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* Background and Aims Cycads are regarded as an ancient lineage of living seed plants, and hold important
clues to understand the early evolutionary trends of seed plants. The molecular phylogeny and spatio-temporal
diversification of one of the species-rich genera of cycads, Macrozamia, have not been well reconstructed.

* Methods We analysed a transcriptome dataset of 4740 single-copy nuclear genes (SCGs) of 39 Macrozamia spe-
cies and two outgroup taxa. Based on concatenated (maximum parsimony, maximum likelihood) and multispecies
coalescent analyses, we first establish a well-resolved phylogenetic tree of Macrozamia. To identify cyto-nuclear
incongruence, the plastid protein coding genes (PCGs) from transcriptome data are extracted using the software
HybPiper. Furthermore, we explore the biogeographical history of the genus and shed light on the pattern of flor-
istic exchange between three distinct areas of Australia. Six key diagnostic characters are traced on the phylogen-
etic framework using two comparative methods, and infra-generic classification is investigated.

* Key Results The tree topologies of concatenated and multi-species coalescent analyses of SCGs are mostly
congruent with a few conflicting nodes, while those from plastid PCGs show poorly supported relationships. The
genus contains three major clades that correspond to their distinct distributional areas in Australia. The crown
group of Macrozamia is estimated to around 11.80 Ma, with a major expansion in the last 5-6 Myr. Six morpho-
logical characters show homoplasy, and the traditional phenetic sectional division of the genus is inconsistent with
this current phylogeny.

e Conclusions This first detailed phylogenetic investigation of Macrozamia demonstrates promising prospects
of SCGs in resolving phylogenetic relationships within cycads. Our study suggests that Macrozamia, once widely
distributed in Australia, underwent major extinctions because of fluctuating climatic conditions such as cooling
and mesic biome disappearance in the past. The current close placement of morphologically distinct species in the
phylogenetic tree may be related to neotenic events that occurred in the genus.

Key words: Cycadales, Macrozamia, biogeography, phylotranscriptomics, character evolution, gymnosperms.

2004; Treutlein et al., 2005; De Castro et al., 2006; Gonzalez et
al., 2008; Xiao et al., 2010; Moynihan et al., 2012; Clugston et
al., 2016; Gutiérrez-Ortega et al., 2018; J. Liu er al., 2018, 2022;
Calonje et al., 2019; Medina-Villarreal et al., 2019; Mankga et
al., 2020). However, the phylogenetic relationships within one
of the most species-rich genera of cycads, Macrozamia, have
not been well studied. There are 41 species of Macrozamia en-
demic to subtropical and warm-temperate areas of Australia,
and which are usually found on arid soils in sclerophyll com-
munities (Hill and Osborne, 2001; Osborne et al., 2012).

INTRODUCTION

Cycads, with ten extant genera, are regarded as one of the
first branching lineages of seed plants (Brenner et al., 2003a).
They have a long evolutionary history holding important clues
to understand early evolutionary trends of seed plants such
as the origin and evolution of cones, seeds and plant vegeta-
tive structures (Brenner et al., 2003a, b; Salas-Leiva et al.,
2013; Zumajo-Cardona et al., 2021a, b). Thus, it is important
to understand the evolutionary trends and phylogenetic rela-

tionships among taxa, and contribute towards their conserva-
tion. Unfortunately, nearly 63 % of extant cycads worldwide
are threatened by extinction due to habitat destruction and
degradation, and are included in the International Union for
Conservation of Nature (IUCN) Red List of Threatened Plants
(IUCN, 2022). Phylogenetic relationships within cycads have
been highlighted previously for several genera (Caputo et al.,

Molecular phylogenetic relationships within Macrozamia
are unresolved as no extensive studies have focused on this
genus. Sangin et al. (2008) studied the phylogenetic relation-
ships within Zamiaceae based on a chloroplast DNA (cpDNA)
(non-coding trnS-trnG) region. Their study included only 11
species of Macrozamia, but did not obtain any well-supported
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phylogenetic relationships within the genus. Ingham et al.
(2013) sequenced two chloroplast intergenic regions (atpH-atpl
and trnL-trnF) for all the described species of Macrozamia and
focused on the biogeographical distribution of species among
distinct areas based on their haplotype network.

Macrozamia is restricted primarily to eastern Australia with
only three species reported from south-western Australia and
one species recognized from central Australia (Ingham et al.,
2013). Using the extrapolation of the crown group age from
Crisp and Cook (2011), Ingham et al. (2013) concluded that the
diversification of Macrozamia species from eastern to western
Australia occurred about 6 Ma. Moreover, the only species of
Macrozamia in central Australia (Macrozamia macdonnellii)
was isolated from species in eastern Australia by an event
occurring in the Pleistocene (Ingham ef al., 2013). However,
because of the low level of cpDNA divergence between species,
investigations based on reliable phylogenetic reconstructions
with an extensive dataset and significant informative charac-
ters are required to explore the diversification pattern of species
within the genus. Therefore, a detailed exploration of the mo-
lecular phylogeny and investigation of spatio-temporal diversi-
fication of the genus Macrozamia is required.

The spatio-temporal dynamics of the genus is of particular
importance for pollination biology as Macrozamia species have
an obligate pollination mutualism with their obligate thrips
pollinators in the genus Cycadothrips (Thysanoptera, family
Aeolothripidae), weevils within the genus Tranes (Coleoptera,
family Curculionidae) or the genus Paracucujus (Coleoptera,
family Boganiidae). Additionally, a few species are pollinated

by both Cycadothrips and Tranes (Jones et al.,2001; Mound and
Terry, 2001; Terry et al., 2007, 2014; Cai et al., 2018). Mapping
of functional traits responsible for such mutualism onto com-
prehensive phylogenies of these tightly associated mutualistic
organisms would allow further inference into the processes
responsible for their co-diversification. The spatio-temporal
diversification pattern of the genus Macrozamia revealed in
the present study we hope will lay the foundation for exten-
sive studies, for example those regarding obligate pollination
mutualism among these mutualistic organisms (Brookes et al.,
2015).

Based on leaf morphology, Hill (1998) divided the then rec-
ognized 38 species into two sections: M. sect. Macrozamia
and M. sect. Parazamia. Macrozamia sect. Macrozamia (15
species) is characterized by large plants with 12—-150 leaves
in the crown; pinnae thin, veins visible on leaves, sometimes
raised on the lower surface when dry; mucilage canals pre-
sent in pinnae; and lower pinnae reduced to spines. In contrast,
M. sect. Parazamia (23 species) comprises small plants with
1-15 leaves in the crown; thick and prominent veins on the
lower surface, especially when dry; mucilage canals absent in
pinnae; and lower pinnae not reduced to spines. Furthermore,
closely related species were also assigned as species complexes
within each section of Macrozamia, based on their morphology
and adjacent geological proximity (Jones and Forster, 1994;
Hill and Osborne, 2001; Jones et al., 2001; Forster, 2004).
Morphological features of Macrozamia are presented in Fig. 1.
Isozyme investigations indicated low to high genetic diversity
among the species within these complexes (Sharma ez al., 1998,

FiG. 1. Morphological diversity of Macrozamia. (A) Subterranean plant of M. lomandroides with fewer leaves in a crown; (B) small arborescent stem of M.
macdonnellii with several blue-green leaves arranged in a crown; (C) arborescent stem of M. moorei; (D) keeled leaves of M. macdonnellii; (E) flat leaves of M.
Jjohnsonii; (F) male cone of M. crassifolia; (G, H) female cone of M. miquelii with orange-red seed. Photographs by A. Lindstrom.
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1999a, b, 2004). The sectional classification and phylogenetic
placement of Macrozamia species required detailed investiga-
tion based on a reliable phylogenetic framework using new mo-
lecular data combined with existing data and approaches (Daly
etal.,2001).

Phylogenetic analyses based on transcriptome sequences
have proved to be efficient and cost-effective (Leebens-Mack et
al., 2019; Stull et al., 2021). Recent studies have demonstrated
the utility of transcriptome data for resolving the relationships
among several seed plant groups (J. Wen et al., 2013, 2020; Yang
et al., 2014; Dorsey et al., 2018). Furthermore, transcriptome
data have also been extensively used for exploring character
evolution, possible hybridization events and biogeographical
history (Ali et al., 2020; C. Zhang et al., 2021; Y. Y. Liu et al.,
2022). Given the potential significance of transcriptome-based
phylogenomics, the present study uses this approach to resolve
the deep relationships within the genus Macrozamia. The spa-
tial and temporal diversification of the genus is then analysed
based on our well-resolved phylogenetic framework and reli-
able fossil evidence. Finally, evolution of key morphological
characters is traced to test the section-based classification and
species complexes of Macrozamia within the phylogenetic
framework.

MATERIALS AND METHODS

Sampling, sequencing and transcriptome data retrieval

Forty-one raw sequences were obtained from our research pro-
ject on the Cycas genome, investigated with whole genome of
Cycas panzhihuaensis, complemented by the transcriptomes of
339 cycad species (Y. Liu et al., 2022). Our in-group sampling
consists of 39 Macrozamia and two outgroup representative
taxa from the sister genera Lepidozamia and Encephalartos.
Among these 41 accessions, 40 were newly sampled in Y. Liu
et al., (2022), and one species (M. macdonnellii) was newly
added in this study. These species were collected from the
Nong Nooch Tropical Botanical Garden, Pattaya, Thailand
(NNTBG). The voucher specimens were deposited at Bangkok
Herbarium (BK), Thailand, and Natural History Museum (W),
Austria (Table 1).

The raw sequencing reads were trimmed and filtered for
adaptors, low quality and duplicate reads, using Trimmomatic
(https://github.com/timflutre/trimmomatic). The cleaned tran-
scriptome reads were de novo assembled using the Trinity
pipeline (Grabherr et al., 2011). From the assembled tran-
scriptomes, the longest transcripts were selected and anno-
tated with TransDecoder (https://github.com/TransDecoder).
Annotated transcripts were then subjected to orthology detec-
tion using OrthoFinder (Emms and Kelly, 2019). The software
KinFin (Laetsch and Blaxter, 2017) was used to select the
mostly single copy genes (SCGs) for phylogenetic reconstruc-
tion with default settings. SCGs present in more than 70 %
of the taxa were selected for subsequent phylogenomic ana-
lyses. The dataset of each gene was filtered to keep only SCGs
and aligned using a local version of the program TranslatorX
(Abascal et al., 2010). Briefly, the nucleotide sequences were
first translated into an amino acid sequence using the standard
genetic code, and then an amino acid alignment was created
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by using MAFFT (Katoh and Standley, 2013). Ambiguous
portions in the alignment were trimmed by Gblocks (Talavera
and Castresana, 2007) with the least stringent settings. The
cleaned amino acid alignment was then used as a guide to
generate the alignment for nucleotide sequences for further
concatenation- and coalescent-based phylogenetic infer-
ences. Clean RNA-sequencing (RNA-seq) reads of 41 spe-
cies have been submitted to GenBank under the BioProject
ID PRINAS09119.

Phylotranscriptomic analyses

For different SCG datasets, i.e. nucleotide data including
all codon positions (nt), nucleotide data from first and second
codon position (nt 12) and amino acid alignments (aa), we
used both coalescent and supermatrix approaches for ana-
lysis. For supermatrix analyses, the final alignments for in-
dividual genes were concatenated into combined nucleotide
datasets with SeqKit (Shen et al., 2016). The best maximum
likelihood (ML) tree for the concatenated nucleotide dataset
was constructed using IQ-TREE 2 (Minh et al., 2020), with
ultra-fast bootstrap analysis of 1000 replicates. ModelFinder
(Kalyaanamoorthy et al., 2017) was used to specify the best-fit
nucleotide substitution models, as implemented in IQ-TREE 2.
We extracted the variable sites of the complete dataset using a
custom perl script (provided on request). The resultant dataset
was used for maximum parsimony (MP) analysis, conducted
in PAUP 4.0 b10 (Swofford, 2003), with a heuristic search
strategy followed by random addition starting trees with op-
tions of tree-bisection-reconnection (TBR) branch swapping,
and MulTrees selected. Gaps were treated as missing data.
Bootstrap values (BS) were obtained from 1000 replicates of
heuristic searches as described above (TBR branch swapping,
and MulTrees selected), with ten random addition-sequence
replicates. (Fig. 2A)

For multi-species coalescent-based analyses, individual gene
trees were constructed using IQ-TREE 2, following the same
procedure mentioned for the concatenated dataset. These indi-
vidual unrooted gene trees were then used as input data to esti-
mate species trees using ASTRAL-III (C. Zhang et al., 2018).
This program maximizes the number of quartet trees shared be-
tween the species tree and the gene trees. The option ‘-t 8" was
used to calculate quartet support (g) for each branch including
the main topology and the first and second alternatives. To in-
vestigate ambiguously inferred relationships, we used the soft-
ware SplitsTree5 (Huson, 1998; Huson and Bryant, 2006). The
dataset containing variable sites of SCGs for 39 Macrozamia
species was used as the input data to infer the neighbour-net
phylogenetic networks based on uncorrected P distances.

To identify the cyto-nuclear phylogenies of Macrozamia, the
plastid protein-coding genes (PCGs) were extracted from tran-
scriptome data using HybPiper (Johnson et al., 2016), with the
plastid protein coding sequences from available gymnosperms
as baits. The resultant datasets were aligned using MAFFT
(Katoh and Standley, 2013), and imported into Geneious
v.10.0.2 (https://www.geneious.com) for manually checking.
Prior to concatenation, genes <200 bp in length and <50 % rep-
resentative species were removed. An ML tree was constructed
for the concatenated plastid dataset in RAXML v.8 (Stamatakis,
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TABLE 1. Information on the 41 transcriptome datasets for 39 Macrozamia, one Encephalartos and one Lepidozamia species investi-

gated in this study.

Taxon name Voucher accession no.  NCBI accession no.  Clean reads/raw reads (Gb)  Unigene no. min_len (bp) avg_len (bp) max_len (bp)
M. cardiacensis BK 083982 SRR18094554 4.22/6 29 562 150 1206 17082
M. communis BK 083983 SRR18094553 4.06/6 28 802 150 1159.8 13 683
M. conferta BK 083984 SRR18094542 4.20/6 28 459 150 1225.5 11808
M. cranei BK 083985 SRR18094531 4.22/6 31467 150 1191.6 15 669
M. crassifolia BK 083986 SRR18094520 4.05/6 31855 150 1136.4 11781
M. diplomera BK 083987 SRR18094518 4.26/6 27 674 150 1258.5 16 476
M. douglasii BK 083988 SRR18094517 4.21/6 30210 150 1186.2 17 082
M. dyeri BK 084010 SRR18094516 3.98/6 28 748 150 1152.3 11 466
M. elegans BK 083989 SRR18094515 4.16/6 27 965 150 1215.3 12 579
M. fawcettii W 20120010308 SRR18094514 4.20/6 27 546 150 1218.9 11778
M. fearnsidei W 20120010301 SRR18094552 4.01/6 32459 150 1174.5 12 693
M. flexuosa BK 083990 SRR18094551 4.00/6 28 644 150 1218 11532
M. fraseri BK 084011 SRR18094550 3.86/6 27 559 150 1157.7 11469
M. glaucophylla BK 083991 SRR 18094549 4.53/6 32176 150 1168.2 13 683
M. heteromera BK 083992 SRR18094548 4.00/6 27756 150 1185.6 11 466
M. humilis BK 083993 SRR18094547 4.49/6 25 856 150 1263.6 14 265
M. lomandroides W 20120010108 SRR18094546 4.20/6 28 967 150 1086.9 11778
M. longispina W 20120010306 SRR18094545 4.03/6 28 668 150 1187.7 11778
M. lucida BK 083994 SRR18094544 4.13/6 30133 150 1192.5 11778
M. macdonnellii BK 083995 SRR18094543 3.92/6 16 446 150 1014 11376
M. machinii BK 083996 SRR18094541 4.08/6 31294 150 1180.8 15 654
M. macleayi W 20120010297 SRR 18094540 4.17/6 31729 150 1167 15 669
M. miquelii BK 083997 SRR18094539 4.58/6 24 997 150 1236.6 11985
M. montana BK 083998 SRR18094538 4.07/6 27715 150 1236 17 082
M. moorei BK 083999 SRR18094537 4.37/6 34133 150 1164.3 14 640
M. mountperriensis W 20120010307 SRR18094536 4.11/6 30529 150 1130.7 11778
M. parcifolia W 20120010311 SRR18094535 4.25/6 28702 150 1207.2 11778
M. pauli-guilielmi W 20120010310 SRR18094534 3.85/6 25950 150 1176.3 11778
M. platyrhachis BK 084000 SRR18094533 3.96/6 25124 150 1225.2 11 466
M. plurinervia BK 084001 SRR18094532 4.26/6 28 303 150 1178.4 13749
M. polymorpha BK 084002 SRR18094530 4.12/6 28 348 150 1210.8 12 567
M. reducta BK 084003 SRR18094529 4.39/6 23511 150 1258.5 11 466
M. riedlei BK 084004 SRR18094528 3.98/6 26715 150 1243.8 15555
M. secunda BK 084005 SRR18094527 3.99/6 28 205 150 1126.8 11 466
M. serpentina W 20120010312 SRR18094526 4.25/6 27 589 150 1244.7 14514
M. spiralis BK 084006 SRR18094525 4.3/6 28 205 150 1197.9 11976
M. stenomera BK 084007 SRR18094524 4.6/6 29 550 150 1239.6 13 683
M. viridis BK 084008 SRR18094523 3.93/6 30 166 150 1183.2 11778
M. johnsonii BK 084009 SRR18094522 8.5/12 55003 255 612.3 13332
E. longifolius BK 084012 SRR18094521 8.85/12 70238 255 591.3 12 198
L. hopei BK 084013 SRR18094519 4.16/6 80 589 255 558.3 15537
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F1G. 2. Phylogenetic tree of the genus Macrozamia based on a transcriptome dataset of 4740 single copy nuclear genes (SCGs). (A) ML tree inferred from the
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2014), with the GTR + G substitution model with 100 bootstrap
replicates.

Molecular dating and ancestral area reconstruction

Because individual gene trees might show incongruent
phylogenetic signal, which affects dating analyses, we care-
fully checked the individual gene trees and selected 50 genes
that produced a congruent tree topology with the species tree
for dating analyses. Moreover, these 50 genes have higher spe-
cies coverage, a threshold of >50 % and sufficient nucleotide
divergence. 50-gene ML tree was first constrained to the tree
topologies derived from concatenated, multi-species coales-
cent analyses in RAXML, following the same analytical pro-
cedure mentioned for the plastid dataset. The resultant 50-gene
trees were used to calculate divergence times using the pen-
alized likelihood method in TreePL (Sanderson, 2002; Smith
and O’Meara, 2012). The most recent molecular dating ana-
lyses of cycads were performed by Y. Liu et al. (2022), based
on transcriptome data, using six fossils for the cycad species
tree that mainly derived from Condamine et al. (2015). Three
fossil calibration points used for estimating the age of each
tree were as follows: the first calibration point was placed at
the stem node of Lepidozamia (range: 33.9-265.1 Ma; K. D.
Hill, 1998). The second and third points were constrained to
the crown age of Macrozamia (range: 7.2-11.9 Ma), and root
of the Encephalarteae (range: 46.2—69.1 Ma) following Y. Liu
et al. (2022). The resultant 100 calibrated trees from treePL
were used as input for constructing maximum clade cred-
ibility (MCC) trees with median ages and 95 % highest pos-
terior density (HPD) intervals on nodes using TreeAnnotator
v.2.6.2 (Helfrich et al., 2018). The final results were visualized
in FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).
ML estimates of branch-specific substitution rates were calcu-
lated with HyPhy v.2.0 (Pond et al., 2005) under the MG94W9
codon model (Muse and Gaut, 1994) and allowing for inde-
pendent estimation of nonsynoymous (d,)) and synonymous (d,)
substitution values for each branch (the local parameters op-
tion) following Richardson et al. (2013) and by using the con-
catenated nucleotide data matrix (excluding outgroups) and the
corresponding ML tree inferred from the concatenated nucleo-
tide dataset with IQ-TREE 2 as previously described. The abso-
lute rate of silent substitutions for Macrozamia was calculated
by dividing the total synonymous substitutions accumulated by
the crown age (in billions of years) of the genus.

Distribution data for Macrozamia species were compiled
based on herbarium records in Australia’s Virtual Herbarium
(AVH, https://avh.ala.org.au/#tab_simpleSearch ), and online
Global Biodiversity Information Facility (GBIF, http://www.
gbif.org/). We used the R package ‘BioGeoBEARS’ (Matzke,
2018) to estimate the ancestral range states of the Macrozamia
species and reconstruct biogeographical histories of the lin-
eages. Areas of endemism were applied to reveal the exchange
pattern between four phylogeographical distribution areas of
Macrozamia, namely A: south-west western Australia, B: cen-
tral Australia, C: New South Wales (eastern Australia) and
D: Queensland (eastern Australia). Eastern, western and cen-
tral Australia are three well-separated bioregions of Australia.
In Macrozamia, all but four species are distributed in eastern

Australia. While studying the historical biogeography of
Australian Rhamnaceae, Ladiges er al. (2005) divided eastern
Australia into three bioregions (i.e. Queensland, McPherson-
Macleay and New South Wales). McPherson-Macleay is the
region between Queensland and New South Wales, but the
southern boundary of this region is not distinct. Thus, we modi-
fied this three bio-region approach into two bio-regions con-
gruent with Queensland and New South Wales states based
on the distinct diversification pattern of Macrozamia species
within these areas and with limited dispersals occurring be-
tween them.

Three basic models, i.e. DEC, DIVALIKE and
BAYAREALIKE, were tested in BioGeoBEARS, with or
without the ‘jump dispersal’ parameter j, which weights
founder-event speciation in the evolutionary estimation. After
selecting the optimal model using the Akaike Information
Criterion (AIC), the most likely ancestral range reconstructions
at each node were extracted and identified for dispersal events
on the phylogeny where range expansions or shifts occurred
between the ancestor and offspring nodes of a branch.

Character state reconstruction

We traced the evolution of six diagnostic morphological
traits of interest reported in previous studies (Hill and Osborne,
2001) over the molecular phylogeny: 1. Stem: (0) subterranean
(1) small arborescent (2) arborescent; 2. Stomatal distribution:
(0) amphistomatic (1) hypostomatic; 3. Number of leaves in a
crown: (0) > 12 (1) < 12; 4. Pinnacanth formation (basal pinnae
reduction to spines): (0) absent (1) present; S. Leaf surface:
(0) flat (1) keeled; 6. Seed colour: (0) red (1) orange-red (2)
orange. Character states were coded with some modifications
that mainly followed K. D. Hill (1998) and Hill and Osborne
(2001). For stem arborescence, we described three alternative
states (subterranean vs. small arborescent vs. arborescent) in-
stead of two (subterranean vs. arborescent). Species with no
trunk, trunk < 0.6 m and trunk > 0.6 m were coded as subter-
ranean, small arborescent and arborescent, respectively. For
leaf surface, two alternative states, flat vs. keeled, were used
instead of the multiple states, flat vs. slightly keeled vs. moder-
ately keeled vs. strongly keeled, used by K. D. Hill (1998) and
Hill and Osborne (2001). This change was done because sev-
eral species were observed to be polymorphic (e.g. Macrozamia
conferta and M. polymorpha) within the keeled types. The de-
tailed character matrix was completed with data from literature
resources (K. D. Hill, 1998; Hill and Osborne, 2001; Jones et
al., 2001).

The character states were optimized onto the tree generated
from the ML analysis of the concatenated dataset in Mesquite
v.3.70 (Maddison and Maddison, 2021) using the ML criterion
with Markov k-state one-parameter (Mkl) model (Lewis,
2001), and also in R using the package ‘ape’ with the function
ace (Paradis et al., 2004). Prior to ancestral state reconstruction
in R, likelihood ratio test (LRT) analysis was performed to test
the three different evolutionary models: the ER model (equal
rates), the SYM model (symmetrical) and the ARD model
(all-rates-different). The best fitting model with the lowest
AIC score was selected to infer the ancestral states for each
character.
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RESULTS

Phylogenetic reconstruction based on transcriptome sequencing

In total, 6-12 Gb of transcriptome data were generated for each
of 41 species representing 39 of 41 species of Macrozamia (the
two missing species are Macrozamia concinna and M. occidua),
and two outgroup species (Table 1). We identified 4740 shared
SCGs for the phylogenetic reconstruction of Macrozamia with
an average alignment length of ~5000 bp and with missing data
ranging from 0 % to 31.71 %. The aligned length of the concat-
enated dataset was 6 018 478 bp with 153 656 (2.50 %) variable
sites and 69 020 (1.15 %) parsimony-informative sites. To con-
struct the plastid data matrix, plastid PCGs from all 41 species
were extracted from the transcriptome data. After excluding
genes <200 bp in length and with <50 % species coverage,
the final dataset consisted of 40 plastid PCGs with an aligned
length of the concatenated dataset of 33 651 bp and with 2174
(6.4 %) variable sites, 490 (1.45 %) parsimony-informative
sites and 31.34 % missing data. Furthermore, we screened out
50 SCGs for a divergence time estimation with higher species
coverage with a threshold of >50 % and sufficient nucleotide
divergence. The final alignment of these 50 concatenated SCGs
was about 52 kb.

The ML tree topologies produced from the concatenated
analyses (nt, nt12, aa) were highly concordant (Fig. 2A). MP
analysis generated a topology that is similar to the ML tree
with no well-supported (>75 % bootstrap support) conflicts
detected, except for the position of Macrozamia secunda (Fig.
2A). In the multi-species coalescent analyses in ASTRAL-III,
no discordance was observed in some of the inferred rela-
tionships between analyses of nt, nt12 and aa matrices (Fig.
2B). These relationships revealed that the ntl2 and aa top-
ologies were not well supported as compared to the nt tree
topologies (Fig. 2B). Furthermore, well-supported conflict
among gene histories and the species history was found for
some topologies in our phylogenetic reconstructions of SCGs
(Fig. 2). the phylogenetic ML tree, based on a concatenated
dataset of 40 plastid PCGs, yielded poorly supported top-
ologies (Supplementary Data Fig. S1). Therefore, in the fol-
lowing discussion, we focus on the results from the MP and
ML analyses of supermatrix (hereafter MP-con and ML-con)
and multi-species coalescent analyses (hereafter MS-col) of
SCGs.

Relationships among major lineages of Macrozamia

Based on MP-con, ML-con and MS-col analyses, the
genus Macrozamia is divided into three well-supported major
clades (MP bootstrap = 100 %; ML bootstrap = 100 %;
MS posterior probabilities = 1; Fig. 2). Quartet analysis in
ASTRAL-III also indicated higher support values for the
main topology (ql) as compared to their first and second al-
ternatives (q2 and q3) of all three major clades (Fig. 2B and
Supplementary Data Fig. S2). The phylogeny of Macrozamia
corresponded to its species distribution among the three dis-
tinct biogeographical regions of Australia. Three species
from western Australia, i.e. Macrozamia dyeri, M. fraseri
and M. riedlei, formed a monophyletic group, sister to all
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remaining taxa of Macrozamia, followed by clade II with M.
macdonnellii, the sole species from central Australia. Clade
III is the largest, including 35 species distributed in eastern
Australia. Although the phylogenetic relationship among
these major clades is consistent and maximally supported,
discrepancy occurred within clade III. ML-con approaches
revealed that clade III comprised two distinct and highly sup-
ported monophyletic groups (BS 100 %) with Macrozamia
johnsonii included within one of them and with maximum
support (BS 100 %). In contrast, based on our MS-col ana-
lyses (PP 0.99), M. johnsonii is recovered to be the first
diverging species within clade III and sister to a monophy-
letic group of all other remaining taxa. Quartet support ana-
lysis in ASTRAL-III indicated considerable gene tree conflict
around this branch (ql = 0.36, q2 = 0.29, q3 = 0.35; Fig. 2B
and Supplementary Data Fig. S2). Clade III species were
divided into two sub-clades, i.e. sub-clade A (including M.
johnsonii) and sub-clade B. Based on their morphological
affinities, these correspond to M. sect. Macrozamia and M.
sect. Parazamia, respectively. Phylogenetic relationships
within sub-clade A were highly consistent except for the
aforementioned conflict concerning M. johnsonii. Species of
sub-clade B were divided into four well-supported monophy-
letic groups. The phylogenetic relationships of these groups
within sub-clade B are poorly to moderately supported and
are inconsistent with our MP-con, ML-con and MS-col ana-
lyses (Fig. 2).

Splits graphs retrieved from the concatenated dataset con-
taining variable sites of SCGs revealed a clear clustering of
major clades of Macrozamia (Supplementary Data Fig. S3).
However, significant alternative splits were found, mainly in
sub-clade B, which represents an uncertainty in the phylo-
genetic placement of these taxa. Also, the conflicting position
of M. johnsonii is evident because this species was placed
close to sub-clade A and in between sub-clade A and sub-
clade B.

Biogeography and divergence times

Given the considerable gene tree conflict among diverging
groups of ML-con and MS-col analyses, we constrained the
50-gene ML tree to the topologies derived from both of these
analyses. The resultant trees were then subjected to further di-
versification analyses, which revealed almost the same findings.
The divergence times of Macrozamia and its major clades as es-
timated based on three calibrations are presented in Fig. 3, for
topologies derived from ML-con and MS-col analyses. Based
on the ML-con time tree, the crown group of Macrozamia di-
versified by 11.77 Ma [95 % highest posterior density (HPD):
11.49-11.9 Ma, node 0] during the late Miocene (Fig. 3A).
Clade I began its diversification at around 5.67 Ma (95 % HPD:
4.81-6.60 Ma; node 1) and the divergence between the central
(clade II) and the eastern Australia species (clade III) occurred
at 8.77 Ma (95 % HPD: 8.24-9.24 Ma; node 2). The crown
of clade III was estimated to have diversified 6.85 Ma (95 %
HPD: 6.28-7.52 Ma; node 3). The divergence time estimation
based on MS-col time showed similar results, except for M.
johnsonii. The split of M. johnsonii from the remaining clade
III taxa occurred around 6.46 Ma (95 % HPD: 5.83-7.00 Ma,
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node 4; Fig. 3B). In contrast, the ML-con time tree showed a
relatively recent divergence of this species from the remaining
taxa within sub-clade A of clade III around 4.5 Ma (95 % HPD:
3.85-5.11 Ma; Fig. 3A). Our results support the hypothesis that
a mostly Miocene radiation occurred in the genus with an ab-
solute rate of silent substitutions for Macrozamia at 2.0746 per
site/billion years (Supplementary Data Fig. S4).

For ancestral area reconstruction, higher log-likelihood
values were retrieved with three parameters in comparison to
two parameters among the six models (Supplementary Data
Table S1). This indicates a jump as an important pattern in
the range variation of Macrozamia. BioGeoBEARS analyses
showed DIVALIKE + j with the highest corrected AIC weight
(AICc_wt) scores as the best-fit biogeographical model for
ML-con and MS-col time trees (0.83 and 0.79, respectively).
Thus, we only present the reconstruction of BioGeoBEARS
under the DIVALIKE + j model (Fig. 3). The exact order of
dispersal for the species of Macrozamia was unknown (node 0,
Fig. 3). Based on the most likely ancestral range on each node,
a total of seven (traced on the ML-con tree) or eight (traced on
the MS-col tree) dispersal (speciation) events occurred across
the four distinct areas of occurrence of the genus. The earliest
dispersal event was estimated at the stem of clade II, followed

by remaining events that occurred in eastern Australia (Areas C
and D), within the last 7 Myr.

Ancestral state reconstruction

The likelihood inferences of six morphological charac-
ters based on the Mkl model on the ML-con tree are shown
in Figs 4 and 5. Among the three models implemented in ape,
ER was the best fitting model for all the observed characters.
Likelihood proportions for six key nodes of Macrozamia based
on the Mkl model and the ER models in R shown no well-
supported (PP > 0.85) conflict, and congruent results were re-
trieved for most of the nodes (Supplementary Data Table S2).

Character state evolution revealed some homoplasy in
each of the six morphological characters examined (Figs 4
and 5) with stem arborescence showing particularly high
homoplasy (Fig. 4A). The ancestral state of stem arbores-
cence for Macrozamia was uncertain due to the diversity of
stem appearance among the major early-diverging clades, but
was probably ‘subterranean’. It was also the ancestral state for
most of the other major nodes, with four and six independent
shifts occurring from subterranean to an ‘arborescent’ or
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‘small arborescent” stem, respectively (Fig. 4A). Stomata
distribution exhibited little homoplasy with an inferred shift
from ‘amphistomatic’ ancestrally to ‘hypostomatic’ in clade
IIT species (Fig. 4B). Moreover, ‘212’ leaves arranged in
the crown was the ancestral state in Macrozamia but shifted
to ‘<12’ leaves in species of sub-clade B of clade III. This
character state also arose once in sub-clade A of clade III
(Fig. 4C). Pinnacanth evolution was similarly complex, with
pinnacanth present as the ancestral state in Macrozamia and
with a shift to absence of pinnacanths in sub-clade B of clade
III. Also, within sub-clade A, the absence of pinnacanths was
inferred to have originated twice (Fig. 5SA). ‘Keeled’ leaf ra-
chis was the ancestral state is Macrozamia, and all other major
nodes. Independent origins of ‘flat’ leaf rachis was also in-
ferred once in clade I and three times in clade III (Fig. 5B).
For seed colour, ‘red’ was the ancestral character state for

Macrozamia, with independent shifts to orange-red seeds in
sub-clade A of clade III, and orange-brown seeds in clade II
(Fig. 50).

DISCUSSION

Transcriptome-based phylogeny of Macrozamia

The present study showed that Macrozamia species, having
plastid coding sequences and nuclear SCGs with few sig-
nificant variable (<6 %) and parsimony-informative sites
(<2 %), have highly conserved organellar and nuclear gen-
omes. Mitochondrial and plastid genome assemblies of cy-
cads revealed that cycad organellar genomes shared highly
similar genomic profiles, accompanied by extremely slow
evolution and mutation rates (Rai et al., 2003; Chang et al.,
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2020; Habib et al., 2021). However, fairly well to highly sup-
ported topologies within the genus Macrozamia retrieved
from SCGs for most branches indicated promising prospects
for SCGs towards resolving phylogenetic relationships within
cycads, in which organellar genomes were found to be rela-
tively static. However, the phylogenetic relationships among
some of the closely related species were not fully resolved,
such as within sub-clade B of clade III. This is the first study
to provide detailed insights into the evolutionary history of the
genus. Noisy sequences, insufficient data, rapid diversification,
hybridization and reticulate evolution have been considered
to explain low resolution and incongruence in phylogenetic
analyses (Sochor et al., 2015; Spalink et al., 2016; Y. Wang et
al., 2016). The SplitsTree network indicated that M. johnsonii
shared edges with sub-clade A at a deep level near to the base
(Supplementary Data Fig. S3). A network of shared edges oc-
curred at both shallow and deep nodes within sub-clade B. This

pattern indicated that ancient (in M. johnsonii), or both ancient
to recent (in sub-clade B species) hybridization/introgression
events occurred within Macrozamia. Furthermore, very short
branches for conflicting topologies in ML-con and MS-col ana-
lyses (Fig. 2; Fig. S3) showed the possibility of incomplete lin-
eage sorting (ILS) shaped the current phylogenetic pattern of
the genus Macrozamia.

Spatio-temporal diversification of Macrozamia

The fossil calibrations of the current study followed the
cycad phylogenomic and diversification analyses conducted
by Condamine et al. (2015). The split between Macrozamia
and its closest relatives Lepidozamia + Encephalartos oc-
curred at around 57.62 Ma (95 % HPD: 46.2-69.1 Ma) during
the late Palaeocene to early Eocene (Fig. 3). However, extant
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Macrozamia species did not diversify until the late Miocene
at about 11.77-11.8 Ma. Previous studies estimated the crown
age of Macrozamia around 6 Ma (Crisp and Cook, 2011). The
difference in node ages among the two studies occurred due
differences in fossil calibrations and the low resolution of the
markers used. However, both studies supported the hypothesis
of mostly Miocene radiations in Macrozamia.

Long branches in phylogeny are usually hypothesized to be
the consequence of extinction driven by climatic factors such
as cooling/warming, and aridification (Crisp and Cook, 2011).
This phenomenon is common in several gymnosperm lineages
studied to date (Crisp and Cook, 2011; Stull et al., 2021). The
stem of the genus Macrozamia is also found to have a long
branch, before the genus started its diversification around
11 Ma. The absolute rate of silent substitutions for Macrozamia
was found to be significantly slower than that of angiosperms
(Richardson et al., 2013). The high level of sequence conserva-
tion within Macrozamia might imply either slow substitution
rates in the genus, a short divergence time for the accumula-
tion of molecular mutations or both. Australia was once dom-
inated by mesic habitats, with much of its area covered by
rainforests (Byrne et al., 2011). The period of global cooling
and drying started with the opening of a deep sea between
Antarctica, Australia and South America at around 32 Ma (Hill
and Brodribb, 1999; Zachos et al., 2001; R. S. Hill, 2004). This
led to the expansion of eremaean biomes (semi-arid and arid
zones) in Australia, especially over the past 15-14 Myr. The
expansion of the arid zone intensified during the Pliocene about
2-4 Ma (Kershaw et al., 1994, 2005; Hill and Brodribb, 1999;
Gallagher et al., 2010; Byrne et al., 2011). As a result, mesic-
adapted taxa either became extinct, became restricted to less
arid regions or adapted to the drier environments (R. S. Hill,
2004; Donoghue, 2008; Gallagher et al., 2010). Significant ex-
tinctions have also been reported in other gymnosperms during
the Cenozoic, especially around 29 and 16 Ma (Niklas, 1997,
Crepet and Niklas, 2009).

The exact order of the diversification of Macrozamia is not
resolved in the current study. Macrozamia species of eastern
and western Australia underwent expansion and speciation at
the same time at around 5—6 Ma, which was the time of in-
creased aridification and expansion of eremaean biomes in
Australia. Today, most of the mesic biomes are confined to the
south-west western and eastern coasts of Australia (Byrne et
al.,2011). Species of Macrozamia occur in sclerophyll commu-
nities of these distantly located mesic biomes of Australia, ex-
cept for M. macdonnellii, which is the only species distributed
in MacDonnell Ranges and Mount Hay of central Australia,
~1300 km from its closest relatives in eastern Australia. This
region is included in the eremaean biomes of Australia, but M.
macdonnellii generally occurs in shaded areas on river banks,
rocky steep slopes facing south, protected gulches and ravines
(Ingham et al., 2013). These provide the somewhat mesic
micro-habitats required for successful survival of the species in
this zone. Based on the current distribution pattern of the genus
in three distinct areas, we suggest that Macrozamia was once
widely distributed in Australia and underwent major extinction
due to fluctuating climatic conditions such as cooling and mesic
biomes undergoing contraction. Thus, extant Macrozamia spe-
cies are persistent survivors of remnants of once widely distrib-
uted populations.

Today, the extant populations of Macrozamia species are
largely restricted to refugia and are predicted to become in-
creasingly isolated (Laidlaw and Forster, 2012). The dispersal-
limited distributions of extant Macrozamia species probably
occurred due to adult plant dependence on their obligate in-
sect pollinators, lack of seed dispersal ability, exceptionally
low seedling survival and shrinking habitats that were caused
by past climatic perturbations and currently increasing ambient
temperature (Laidlaw and Forster, 2012). Our findings further
validated the concept that extant cycads clearly hold a complex
history of ancient radiations, extraordinary stasis, major extinc-
tions and recent species diversification.

Our results are consistent with several recent studies re-
porting recent divergence time estimates for the genera
Macrozamia, Lepidozamia and Encephalartos (Ingham et al.,
2013; Condamine et al., 2015; Mankga et al., 2020; Y. Y.Liu
et al., 2022). However, some pollination biology data indi-
cate these diverse extant cycads might be relicts dating back
to the Late Cretaceous, i.e. before the separation of Australia
and Africa as part of the Gondwanan landmass (see Mound and
Terry, 2001; Labandeira et al., 2007; Cai et al., 2018). These
contrasting hypotheses need to be addressed, perhaps with
more newly discovered cycad fossils as well as incorporating
geographical calibration points from tectonic evidence (J. Liu
etal.,2022).

Phylogeny in the context of traditional phenetic classification

Based on highly similar morphological affinities, species
of M. sect. Macrozamia and M. sect. Parazamiat were further
grouped into species complexes (Jones and Forster, 1994; K.
D. Hill and Osborne, 2001; Jones et al., 2001; Forster, 2004).
Stem arborescence, stomatal distribution, number of leaves in a
crown, pinnacanth formation, leaf surface appearance and seed
colour have been traditionally used for these phenetic sectional
classifications as well as the recognition of species complexes.
The ancestral state reconstruction revealed the divergent evo-
lution and homoplasy among the key morphological traits, be-
cause the traits examined herein were distributed across the
phylogeny, and were not diagnostic for any clade (Figs 4 and
5). Nevertheless, the taxonomic classifications were partially
congruent within our transcriptome-based phylogeny (Fig. 2).

Clade I. Species of clade I belong to the M. riedlei complex of
M. sect. Macrozamia. These closely related species were char-
acterized by rounded-slightly flattened petioles, amphistomatic
leaflets and a distinct clear base to the petiole (Forster, 2004).
Thus, M. sect. Macrozamia is now restricted to just three spe-
cies, M. riedlei, M. fraseri and M. dyeri, and is sister to clades
IT and III.

Clade II. This clade includes only one species, M.
macdonnellii, found disjunct in central Australia, and clade II is
sister to clade III. According to traditional phenetic classifica-
tion, M. macdonnellii shows close morphological affinities with
M. johnsonii and M. moorei with all forming a species complex
within M. sect. Macrozamia (Hill and Osborne, 2001; Forster,
2004). On the other hand, this species has also been considered
to be related to clade I species because of its somewhat arid
habitat, glaucous foliage and large seeds. The species is clearly
distinct based on its semi-mesic habitat, distinct geographical
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distribution, bluish green leaves, and largest seeds and ovulate
cones among all the Macrozamia species (Hill and Osborne,
2001; Whitelock, 2002).

Clade II (sub-clade A). This clade included all species be-
longing to the Macrozamia douglasii complex along with two
species of the M. johnsonii complex of M. sect. Macrozamia
sensu Hill and Osborne (2001) (Fig. 2). Macrozamia lucida of
M. sect. Parazamia is also in this clade. This species was pro-
posed to be a taxonomically isolated species within M. sect.
Parazamia (Hill and Osborne, 2001) and was only included in
M. sect. Parazamia based on its small size. However, the number
of leaves and the distinctive shape of the seed sclerotesta show
its close affinity with the M. douglasii complex (Whitelock,
2002). All these species were closely placed in our phylogenetic
reconstruction in clade III (sub-clade B); thus, those from M.
sect. Macrozamia as circumscribed in Hill and Osborne (2001)
are in an expanded monophyly concept of M. sect. Parazamia
based on our results. All the species of M. sect. Parazamia
sensu Hill and Osborne (2001) (except M. lucida) are in fact
within sub-clade B of clade III. The phylogenetic positions of
species complexes within M. sect. Parazamia sensu Hill and
Osborne (2001) appear to be non-monophyletic in our analyses.
Moreover, four species of the Macrozamia reducta complex of
M. sect. Macrozamia (Hill and Osborne, 2001) are also within
sub-clade B. However, the species of this complex are highly
similar to other M. sect. Macrozamia species, especially the M.
douglasii complex. However, these medium-sized cycads dif-
fered from all other species based on their distribution being
restricted to New South Wales, and having broad based spines
(5—12 mm) on the ovulate sporophylls (Hill and Osborne, 2001;
Forster, 2004). Overall, the validity of sectional divisions of the
genus Macrozamia is inconsistent with the current phylogen-
etic framework. Importantly, it is the poorly supported relation-
ship among species complexes of M. sect. Parazamia that has
highlighted the potential problems regarding the infraspecific
taxa. For example, how many species are to be recognized and
what is a supported infrageneric classification? What is clear
is that M. sect. Macrozamia, as represented by clade I, is re-
duced from 16 species (Hill and Osborne, 2001) to three spe-
cies. The 13 excluded species are found as one comprising
clade II (M. macdonnellii) and 12 as part of clade III. Of the
latter, nine species are placed in sub-clade A. Note that of these
nine, M. serpentina was described after K. D. Hill (1998) and
Hill and Osborne (2001) but placed in M. sect. Macrozamia by
Jones et al. (2001) when they published the species descrip-
tion. Similarly, although M. macleayi is considered a synonym
of M. miquelii by K. D. Hill (1998) and not included in Hill
and Osborne (2001), it is recognized as a species in M. sect.
Macrozamia by Jones et al. (2001). Thus, sub-clade A, with
the exception of M. lucida, consists of species from M. sect.
Macrozamia. Interestingly, the other three species, M. reducta,
M. montana and M. communis, form a grade within sub-clade B
in the M. reducta complex. Therefore, it appears that the species
formerly placed in M. sect. Macrozamia do form a monophy-
letic group sub-clade A and a grade within sub-clade B. Thus,
those species formerly placed in M. sect. Macrozamia are not
widely dispersed within the phylogeny but rather just show new
placements as related units within M. sect. Parazamia.

The three major clades of Macrozamia recognized in our
study could not be explained based solely on morphological

characters or by biogeographical evidence, but rather a com-
bination of the two. East Australian species of Macrozamia
that have been considered to have morphological affinities
with M. sect. Macrozamia sensu Hill and Osborne (2001)
(here sub-clade A) and M. sect. Parazamia sensu Hill and
Osborne (2001) (here sub-clade B) are found, in our ana-
lyses, to be part of sub-clade A and sub-clade B in a broader
concept of the section represented by clade III. We con-
sider limited dispersal events have occurred within this area.
Johnson (1959) proposed that species of M. sect. Parazamia
are actually the descendants of M. sect. Macrozamia through
evolutionary transitions in the rate or timing of a develop-
mental pathway (i.e. neoteny, a type of pedomorphosis).
Pedomorphosis or neotenous reduction of plant body archi-
tecture as a persistent juvenile stage has also been reported
in other vascular plant groups (Bogner, 2009; Geuten and
Coenen, 2013; F-G. Wang et al., 2014; W. Wang et al., 2014;
Bruy, 2018). Within cycads, Chrysler (1937) indicated that
tuberous species of Zamia and Stangeria are persistent ju-
veniles in some of their vascular tissues and habit that oc-
curred in times and regions of climatic stress. Other genera
of cycads such as Ceratozamia and Encephalartos could
also have undergone similar developments because they
have both arborescent and subterranean species. Brough and
Taylor (1940) reported that leaves in Macrozamia communis
showed extremely slow production and they might take
around 10-12 years to shed the juvenile foliage. In that case,
young populations would be at risk from repeated fires.
Hence, neotenic events could provide early reproductive ma-
turity with the vegetative shoot remaining subterranean and
prevent repeated geographical disturbances. Close place-
ment of M. communis, M. montana and M. reducta of M.
sect. Macrozamia sensu Hill and Osborne (2001) with M.
sect. Parazamia species (sub-clade B of clade III) might
be the result of neotenic events that occurred in their im-
mediate ancestors. Carpenter (1991) mentioned the possi-
bility of neotenic events in Macrozamia based on shared
cuticular characters among Macrozamia diplomera (M. sect.
Macrozamia), M. heteromera and M. stenomera (M. sect.
Parazamia). These are geographically proximal species and
are closely placed in our phylogenetic tree (Figs 2 and 3 and
Supplementary Data Fig. S3). This evidence along with the
close phylogenetic placement of morphologically distinct
species of Macrozamia in this study supports the hypothesis
of possible neotenic events as resulting in the evolutionary
relationships within the genus.

CONCLUSION

Based on extensive taxon sampling (39/41 taxa) and a tran-
scriptome dataset of 4740 single-copy nuclear genes, we re-
constructed a well-resolved phylogeny for Macrozamia. The
genus contains three major clades corresponding to their
distribution in three areas of endemism. Extant species of
Macrozamia have been the result mostly of Miocene radi-
ations. Based on the phylogenetic and biogeographical pattern
of Macrozamia, we predicted that the genus experienced ex-
tinctions due to historical climatic factors such as aridification,
mesic biome decline and lack of long-distance dispersal
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ability. The spatio-temporal diversification pattern of the genus
Macrozamia revealed in this study will provide a gateway to
study the processes responsible for pollination mutualism and
co-diversification of Macrozamia species, and their obligate
insect pollinators.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: Phylogenetic
reconstruction of 39 Macrozamia and two outgroup taxa with
a concatenated dataset of 40 plastid protein coding genes from
the nucleotide dataset. Figure S2: Species trees of the genus
Macrozamia generated with ASTRAL-III analyses of the nu-
cleotide dataset. Figure S3: A phylogenetic network of the con-
catenated dataset of 39 Macrozamia species generated using
SplitsTreeS. Figure S4: Synonymous and non-synonymous
trees for Macrozamia. Table S1: Best fitting model estimation
in BioGeoBEARS. Table S2: Comparison of ancestral state
probability with the mk1 model in Mesquite and best fitting
model in APE.
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