‘core grass’ subfamilies. These
chromosomal rearrangements resulted in very different
and partly lineage-specific karyotypes within the indi-
vidual subfamilies of the BOP and PACMAD clades
(The International Brachypodium Initiative 2010;
Murat et al. 2017; Ling et al. 2018; Bellec et al. 2023).
Therefore, we expect that genome size data will pro-
vide an exciting opportunity for comparison with the
paleogenomic background and contribute to a deeper
understanding of early Poaceae evolution. Furthermore,
we aim to investigate whether changes in these genomic
parameters are linked to the origin of the ‘spikelet
clade’, specifically after the phylogenetic divergence of
the subfamily Anomochlooideae, and to the divergence
of the lineage leading to the ‘core Poaceae’, with its
splitting into the BOP and PACMAD clades and their
further diversification into nine subfamilies.
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Material and methods
Plant material

Our sample consisted of 32 species and subspecies in 27
genera. One accession per species was examined. Fresh
leaves for the genome size analyses were collected in the
field, from living potted plants of our greenhouse-grown
grass research collection or from the plant collections of
the Botanical Garden of the University Halle-Wittenberg.
Leaf samples were either processed immediately or stored
in plastic bags with moist tissue in the refrigerator at 4°C for
up to 5 days until processing. In other cases, silica gel-dried
leaves, preferably stored at-20°C or-80°C, were successfully
used. Voucher specimens of most accessions are deposited
in the herbarium of the University Halle-Wittenberg (HAL).
Details on the collections of the analyzed taxa can be found
in the Online Resource 1.

Measurement of genome sizes

Relative genome sizes were estimated by FCM following the
protocol of Dolezel et al. (2007) with minor modifications
(Winterfeld et al. 2023). In brief, fresh or silica gel-dried leaf
tissue of the sample of interest and of an internal standard
species were chopped together with a razor blade in a plastic
Petri dish. Nuclei were extracted in 2 mL staining buffer.
10 uL propidium iodide (PI) stock solution (10 mgxmL™")
and 5 pL RNase A (5 mgx 1.5 mL™") were added using
the ready-to-use CyStain PI OxProtect reagent kit (Sysmex
Partec) according to the manufacturer’s protocol. FCM
analyses were performed using a CyFlow Ploidy Analyser
(Sysmex Partec GmbH, Gorlitz, Germany) equipped with
a green laser of 532 nm as excitation light for the DNA-
intercalating fluorochrome PI was used.

Fluorescence intensity was measured for 5,000 particles
(nuclei). Three replicates were performed for each sample.
Only histograms with a coefficient of variation (CV) <4%
for the GO/G1 peak of the sample were considered. For CVs
exceeding this threshold, the measurement was discarded
and the sample was reanalyzed. The silica gel-dried samples
yielded high-quality histograms comparable to those of fresh
tissue, as also found in some previous studies (Smarda and
Stan¢ik 2006; Wang and Yang 2016; Certner et al. 2022;
Loureiro et al. 2023). The following internal standards,
obtained as seed from the Institute of Experimental Botany,
Academy of Sciences of the Czech Republic, and grown in
our greenhouses, were used for the genome size estimates
(Dolezel et al. 2007, 2018; Temsch et al. 2022): Glycine
max Merr. ‘Polanka’ (2.50 pg/2C), Pisum sativum L. ‘Cti-
rad’ (9.09 pg/2C), Raphanus sativus L. ‘Saxa’ (1.11 pg/2C),
Secale cereale L. ‘Daiikovské’ (16.19 pg/2C), Solanum
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lycopersicum L. ‘Stupické polni rané’ (1.96 pg/2C), Vicia
faba L. ‘Inovec’ (26.90 pg/2C), Zea mays L. ‘CE-777" (5.43
pg/2C). The standard used for each measurement is listed
in Online Resource 1 to allow for future recalculations and
corrections if a more accurate genome size estimate becomes
possible due to values that need to be corrected for an inter-
nal standard. For some of the standards used here, which
were calibrated against human male leucocytes, other values
have already been proposed based on a calibration against
the sequenced genome size of rice (Oryza sativa), e.g. for G.
max (2.077 pg/2C=83%), P. sativum (8.018 pg/2C =88%),
S. lycopersicum (1.735 pg/2C=88%) and V. faba (23.796
pg/2C=88%) (gmarda et al. 2019). Calibration against
Agave americana ‘Aureomarginata’, another long-used
standard, which itself had been calibrated against human
male leucocytes, resulted in values for P. sativum cv’s (8.61
pg/2C=95%), R. sativus (1.15 pg/2C=104%), Secale cere-
ale ‘Petkus Spring’ (15.5 pg/2C=96%), Solanum lycoper-
sicum (2.03 pg/2C=104%), V. faba (26.4 pg/2C=98%) and
Z. mays (5.61 pg/2C=103%) (Zonneveld 2021).

The 2C values of the samples, i.e. the amount of DNA
in a somatic cell with non-replicated chromosomes, were
calculated by multiplying the sample/standard ratios of the
2C peaks in the fluorescence histograms with the known
genome size of each standard species used. Mean 2C val-
ues and standard deviations for each sample were calculated
using FCS Express version 5 software (De Novo Software,
Pasadena, CA, U.S.A)).

The genome size data obtained in this study and the
standard species used for each measurement are listed in
Online Resource 1. They are expressed as physical mass in
picograms (pg), which can be converted to DNA content in
base pairs (bp) by multiplication with the conversion fac-
tor 0.978 x 10° (DoleZel et al. 2003). Previously published
DNA C-values were retrieved from the ‘Plant DNA C-values
Database’ (Leitch et al. 2019; https://cvalues.science.kew.
org/; release 7.1, April 2019) or were cited from the origi-
nal publications if these have been published after 2019
(see Results and discussion, References). For comparison,
genome sizes estimated by FCM using an internal standard
as reference genome together with the sample and PI as fluo-
rescent dye (Dolezel and Barto§ 2005), hereafter abbrevi-
ated as FCM + PI, are most often considered because they
are usually reliable. Data from Feulgen microdensitometry,
the most commonly used method in the past, often proved
to be too unreliable for several reasons (see Greilhuber
2005; Greilhuber et al. 2007). In Figs. 1 and 2, our data
were complemented by the genome size measurement for
Streptochaeta angustifolia (Anomochlooideae) (Seetharam
et al. 2021) as listed in Online Resource 2.
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Chromosome numbers and monoploid genome
sizes (1Cx values)

Chromosome numbers were compiled from the ‘Chromo-
some Counts Database’ (CCDB 2023: see Rice et al. 2015;
Rice and Mayrose 2023), the ‘Index to plant chromosome
numbers’ (IPCN 1979 onwards) or were cited from recent
original publications (see References). For some accessions,
chromosomes were counted in this study (Table 1; Online
Resource 1). Young growing root tips were harvested from
cultivated potted plants, immersed in distilled water, cold
treated at 0 °C for 24 h to accumulate metaphases, fixed in
freshly prepared 1:3 glacial acetic acid:absolute ethanol for
at least 3 h and stored in absolute ethanol at—20 °C until
preparation. Before preparation, the root tips were softened
in 1% cellulase (w/v) and 10% pectinase (v/v) in citric acid-
sodium citrate buffer pH 4.8 at 37 °C (Schwarzacher et al.
1980). Enzyme-macerated root tips were squashed and
stained on slides in a drop of 45% propionic acid with 2%
carmine and covered with a coverslip. Photographs of meta-
phase chromosomes were taken on a Zeiss Axiophot micro-
scope using a computer-assisted cooled CCD camera (Zeiss
Axiocam HRC) using Axiovision software (Winterfeld et al.
2018). They were squashed in a drop of 45% propionic acid
with 2% carmine (Winterfeld et al. 2020).

Monoploid genome sizes (1Cx values) were calculated
for species with known chromosome number or ploidy by
dividing the 2C values by the respective ploidy level (Greil-
huber et al. 2005). The mean DNA content per chromosome
(MC), expressed as the average physical mass of the chro-
mosomes in the complement of a given plant, was calculated
by dividing the 2C values by the diplophasic (sporophytic)
chromosome number (27n) or by dividing the 1C values by
the haplophasic (gametophytic) chromosome number (n),
i.e. 2C/2n or 1C/n, respectively.

Results and discussion
Genome and chromosome sizes of the Poaceae
2Cvalues

The compared species from 11 of the 12 subfamilies of
the grasses had 2C values (holoploid diplophasic, i.e.,
sporophytic genome sizes of the non-replicated nuclear
DNA) between 0.67 pg and 45.26 pg (Tables 1, 2; Figs. la,
2; Online Resource 1; Vogel et al. 1999), thus span-
ning the size range from “very small” to “large” (Leitch
et al. 1998). No data were available for the subfamily
Puelioideae. The 2C values of most subfamilies ranged
from about 2.5 pg to 8.0 pg, thus falling predominantly
into the “small” category defined by >2.8 pg/2C and <7.0

pg (Leitch et al. 1998). This was true for the subfamilies
Anomochlooideae, Aristidoideae, Arundinoideae, Bam-
busoideae, Danthonioideae, Micrairoideae, Oryzoideae
and Pharoideae. The only estimate for the Chloridoideae
was 1.55 pg/2C, placing it in the “small” category, as
well as the Oryzoideae, which had 0.84—-1.84 pg/2C. The
greatest variation was found in the Pooideae, which alone
accounted for the aforementioned range of variation in
the entire Poaceae family, followed by the Panicoideae,
where 0.9-8.12 pg/2C were found, all in all comparable
to the previous review of monocot genome sizes (Leitch
et al. 2010).

1Cx values

The genome size of the monoploid non-replicated chromo-
some sets ranged from 0.26 pg to 9.45 in the grasses, but
here, too, this was mainly due to the subfamily Pooideae
(Tables 1, 2; Figs. 1b, 2; Online Resource 1). This was fol-
lowed by variation in the Panicoideae (0.49-1.91 pg/1Cx)
and Bambusoideae (0.53-1.71 pg/1Cx). Medium-sized
monoploid genomes of about 1.2—-1.8 pg/1Cx occurred
in the Anomochlooideae, Aristidoideae and Pharoideae,
while the smallest of about 0.3-0.8 pg/1Cx were found in
Arundinoideae, Chloridoideae, Danthonioideae, Micrai-
roideae and Oryzoideae. The Oryzoideae, the subfamily of
rice, thus belongs to the grasses with a small genome size,
as has long been known. However, small monoploid grass
genomes of < 0.4 pg/1Cx occurred also in some taxa of the
Arundinoideae, Chloridoideae and Pooideae.

Mean chromosome DNA content (MC)

The chromosomes sizes varied altogether between 0.02 pg
and 1.84 pg, implying a 92-fold variation, which is due to
the MCs of only a single subfamily, the Pooideae. Most
subfamilies had MCs of 0.04-0.19 pg (Arundinoideae,
Bambusoideae, Danthonioideae, Panicoideae). The exam-
ined representatives of the Chloridoideae, Micrairoideae
and Oryzoideae were at the lower limit of MCs with
0.04-0.05 pg. Anomochlooideae, Pharoideae and Aristi-
doideae were medium-sized with MCs of 0.10-0.17 pg
(Tables 1, 2; Figs. 1c, 2; Online Resource 1).

Characteristics of the subfamilies
Data on genome size (2C and 1Cx values) and chromosomal
DNA content (MC) for the Poaceae subfamilies are pre-

sented in Tables 1 and 2, Online Resource 1, and illustrated
in Figs. 1, 2.
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«Fig. 1 Variation of genome sizes and chromosome DNA content in
the subfamilies of Poaceae examined in this study. a Holoploid 2C
genome sizes. b Monoploid 1Cx genome sizes. ¢ Mean chromosome
DNA contents (MC). For our data see Table 2 and Online Resource 1,
for further data as specified in Material and methods see the individ-
ual subfamilies in Results and discussion. Data for the Anomochloo-
ideae and the Micrairoideae are based on genome size estimates of
Seetharam et al. (2021) and Murray et al. (2005), respectively. Data
for the Pooideae are from Tkach et al. (2024) and Winterfeld et al.
(2024)

‘Early diverging’ grass lineages
Anomochlooideae

Genome size data for this small neotropical subfamily of 4
species in 2 genera, which were not sampled in this study,
are only available for Streptochaeta angustifolia. Its 2C
value was estimated to be 3.60-3.66 pg, also using FCM
(Seetharam et al. 2021). The chromosome number is not
known, but could be 2n =22, as has been repeatedly found
in two other Streptochaeta species (CCDB 2023). The 1Cx
value of S. angustifolia would be then ca. 1.82 pg and the
MC ca. 0.17 pg.

The genome size of monospecific Anomochloa, the sec-
ond genus of this subfamily, is yet unknown. Its chromosome
number is n=18, well documented by a microphotograph
showing 18 bivalents at diakinesis (Hunziker et al. 1989;
Judziewicz and Soderstrom 1989).

Pharoideae

This tropical African subfamily with 3 genera and 12 spe-
cies was represented in this study only by Pharus latifolius
with a 2C value of 2.48 pg, which is in good agreement
with previous studies using FCM + PI as fluorescent dye
that found 2,467 Mbp (= 2.52 pg/2C) and 2,270 Mbp (=
2.32 pg/2C), respectively (Smarda et al. 2014; Ma et al.
2021). The P. latifolius genome assembled from sequenc-
ing data had a length of 1,002.88 Mbp/1C (= 2.05 pg/2C),
with an estimated genome completeness of approximately
92.6% (Ma et al. 2021). Therefore, the interpolated 2C value
would be about 2.21 pg/2C. Pharus latifolius has 2n=24
(CCDB 2023) probably based on x=12, resulting in a 1Cx
value of 1.24 pg and an MC of 0.10 pg.

Puelioideae

For this tropical African subfamily of 11 species in 2 gen-
era, 2n =24 has been found repeatedly in two Puelia spe-
cies (CCDB 2023), but their genome size is apparently still
unknown.

BOP clade

The BOP clade comprises three subfamilies with a total of
more than 5,900 species in 374 genera (Soreng et al. 2022),
all of which are characterized by C; photosynthetic pathway.
The clade is distributed worldwide. In this study, the clade
was represented by ten example taxa in nine genera.

Bambusoideae

The mainly tropical to subtropical, partly warm temperate
distributed subfamily Bambusoideae (bamboos) are the
third largest subfamily of grasses and comprise about 1700
species in 120-140 genera (Clark et al. 2015; Soreng et al.
2022; Clark 2023). The studied members of this subfamily
had 2C values between 3.19 pg and 7.01 pg.

The three studied species of the genera Bambusa and
Gigantochloa, which belong to the paleotropical members
of the consistently woody and polyploid bamboos of the
tribe Bambuseae, had rather uniform 2C genome sizes of
3.19-3.42 pg. The values for B. multiplex, B. vulgaris and
G. verticillata were in the same order of magnitude as those
previously found for the same or other species of both gen-
era (Zhou et al. 2017 and Chalopin et al. 2021, both using
FCM + PI). The chromosome numbers of the species we
studied are 2n=68-72 (CCDB 2023), suggesting a six-
fold ploidy probably based on x=12. The resulting 1Cx
values were 0.53-0.57 pg and the MCs 0.04-0.05 pg. For
neotropical Bambuseae species of the genera Guadua and
Chusquea, genome sizes of 3.63 pg/2C and 3.99 pg/2C (both
G. angustifolia), 3.98 pg/2C (G. chacoensis) and 4.77 pg/2C
(C. tenella), all tetraploid, were found in estimates with
FCM +PI (Guo et al. 2019; Zappellini et al. 2020). Their
1Cx values would be 0.91-1.19 pg and MCs 0.08-0.11 pg.
Genome sequencing of G. angustifolia found a genome size
of 1,580 Mbp (= 3.23 pg/2C) (Guo et al. 2019).

The sampled species of Arundinaria, Fargesia and Pseu-
dodasa, which belong to the tribe Arundinarieae, the tem-
perate woody and also consistently polyploid bamboos, had
5.49-7.01 pg/2C. The genome sizes of the Arundinarieae
are thus significantly larger than those of the paleotropical
Bambuseae, as previously noted (Zhou et al. 2017; Chalo-
pin et al. 2021). Chromosome numbers are not available for
our sampled species, but for many congeners, all of which
consistently had 2n =48 (CCDB 2023), presumably also
based on x=12. Thus, we can assume that our Arundinar-
ieae taxa have 1Cx genome sizes of 1.37-1.75 pg, about
three times than those of the paleotropical woody Bambu-
seae studied. The MCs were 0.11-0.15 pg, which is also
considerably larger (about 2-3 times). A difference to the
neotropical woody bamboo species is less pronounced, but
also recognizable.
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Fig.2 Holoploid (2C) and monoploid (1Cx) genome sizes and mean
chromosome DNA content (MC) arranged according to a Poaceae
phylogenetic tree. DNA content intervals are shown on the x-axis
of the bar graphs, while the y-axis represents the corresponding
percentage estimates, which sum to 100% for each subfamily. The
number of estimates falling within each interval is displayed above
the corresponding bar. The simplified phylogenetic tree is adapted
from plastome-based phylogenetic analyses (Gallaher et al. 2019,
2022). Dashed lines indicate alternative sister relationships within
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the PACMAD clade based on nuclear phylogenomic analyses (Baker
et al. 2022; Huang et al. 2022). For our data see Table 2 and Online
Resource 1, for further data as specified in “Material and methods”
section see the individual subfamilies in Results and discussion. Data
for the Anomochlooideae and the Micrairoideae are based on genome
size estimates of Seetharam et al. (2021) and Murray et al. (2005),
respectively. Data for the Pooideae are from Tkach et al. (2024) and
Winterfeld et al. (2024)
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Table 1 Summary of the Poaceae taxa studied, providing their 2C values, chromosome numbers, ploidy levels, 1Cx values and mean chromo-

some DNA content (MC)
Taxon 2C value [pg] 2n chro- Ploidy level 1Cx value [pg] MC [pg]
mosome
number
Arundinoideae
Arundo donax L. 5.25 108 18x 0.29 0.05
Molinia caerulea (L.) Moench 3.52 36 6x 0.59 0.10
Phragmites australis (Cav.) Trin. ex Steud. subsp. australis 2.14 48 8x 0.27 0.04
Phragmites australis subsp. humilis (de Not) Kerguélen 2.09 48 8x 0.26 0.04
Bambusoideae
Arundinaria pygmaea (Miq.) Makino 6.14 [48] [4x] 1.54 0.13
Bambusa multiplex (Lour.) Raeusch. ex Schult. & Schult.f. 3.19 72 [6x] 0.53 0.04
Bambusa vulgaris Schrad. ex J.C.Wendl. 3.42 68 [6x] 0.57 0.05
Fargesia nitida (Mitford ex Bean) Keng f. ex T.P.Yi 5.49 [48] [4x] 1.37 0.11
Gigantochloa verticillata (Willd.) Munro 3.23 68 [6x] 0.54 0.05
Pleioblastus amarus (Keng) Keng f. 7.01 [48] [4x] 1.75 0.15
Pseudosasa japonica (Siebold & Zucc. ex Steud.) Makino ex Nakai 6.53 [48] [4x] 1.63 0.14
Chloridoideae
Cleistogenes mucronata Keng f. 1.55 [40] [4x] 0.39 0.04
Danthonioideae
Cortaderia selloana (Schult. &Schult.f.) Asch. & Graebn. 8.30 72 12x 0.69 0.12
Danthonia alpina Vest 4.89 36% ** 6x 0.82 0.14
Danthonia decumbens DC. 4.66 36%* 6x 0.78 0.13
Schismus arabicus Nees 1.63 12%* 2x 0.82 0.14
Oryzoideae
Hygroryza aristata (Retz.) Nees ex Wight & Arn. 0.84 24 2x 0.42 0.04
Leersia oryzoides (L.) Sw. 1.84 48 4x 0.46 0.04
Oryza sativa L. 0.99 24 2x 0.50 0.04
Panicoideae
Cenchrus flaccidus (Griseb.) Morrone 1.99 36 4x 0.50 0.06
Chasmanthium latifolium (Michx.) H.O.Yates 3.50 48 4x 0.88 0.07
Coix lacryma-jobi L. 3.82 20 2x 191 0.19
Digitaria sanguinalis (L.) Scop. 2.27 36 4x 0.57 0.06
Miscanthus sinensis Andersson cv. giganteus 7.24 57 6x 1.21 0.13
Miscanthus sinensis Andersson cv. gracillimus 5.70 38 4x 1.43 0.15
Oplismenus hirtellus (L.) P.Beauv. 6.55 72 8x 0.82 0.09
Oplismenus undulatifolius (Ard.) P.Beauv. 6.65 [72] [8x] 0.83 0.09
Panicum capillare L. 0.90 18 2x 0.45 0.05
Saccharum officinarum L. 8.12 80 8x 1.02 0.10
Setaria viridis (L.) P.Beauv. 1.07 18 2x 0.54 0.06
Tripidium ravennae (L.) H.Scholz 2.58 20 2x 1.29 0.13
Pharoideae
Pharus latifolius L. 2.48 24 2x 1.24 0.10

Chromosome numbers were taken from the CCDB (2023) and original literature or were counted in our laboratory (asterisks). Square brackets
indicate inferred chromosome numbers and ploidy levels based on 2C values and available congeneric species data. Online Resource 1 provides

complete details of the analyzed samples and measurements
*This study
**Winterfeld (2006)
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Table 2 ,Genome sizes . Subfamilies and chromosome base numbers 2C value [pg] 1Cx value [pg] MC [pgl
(holoploid 2C and monoploid
1Cx values) and mean Anomochlooideae (x=97, 11) 3.63 1.82 0.17
fﬁg)“g:‘t’lﬁeel;;l’?nce?te“‘ Pharoideae (x=12) 2.48 1.24 0.10
representatives of the grass Puelioideae (x=12) N/A N/A N/A
subfamilies BOP clade
Bambusoideae (x=7, 9, 10, 11, 12) 3.19-7.01 0.53-1.75 0.04-0.15
Oryzoideae (x=12, 15, 17) 0.84-1.84 0.42-0.50 0.04
Pooideae (x=2,4,5,6,7,8,9, 10, 11, 12, 14) 0.67-45.26 0.33-9.45 0.02-1.84
PACMAD clade
Aristidoideae (x=11, 12) 2.6-2.62 1.30-1.31 0.12
Arundinoideae (x=6, 9) 2.09-5.25 0.26-0.59 0.04-0.10
Chloridoideae (x=6?,7, 8, 9, 10, 12) 1.55 0.39 0.04
Danthonioideae (x=6, 7, 9) 1.63-8.30 0.69-0.82 0.12-0.14
Micrairoideae (x=10) 3.64 0.61 0.06
Panicoideae (x=3,4,5,7,8,9,10, 11, 12) 0.9-8.12 0.45-1.91 0.05-0.19

The most frequent chromosome base numbers in a subfamily are in bold. For details on our data see
Table 1 and Online Resource 1. For further data as specified in “Material and methods” section see the
individual subfamilies in Results and discussion. Data for the Pooideae are from Tkach et al. (2024) and
Winterfeld et al. (2024). N/A not available

The predominantly tropical New World herbaceous
bamboos of the tribe Olyreae, which were not sampled in
this study, are mostly diploid, typically with 2n =20 or 22,
although lower numbers such as 2n =14 or 18 have rarely
been found (Kellogg 2015; CCDB 2023). Genome sizes
of 1,265 Mbp/2C (~ 1.29 pg/2C) and 1,384 Mbp/2C (=~
1.42 pg/2C) for Olyra latifolia and 1,370 Mbp/2C (=1.40
pg/2C) for Raddia guianensis have been reported (Smarda
et al. 2014; Guo et al. 2019). Their 1Cx values would be
0.65-0.70 pg and MCs uniformly 0.06 pg, so Olyreae seem
to have the smallest monoploid genomes and the smallest
chromosomes of the whole Bambusoideae. Genome sizes of
681 Mbp (=~ 1.39 pg/2C) and 629 Mbp (~ 1.28 pg/2C) were
estimated for O. latifolia and R. guianensis, respectively, by
genome sequencing (also Guo et al. 2019).

Oryzoideae

The worldwide distributed rice subfamily of 117 species in
19 genera (Soreng et al. 2022) was sampled using three taxa.

The diploid Hygroryza aristata (2n=24) had a 2C DNA
value of 0.84 pg, which is comparable to an unpublished pre-
vious estimate of 1.00 pg/2C for this species using Feulgen
microdensitometry (Leitch et al. 2019).

A studied accession (subspecies and cultivar not known)
of rice, Oryza sativa (2n=24), had 0.99 pg/2C. For O.
sativa, 0.87-1.20 pg/2C have been estimated in previous
studies using FCM or Feulgen microdensitometry (e.g.,
Martinez et al. 1993; Kurata and Fukui 2003; Loureiro et al.
2007; Yamamoto et al. 2018; Panibe et al. 2021; Dai et al.
2022). The reference genome of O. sativa subsp. japonica
cv. Nipponbare, which is often used also as standard in
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FCM studies, has been reported to be 384.2-386.5 Mbp and
375.1+20.9 Mbp in genome sequencing projects (Kawa-
hara et al. 2013; Wang et al. 2018), corresponding to 0.79
pg/2C and 0.77 +0.04 pg/2C, respectively. Gap-free refer-
ence genomes of two subsp. indica varieties were 392 Mbp
(=~ 80.0 pg/2C) and 396 Mbp (= 80.1 pg/2C), respectively
(Song et al. 2021).

The tetraploid Leersia oryzoides (2n=48) had 1.84
pg/2C, which is consistent with previously found values of
1.84 pg/2C and 1.83 pg/2C also using FCM +PI (Bai et al.
2012; Zonneveld 2019). All three Oryzoideae taxa examined
in this study had 1Cx genome sizes of 0.42—0.50 pg and their
MCs were uniformly around 0.04 pg.

The genus Zizania with four species, used as wild rice for
grain harvest in North America and as a vegetable in China
due to its Ustilago-infected, enlarged stems, is characterized
by a WGD that occurred after the Zizania-Oryza phyloge-
netic split. For East Asian Z. latifolia, genome sizes of 586
Mbp (= 1.20 pg/2C) and of 604.1 Mbp (=~ 1.24 pg/2C) were
found by FCM + PI and by genome sequencing, respectively
(Guo et al. 2015). Recent sequencing studies found 547.38
Mbp and 545.36 Mbp (both ~ 1.12 pg/2C) (Yan et al. 2022;
Xie et al. 2023). The holoploid genome size of Z. latifolia is
therefore about 1.1-1.2 times larger than that of O. sativa.
Conflicting chromosome numbers have been reported for
this species (see CCDB 2023). However, assuming that
2n=34 is correct, although 2n=30 has also been reported
(Probatova and Sokolovskaya 1982; Tzvelev and Probatova
2019), the MCs would be 0.03-0.04 pg. The genome size
of another Zizania species, North American Z. palustris
(2n=30), was estimated to be 3.68-3.87 pg/2C by FCM + PI
and 1,289 Mbp (x 2.63 pg/2C) by genome sequencing (Haas
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et al. 2021). Its MC is therefore 0.12-0.13 pg, about 3 times
larger than that of O. sativa. The Z. palustris genome has
strongly restructured chromosomes compared to rice and is
characterized by a massive amplification of repetitive ele-
ments, comprising about 74% of the total genome, compared
to about 50% in rice and 53% in Z. latifolia (Haas et al. 2021;
Yan et al. 2022).

Pooideae

This is the largest subfamily of grasses, comprising nearly
220 genera with 4130 species (Soreng et al. 2022), slightly
more than one-third of all grass species. The Pooideae are
most abundant in the temperate to cool regions of both hemi-
spheres. The subfamily is taxonomically further subdivided
into 10 to 16 tribes, depending on the width of the respec-
tive delineations (GPWG 2001; Schneider et al. 2009, 2011,
2012; GPWG II 2012; Kellogg 2015; Tkach et al. 2020;
Soreng et al. 2022). The holoploid genome sizes found for
the subfamily Pooideae ranged from the low estimates of
0.56 pg/2C and 0.67 pg/2C in Brachypodium stacei (Catalan
et al. 2012; Winterfeld et al. 2024) to 45.26 pg/2C in Thino-
pyrum ponticum (Vogel et al. 1999). The variation was there-
fore greater than in any other grass subfamily (Tables 1, 2;
Figs. 1, 2), as already noted (Bennetzen and Kellogg 1997;
Kellogg and Bennetzen 2004; Caetano-Anollés 2005; Leitch
et al. 2010; Kellogg 2015). The 1Cx values varied widely
from 0.33 pg in hexaploid Austrostipa scabra to 9.45 pg in
diploid Secale montanum (Eilam et al. 2007) and the MCs
from 0.02 pg to 1.84 pg in the same species (Table 2; Figs. 1,
2). The genome size data of the Pooideae also showed strong
differences between the phylogenetic lineages and tribes of
this subfamily and will be discussed in more detail else-
where (Tkach et al. 2024; Winterfeld et al. 2024).

PACMAD clade

This clade comprises six subfamilies with over 5800 species
(Soreng et al. 2022) and is characterized by the frequent
occurrence of the highly efficient C, photosynthetic pathway.
In this study, the clade was represented by 21 example taxa
in 18 genera.

Panicoideae

This subfamily is the second-largest subfamily of grasses,
with over 3300 species in 242 genera (Soreng et al. 2022),
and distributed from tropical to warm temperate regions.
The DNA 2C values of the sampled species ranged from
0.9 to 8.12 pg, and their ploidy levels ranged from 2 X to 8x
(CCDB 2023). The chromosome base numbers in the Pani-
coideae vary depending on the tribes to which the genera
studied belonged: x=9 in Cenchrus, Digitaria, Oplismenus,

Panicum and Setaria (tribe Paniceae), which had 1Cx val-
ues of 0.45-0.83 pg and MCs of 0.05-0.09 pg; x=10 in
the tribe Andropogoneae genera Coix, Saccharum and Tri-
pidium, which were characterized by distinctively larger 1Cx
values of 1.02-1.91 pg and MCs of 0.10-0.19 pg. This also
applies to Miscanthus from this tribe, which has 2n =38 or
57 based on x=19. This chromosome number is derived
from ancestors with x=9 and x =10 through allopolyploidy/
amphidiploidy (Adati and Shiotani 1962; Chramiec-Gtabik
et al. 2012); and x=12 in Chasmanthium (tribe Chasman-
thieae) with intermediate values of 1Cx and MC, specifically
0.88 pg and 0.07 pg, respectively.

There were no distinct differences between the perennial
(1Cx of 0.50-1.81 pg in Cenchrus, Chasmanthium, Mis-
canthus, Oplismenus, Saccharum, Tripidium) and annual
taxa (1Cx of 0.45-1.91 pg in Coix, Digitaria, Panicum,
Setaria), nor between the taxa with C, (0.45-1.91 pg in
Cenchrus, Coix, Digitaria, Miscanthus, Panicum, Saccha-
rum, Tripidium) and C; photosynthesis (0.54-1.11 pg in
Chasmanthium, Oplismenus, Setaria). Previous genome size
estimates using FCM + PI in Coix, Digitaria, Miscanthus
(both cytotypes), Panicum and Setaria, including the same
species as used in this study, agree with our data (Rayburn
et al. 2009; Nishiwaki et al. 2011; Chramiec-Gtlabik et al.
2012; Zhang et al. 2013; Chae et al. 2014; Zonneveld 2019:
Table 5 electron. supplement). This also largely applies to
the genome sizes estimated by sequencing, i.e. 1,560 Mbp
(=~ 3.19 pg/2C) in Coix lacryma-jobi, and 395.1 Mbp and
397 Mbp (both ~ 0.81 pg/2C) in Setaria viridis (Kang et al.
2020; Mamidi et al. 2018; Thielen et al. 2020).

Arundinoideae

The subfamily Arundinoideae is distributed worldwide
and has a consistently C; photosynthetic pathway. Accord-
ing to its current narrow taxonomic definition, it includes
only about 14 genera and 36 species (Hardion et al. 2017,
Soreng et al. 2022). The most likely chromosome base num-
ber is x=06 (see Hardion et al. 2011, 2013 with a review of
previous literature data). The 2C value of 5.25 pg found in
Arundo donax, most likely the 18 X cytotype with 2n =108,
agrees with the previously recorded amounts of 5.6 pg and
4.5-4.8 pg, respectively, also estimated by using FCM + PI
(Zonneveld et al. 2005; Hardion et al. 2011). The studied
A. donax accession had a 1Cx value of 0.29 pg and an MC
of 0.05 pg. The two subspecies of Phragmites australis
investigated, both likely 2n =48, had proportionally lower
2C values of 2.09-2.18 pg compared to Arundo, but similar
1Cx values of 0.26-0.27 pg and MCs of 0.04—0.05 pg. This
estimate agrees with the genome sequence length of 1,140
Mbp (=~ 2.33 pg/2C) for a presumably tetraploid accession of
subsp. australis, invasive in North America (Oh et al. 2022).
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The holoploid genome size of Molinia caerulea (3.52
pg/2C) was found to be intermediate between those of the
Arundo and Phragmites accessions. Assuming a chromo-
some number 2n =36, which is the most common in M.
caerulea (CCDB 2023), the 1Cx value of our accession
would be 0.59 pg and the MC would be 0.10 pg, which is
larger than in the other Arundinoideae taxa studied. The 2C
value of 3.52 pg, which was recalculated from previously
reported data for the tetraploid cytotype of M. caerulea
(Dancak et al. 2012), agrees with our findings and suggests
that our accession is also tetraploid, although the chromo-
some number has not been determined. The estimated 2C
values for Arundinoideae species are largely consistent
also with the results of previous estimates using FCM + PI.
Phragmites australis was recorded as having 1.89 pg and
2.26 pg, while M. caerulea had 3.04-3.13 pg and 3.51-3.54
pg (Smarda et al. 2019; Zonneveld 2019).

Chloridoideae

The subfamily Chloridoideae, distributed mainly in the trop-
ics to subtropics, rarely in temperate zones, with an almost
uniform C, photosynthetic pathway, has about 120 genera
and 1,600 species. It is represented in this study only by
the C, species Cleistogenes mucronata. Its 2C value was
1.55 pg, but its chromosome number is unknown. According
to CCDB (2023), other Cleistogenes species usually have
2n =40, which is probably based on x=10. So, if we assume
a fourfold ploidy for C. mucronata, the 1Cx value would
be 0.39 pg and the MC would be 0.04 pg. However, it has
often been argued that x= 10 is already a polyploid number
in Chloridoideae, which was originally based on x=35, but
reports of 2n =10 are still extremely rare, as noted by Roodt
and Spies (2003), and would need to be confirmed.

Danthonioideae

The mainly African to Australasian subfamily Dantho-
nioideae (C; throughout) with about 19 genera and 290
species had 2C values ranging from 1.63 pg in Schismus
arabicus, 4.66 pg in Danthonia decumbens, 4.89 pg in D.
alpina to 8.30 pg in Cortaderia selloana. Considering x=6
as the established chromosome base number in this subfam-
ily, the 1Cx values are quite uniform, namely 0.82 pg in S.
arabicus (2x), 0.78 pg and 0.82 pg in the two sampled Dan-
thonia species (both 6x) and 0.69 pg in the highly polyploid
C. selloana (12x). The MCs of 0.12-0.14 pg were also quite
uniform. Comparable 2C values were obtained for D. alpina
(3.90 pg) and D. decumbens (3.873 Mbp ~ 3.96 pg and 4.19
pg) in previous studies also using FCM + PI (Smarda et al.
2014, 2019; Zonneveld 2019).
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Aristidoideae and Micrairoideae

These tropical to subtropical subfamilies, not sampled in
this study, each include both C; and C, grasses and have
3 and 9 genera, respectively, with a nearly cosmopolitan
distribution. Genome size data using FCM + PI have been
previously obtained for some species. Aristida purpurea
(diploid with 2n=22) and A. tuberculosa had 2.60 pg/2C
and 2.62 pg/2C (Bai et al. 2012; Smarda et al. 2014), sug-
gesting that the latter species is also diploid and implying
1Cx values of 1.30 pg and 1.31 pg, respectively, and an MC
of 0.12 pg each. The Micrairoideae species Isachne globosa
with 2n=6x=60 had 3.64 pg/2C, a 1Cx of 0.61 pg and an
MC of 0.06 pg (Murray et al. 2005). It should be noted that
Murray et al. (2005: p. 1300) explicitly corrected previous
estimates (Murray et al. 2003), stating that they were about
30% too low.

Comparison of the grass subfamilies
Holoploid genomes

The 2C values do not show an overall trend of increase or
decrease across the sampled grass subfamilies (Table 2,
Figs. 1a, 2). Comparatively small 2C values occur in the
Oryzoideae, Panicoideae and Pooideae. While the Ory-
zoideae have consistently small 2C values, the Panicoideae
and Pooideae are highly variable and also have the largest
values found in our sample, followed by the Bambusoideae.
The phylogenetically ‘early diverging’ grass subfamilies
Anomochlooideae and Pharoideae have small but not strik-
ingly small genome sizes. They are therefore not character-
ized by their own conspicuous 2C values compared to the
‘core grasses’, but correspond to the average of the grass
subfamilies of the BOP and PACMAD clades.

Monoploid genomes

Regarding the monoploid chromosome sets, the lowest
values of less than 0.4 pg are found in some species of
Arundinoideae and Pooideae, the highest in Chloridoideae,
Panicoideae and also Pooideae (Table 2, Figs. 1b, 2). With
values of about 1.2-1.8 pg/1Cx, the Anomochlooideae and
Pharoideae do not even belong to the small genome species.
Comparatively large monoploid genomes occur in Bambu-
soideae, Panicoideae and the (more extensively sampled)
Pooideae. The monoploid genomes of the Oryzoideae,
including that of cultivated rice, are therefore among the
smaller, but not the smallest, of the grasses.
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Chromosome sizes

The mean chromosome DNA content (MC values) is below
0.1 pg in most subfamilies, i.e. the chromosomes are rela-
tively small (Table 2, Figs. lc, 2). In the ‘early diverging’
lineages such as the subfamilies Anomochlooideae and
Pharoideae, it is even at or above 0.1 pg. The small chromo-
somes and monoploid genomes found in most subfamilies,
but particularly noticeable in the Oryzoideae, may be the
result of a secondary reduction in genome size compared
to the Anomochlooideae and Pharoideae. However, the
Puelioideae, which is the third ‘early diverging’ lineage of
grasses (Fig. 2), has not been studied in this regard. The
Aristidoideae and Panicoideae from the PACMAD clade
as well as the Bambusoideae and particularly the Pooideae
from the BOP clade, also exhibit similarly high values as
those found in the Anomochlooideae and Pharoideae. This
could represent an ancestral character state in a phylogenetic
sense. The Pooideae, however, have larger chromosomes in
many cases due to an increase in chromosome sizes in its
lineages with reductional dysploidy, resulting in the chromo-
some base number x=7 (Winterfeld et al. 2024).

Genome sizes and the origin of the grasses

The Anomochlooideae and Pharoideae, which have also
been shown to be characterized by the p-WGD typical
of all other grasses (McKain et al. 2016; Ma et al. 2021;
Seetharam et al. 2021), have neither particularly small nor
particularly large genomes (1Cx) or chromosome sizes (MC)
compared to the other Poaceae, but are somehow intermedi-
ate (Table 2; Figs. 1b,c, 2). Both are also characterized by a
more or less unspectacular content of repetitive sequences in
the genome of 51% and 78.9%, respectively (Ma et al. 2021;
Seetharam et al. 0.2021), which is in the order of magnitude
of grasses with medium-sized genomes such as Sorghum
bicolor (62.8%) of the subfamily Panicoideae, but higher
than in small-genome grasses such as Oryza sativa (32.3%)
or Brachypodium distachyon (28.0%) of the subfamilies
Oryzoideae and Pooideae, respectively.

The sister families of the Poaceae are Ecdeiocoleaceae
and Joinvilleaceae, all of which form the ‘graminid clade’
within Poales, but Ecdeiocoleaceae and Joinvilleaceae lack
the p-WGD of the Poaceae (McKain et al. 2016). Their
genome sizes of 1.98-2.72 pg/2C (Winterfeld et al. 2023)
are comparable to, but not half as large as that of the Anomo-
chlooideae and Pharoideae (2.48-3.63 pg/2C), as might be
expected in principle from the WGD event. However, assum-
ing that their chromosome numbers 2n =36, ca. 38 and ca.
48 reflect a fourfold ploidy based on x=9 and 12, their 1Cx
values are 0.50-0.68 pg (Winterfeld et al. 2023), about half
that of Anomochlooideae and Pharoideae (1.24-1.82 pg).

In addition, their MCs are 0.05-0.08 pg (Winterfeld et al.
2023), about half that of Anomochlooideae and Pharoideae
(0.10-0.17 pg). This all implies that the p event would
indeed still be reflected in the genome and chromosome size
data of the ‘basal’ grass subfamilies compared to the clos-
est sister families of Poaceae, suggesting a pre-p karyotype
of 9-12 chromosomes as an intermediate stage between 7
protochromosomes (Murat et al. 2014; Pont et al. 2019) and
the formation of the AGK.

Genome sizes and the origins of the “spikelet clade’
and the ‘core grasses’

The ‘spikelet clade’, i.e. all grass subfamilies except for the
Anomochlooideae, and the ‘core grasses’, which include the
BOP and PACMAD clades as sister lineages, do not appear
to be characterized by a consistent clear difference in 1Cx
genome size or chromosome sizes (MC) compared to the
Anomochlooideae or the Anomochlooideae and Pharoideae
(Table 2; Figs. 1B,C, 2).

It is therefore conceivable that genome sizes of about
1.2-1.8 pg/1Cx, such as those of the studied representatives
of the Anomochlooideae (Streptochaeta angustifolia) and
Pharoideae (Pharus latifolius), can be considered as ances-
tral for the grasses. This value is much lower than the previ-
ous suggestion of 3.0 pg to 5.2 pg DNA per 2C nucleus for
the genome size of the ancestor of the grass family (Caetano-
Anollés 2005). The very small genomes found in the Ory-
zoideae and parts of the Bambusoideae could therefore be
the result of genome shrinkage and thus of secondary origin.
Within the BOP clade, this probably applies to some Poo-
ideae as well (Winterfeld et al. 2024). Furthermore, within
the PACMAD clade, secondarily reduced 1Cx genome sizes
(Table 2) are also plausible for the Arundinoideae, parts of
the Chloridoideae and the Panicoideae compared to the
Aristidoideae.

In the opposite case, small genomes such as that of rice
(Oryzoideae) would have been ancestral within the grasses,
with a corresponding (apomorphic) genome enlargement
already occurring within the ‘early diverging’ lineages
Anomochlooideae and Pharoideae, as well as within the line-
ages of the BOP clade except for the Oryzoideae, and addi-
tionally within the PACMAD clade. This hypothesis cannot
be excluded in principle, but seems less plausible. Genome
size data on the second genus of the Anomochlooideae, the
monospecific genus Anomochloa, the other two genera of
the Pharoideae (Leptaspis and Scrotochloa), and especially
the third subfamily of the ‘early diverging’ lineages, namely
the subfamily Puelioideae (Guaduella, Puelia), which has
not yet been investigated in this respect and which together
with the ‘core grasses’ (BOP and PACMAD clades) forms
the monophyletic ‘bistigmatic clade’, would be needed for a
final clarification of this question.
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«Fig. 3 Ancestral grass karyotype (AGK) and evolution of chromo-
some base numbers in Poaceae. The monoploid numbers (x) are given
for each grass subfamily, and the most frequent numbers are printed
in red. Blue and green background colors indicate lineages where
the AGK is largely conserved, as shown by nuclear genome sequenc-
ing for Bambusoideae, Oryzoideae and Pharoideae, or is expected
based on the conserved chromosome base number x=12, such as
in some lineages within the subfamily Pooideae of the BOP clade,
but also within the PACMAD clade, for example in the subfamilies
Aristidoideae, Chloridoideae and Panicoideae. Dated phylogenetic
trees based on plastome (a) and nuclear phylogenomic (b) analyses
adapted from Gallaher et al. (2019, 2022) and Huang et al. (2022).
Ho. Holocene, Ple. Pleistocene, Pli. Pliocene, Qu. Quaternary

Ancestral grass karyotype (AGK)

The paleogenomic reconstruction of the AKG with 12 chro-
mosomes, which arose after the p event, a genome duplica-
tion that resulted in a chromosome set of most likely 14
chromosomes that was restructured to 12, is supported by
the well preserved synteny at the chromosomal level the in
studied species of the different grass subfamilies. Compara-
tively few chromosomal rearrangements occurred between
Pharus latifolius and rice, with some more changes with
respect to Phyllostachys edulis (Bambusoideae), for exam-
ple, suggesting that the AGK remained evolutionarily rather
static for a long time after the origin of grasses (Ma et al.
2021). Differences were larger for Sorghum bicolor and
Cenchrus americanus (both Panicoideae) and particularly
dramatic for representative taxa from other lineages of the
‘core Poaceae’, i.e. Oropetium thomaeum (Chloridoideae),
Brachypodium distachyon and Aegilops tauschii (both Poo-
ideae). Most rearrangements therefore were lineage-specific
and occurred within subfamilies, with the AGK remaining
largely unchanged in the lineage leading to the ‘core Poo-
ideae’, after the split of Pharoideae (Ma et al. 2021) and, by
implication, Puelioideae.

The chromosome base numbers of grasses show a preva-
lence of x=12 in most subfamilies (Table 2; Fig. 3). This
is true for the Pharoideae and Puelioideae within the ‘early
diverging lineages’, while x=11 was recorded for two Strep-
tochaeta species of the Anomochlooideae. Anomochloa
marantoidea, on the other hand, has 2n =36, suggesting
x=18, which is supported by the occurrence of 18 biva-
lents in the meiotic prophase of this species (Hunziker et al.
1989). However, since nearly half of the sexually reproduc-
ing polyploid plants show bivalent chromosome pairing and
are functionally diploid (Li et al. 2021a, b), Anomochloa
could also represent a diploidized polyploid species, mak-
ing x=9 a possible monoploid number for Anomochloa. It
could have arisen, like x=11 in Streptochaeta, by descend-
ing dysploidy from x=12.

The number x= 12 prevails in the subfamilies of the BOP
clade, only in Bambusoideae lower numbers x=7, 9, 10, 11
are well documented and were most likely also derived by

reductional dysploidy. This is also true for the Pooideae,
where x=7, the chromosome base number often considered
to be characteristic of this subfamily, actually prevails only
in its phylogenetically late diverging lineages, summarized
as the ‘core Pooideae’, while its early diverging lineages
mostly have x=12 (Fig. 3) (Winterfeld et al. 2024).

The same might apply to the PACMAD clade, where the
higher monoploid numbers x=11, 12 are represented in the
Aristidoideae, which represents the earliest diverging line-
age of this clade according to the nuclear DNA phylogenetic
analyses (Fig. 3b). Comparatively high numbers of x=9, 10
are also found in the Panicoideae and Chloridoideae, from
which much lower chromosome base numbers are derived,
similar to Pooideae (Table 2; Fig. 3).

As mentioned above, rice has largely preserved the AGK
(Wang et al. 2015), but so have bamboos with few changes
in genome structure after their split from other clades. The
studied genomes of bamboos, including diploid, tetraploid
and hexaploid species, show genome-wide collinearity with
the rice genome (Guo et al. 2019; Ma et al. 2021), while
major genomic repatterning processes such as chromosome
fusions and subsequent chromosome base number reduction
are widespread in grasses but concentrated in the phyloge-
netically late diverging lineages. The increasing number of
genomic analyses in different grass clades shows that the
AGK with 12 chromosomes is unexpectedly well conserved
in grasses and has remained evolutionarily almost unchanged
for almost 100 million years in some grass lineages (Fig. 3).
The majority of major genome rearrangements, as seen in
both the BOP and the PACMAD clades, are lineage-specific
and occurred after the diversification of their subfamilies
had begun.

Conclusion and outlook

Data on genome sizes, which can be obtained relatively eas-
ily by FCM and for which field fixations of leaf samples
using silica gel can also be used, in conjunction with knowl-
edge of chromosome numbers, i.e. classical cytogenetic data
and the increasing number of sequenced genomes of wild
grasses, allow a completely new perspective on the genome
and chromosome evolution of this fascinating and success-
ful group of plants. Unfortunately, for many of the mainly
tropical-subtropical groups of grasses, even the baseline data
of chromosome numbers or C-values are completely missing
or only a few are available.

It would be particularly interesting for future studies to
sequence the genomes of representatives of the subfamily
Puelioideae (x=12) of the basal grass lineages, as well as
those of the subfamilies Pooideae (BOP clade) and Aristi-
doideae, Chloridoideae, Panicoideae (PACMAD clade), in
which the chromosome base number x =12 is found. This
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would make it possible to clarify the possible occurrence of
the evolutionarily unexpectedly static and in some lineages
almost unchanged AGK also for other grass subfamilies.
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Online Resource 2. Genome sizes (2C values) of taxa taken from the
literature and used in this study.

Supplementary Information The online version contains supplemen-
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