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Ancient Rhamnaceae flowers
impute an origin for flowering
plants exceeding 250-million-years ago

Tianhua He'3* and Byron B. Lamont?*

SUMMARY

Setting the molecular clock to newly described 100-million-year-old flowering
shoots of Phylicain Burmese amber enabled us to recalibrate the phylogenetic his-
tory of Rhamnaceae. We traced its origin to ~260 million years ago (Ma) that can
explain its migration within and beyond Gondwana since that time and implies an
origin for flowering plants that stretches well beyond 290 Ma. Ancestral trait as-
signments also revealed that hard-seededness, fire-proneness, and to a lesser
extent, heat-released seed dormancy, have a similarly long history in this clade.

INTRODUCTION

The more intensively the evolutionary histories of clades are studied, the further back in time their origin is
pushed. A case in point are the flowering plants (Angiosperms) whose origin has gradually been taken from
the mid-Cretaceous, as favored just a few years ago, to the Jurassic, then the Triassic and now possibly even
into the Permian (Li et al., 2019; Silvestro et al., 2021). In this regard, the study of Shi et al. (2022) is a huge
step forward as they provide convincing evidence for the presence of intact flowering shoots belonging to
the Phylica clade (family Rhamnaceae, subfamily Ziziphoideae) in Burmese amber. Some specimens (Phyl-
ica piloburmensis) were dated to 99 million years ago (Ma) and others (Eophylica priscastellata) at 110—99
Ma. Extant species of the tribe Phylicieae are restricted to South Africa, and to a lesser extent Madagascar
and a few remote islands nearby. The previous oldest fossils were pressed flowers in the subfamily Rham-
noideae from Mexico dated at 70.6 Ma (Calvillo-Canadell and Cevallos-Ferriz, 2007; Hauenschild et al.,
2018).

But how did Phylica get to Myanmar if it is essentially a South African clade? Of the possible routes, Shi
et al., 2022 prefer the attachment of the West Burma plate (corresponding to present-day Myanmar) to
the northeast corner of Greater India. Once the Indian plate, together with Madagascar and Sri Lanka, sev-
ered its link with Africa at ~115 Ma, it rapidly drifted north to collide with outheast Asia at 60—50 Ma
(Reeves, 2018). The alternative view is that the West Burma plate was attached to the northwest edge of
the Australian plate and separated at 145 Ma and eventually lodged between India and Asia 40 Ma (Young
et al., 2019). Both scenarios require at least the stem of the Phylica clade to have existed before separation
from the more southerly plate, on the assumption that transoceanic dispersal is unlikely (because of its tiny,
poorly-dispersible, arillate seeds).

Clues to the preferred pathway should be retrievable from a dated phylogeny of the entire Rhamnaceae
using these new fossil dates. In addition, because the molecular phylogeny of Rhamnaceae is well-known
(Onstein and Linder, 2016; Hauenschild et al., 2018), it should be possible to trace this family to separation
from its sister clade, providing information on the age of these two flowering plant clades. Because this
approach is different from previous methods based essentially on palynomorphs and extrapolations
from fossil diversity estimates (Li et al., 2019; Silvestro et al., 2021) it can provide an independent assess-
ment of the age of at least two representative flowering-plant families. We undertook such an exercise
here. In addition, because the Phylica specimens were associated with charcoal, and 30 of the 31 genera
in Ziziphoideae currently have some or all of their species in fire-prone environments, this raises the pos-
sibility that this clade arose in a fire-prone environment (He et al., 2012; Lamont et al., 2019). Thus, we
took the opportunity to perform ancestral trait reconstructions on the phylogeny using information avail-
able about species hard-seededness, fire-released seed dormancy, and fire-proneness to see how far
back these could be traced.
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MATERIALS AND METHODS

Available DNA sequences at seven loci for one or two species from each genus recognised in the Rham-
naceae (except for Phylica that includes five species in the analysis), and three species from Elaeagnaceae
as the outgroup, were obtained from NCBI (https://www.ncbi.nlm.nih.gov). Phylogenetic reconstruction
and dating were carried out with BEAST v1.10.4 (Suchard et al., 2018) using an uncorrelated relaxed molec-
ular clock with two calibration points. The crown age of Phylica was set at a conservative mean of 104.5 Ma
(midpoint of 99-110 Ma, Shi et al., 2022). The common crown of Rhamneae and Maesopsideae was set at a
mean of 70.6 Ma using the compressed-flower fossils of Coahuilanthus belindae (Calvillo-Canadell and Ce-
vallos-Ferriz, 2007 following Hauenschild et al., 2018). We used a normal function as priors at both calibra-
tion points, as priors with a normal distribution (with 10% of the mean as SD) allow the model to traverse a
broader time range to better accommodate uncertainties in both the fossil age and divergence time be-
tween key taxon groups. GTR substitution and Yule process evolution models were used. Twenty million
iterations over five runs were implemented. For ease of interpretation, species were collapsed to tribes
for display. Ages are presented as the median + 95% highest posterior density interval. The maximum
clade credibility tree containing all taxa (Figure S1) and the aligned DNA matrix (Data S1) are given as Sup-
plemental Information.

Fire-related traits (presence/absence) for each species in the molecular phylogeny were collated from data
in Pausas and Lamont (2022) and numerous websites (identity of these additional sources available on
request). Hard-seededness was gauged as impermeable to water or evidence of a sclerified seed coat
(these sometimes referred to the endocarp and not the testa), heat-released dormancy is given as fire-stim-
ulated germination in the results and required seeds treated with fire-type heat to have exceeded germi-
nation of the controls, and fire-proneness refers to occurrence of the species in vegetation likely to burn
within its lifetime. Where there were conflicting reports or there was doubt [e.g., occurs on the edge of rain-
forests under a monsoon (i.e., fire-prone) climate] it was assigned to both trait states. If data were lacking
for a given species but there was knowledge for other species in the genus, they were assigned these trait
states on the assumption that they were diagnostic for the genus. Ancient trait reconstruction was conduct-
ed following a maximum likelihood probability model and implemented in Mesquite (Maddison and Mad-
dison, 2021). Probability values at key steps in the phylogeny were inserted on the chronogram.

RESULTS AND DISCUSSION

Our analysis gives the monotypic Cape genus Noltea separating from Phylica at 118 Ma (108-132 Ma, 95%
highest posterior density, HPD) with its common stem arising at 138 Ma (Figure 1). If this lineage arose in the
Cape, South Africa (there are >150 extant species), this gives 30 million years (My) in which to reach the
West Burma plate via Madagascar (two extant species) then Greater India, before India’s drift north began
88 Ma (Reeves, 2018), that appears quite feasible. Thus, the pathway via Madagascar-India as preferred by
Shi et al., 2022, is more plausible than one via an isolated West Burma plate drifting north from 145 Ma
(before the lineage arose according to our estimates). Such an outcome also serves to dismiss the hypoth-
esis that this plate had an NW Australian origin and drifted independently from the Indian plate to reach
Asia. The likelihood of Phylica arising 27 My earlier than our estimates, as required (Young et al., 2019), and
traversing the 6,000 km that separated the Burmese plate from East Africa at that time, as required to
ensure co-distribution (in either direction, depending on its origin) before West Burma broke away, seems
quite remote.

Using a steady rate of DNA change based on the fossil Phylicas to set the molecular clock on the Ziziphoi-
deae side and fossil Coahuilanthus on the Rhamnoideae-Ampeloziziphoideae side yielded the crown of
Rhamnaceae in the late Permian, at 259 (218-293) Ma (Figure 1). It separated from Elaeagnaceae in the early
Permian, 287 (239-315) Ma. Thus, the Rhamnaceae is clearly rooted in Gondwana, supporting Hauenschild
et al. (2018), with spreading of its tribal ancestors to Africa, Australasia, the Americas, Europe and Asia
before the splitting of Antarctica-Australia from the rest of Gondwana, 136 Ma (Figure 1). Thus, our chrono-
gram can explain how Pomaderreae, an essentially Australasian tribe, can be sister to Colletieae, an essen-
tially South American tribe, as their penultimate common ancestor arose 150 Ma. Similar support exists for
Bathiorhamneae in Madagascar as sister to Ampeloziopheae in South America. It also makes sense of the
distribution of Colubrina (Figure S1) that occurs on all continents except Europe and whose most-recent
common ancestor can now be traced to 110 Ma. In addition, it explains how a 71-My-old fossil in Mexico
placed at the crown of Rhamneae-Maesopsideae (Hauenschild et al., 2018) can have a central Gondwanan
ancestor, possibly in the guise of Rhamneae with a current near-world distribution and whose stem
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Figure 1. Dated Rhamnaceae phylogeny using the new Phylica fossils identified from Burmese amber to set the molecular clock for the Ziziphoid
branch, plus a 70.6 My old fossil from Mexico for the Rhamnoid branch

The crown age of Phylica was set at 104.5 Ma (midpoint of 99-110 My, Shi et al., 2022). Ages are given as the median + 95% highest posterior density (HPD)
interval. The light orange star is located at the crown of Rhamnaceae. For probability values at a given stem, those in blue refer to hard-seededness
(impermeable to water), those in green to fire-stimulated germination (FSG, specifically heat-released dormancy), and those in red to fire-proneness
(vegetation likely to burn within its lifetime). Phylica pubescens photo, © toptropicals.com (with permission).

originated 160 Ma, from which Maesopsideae may have split at 90 Ma. Further biogeographic analyses, us-
ing areograms, based on these new ages must await a more detailed molecular phylogeny than that we
prepared here.

The difference in estimated dates between the most recently produced chronograms and that described
here, using these new fossils, is profound. Ignoring the minor error terms in each, previous results are an
order of magnitude lower for the origin of both Phylica and Phylicieae — the new chronogram adds almost
100 My to their ages, as Phylica was previously dated at 12-24 Ma (Onstein and Linder, 2016; Hauenschild
et al., 2018). The effect on the estimated age of Rhamnaceae is even more remarkable: it is in the order of
150 My compared with that previously reported, 74-103 Ma (Onstein and Linder, 2016; Hauenschild et al.,
2018). Any past statistical concerns about large levels of uncertainty surrounding the means pale into insig-
nificance compared with the effect of the ad hoc presence/absence of fossils used to set the molecular
clock, as shown here.

Are these new estimates on the evolutionary history of Rhamnaceae outlandish or might they have some
credibility? First, having studied their morphology independently (BBL was an acknowledged reviewer of
submitted versions of the manuscript), we have full confidence that the fossils indeed belong to Phylica
[we are less convinced that a new basal genus, Eophylica, needed to be recognized, as both are much
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more similar to each other than they are to the extant sister to Phylica, Noltea, but this has no effect on in-
terpreting the evolutionary pathways]. Second, modern dating methods of ambers are regarded as highly
accurate (methods of Cruickshank and Ko, 2003; Shi et al., 2012; Yu et al., 2019; Xing and Qiu, 2020 used in
their study) and we have no hesitation in accepting the age of the fossils.

How do these dates compare with other studies on the origin of flowering plants as a further approach to
the level of credibility of our analysis? Cornet, 1989 described 11 ‘Angiosperm-like’ pollen morphotypes at
217-229 Ma in North America, and commented that “failure of palynologists to find distinctively angiosper-
mous pollen types in (the) Triassic (and) Jurassic ... has been more a problem of acceptance than a dearth of
evidence”, and gave five further supporting references. Hochuli and Feist-Burkhardt, 2013 identified six
similar morphotypes at 239-241 Ma in Switzerland. Silvestro et al., 2021 derived ten simulations each rep-
resenting a family at the older margin of the 95% HPD error term of their best-fit curve to fossil richness at
256 Ma. There is even one record at 266 Ma. This was despite the fact that they omitted all fossil (pollen)
records for the Jurassic-Triassic from their work on grounds of possible identification errors; had they
been accepted as valid records then these dates may well have extended further into the Permian. The old-
est fossils (pollen) that they used belonged to the Platanaceae at an age of 103-113 Ma, similarin age to the
Phylica fossils but with much less identification certainty. Using similar methods, Li et al., 2019 obtained a
mean of 209 Ma for the crown of flowering plants with the older margin of the 95% HPD error term at an age
of 267 Ma. For five other papers, the oldest records ranged 244-279 Ma (Kumar et al., 2017). All these ages
are comparable with a Rhamnaceae crown at 259 Ma but are somewhat younger than the stem (root) at 287
Ma. Thus, these new dates, based on the Shi et al., 2022 fossils, are quite plausible.

Note that the boundary between the Jurassic and Permian epochs is set at 251 Ma (Ogg et al., 2008) that
almost corresponds to the age of the mean crown of the Rhamnaceae. This family separates from Elaeag-
naceae at a mean of 287 Ma, corresponding to the early Permian. This great age would appear to have no
precedent in past estimates of the origin of flowering plants. Even more surprising is that the Rhamnaceae
is not even considered basal among flowering plants, with the Magnoliids, Monocots and early Eudicots
regarded as more ancestral. This unexpected early origin of Rhamnaceae, and thus of the entire class of
flowering plants, due to the excellent ‘detective’ work of Shi et al., 2022, is based on the most reliable fossil
evidence produced for any group of plants so far. These ancient Phylica fossils provide a compelling case
for a radical re-assessment of the origin of flowering plants that must now be seen as not just well into the
Triassic but also well into the Permian.

Fire-released seed dormancy, accompanied by arillate seeds that are ant-dispersed/buried, is well-estab-
lished among the Ziziphoideae (Pausas and Lamont 2022) and our ancestral trait reconstructions show a
strongly fire-prone history for this subfamily, with a probability (p) of 0.95 (Figure S1). This provides extra
support that the Phylicieae occupied the fire-prone shrub stratum of open vegetation (fynbos), 110—100
Ma, as suggested by Shi et al., 2022 on the basis of charcoal concurrently in amber of similar ages to their
fossils. The indications that the Rhamnoideae-Ampeloziziphoideae was also fire-prone is less convincing,
atap = 0.73, but overall our (indirect) evidence for Rhamnaceae arising in fire-prone vegetation 287 Ma is
also strong (p = 0.85). The estimates of Belcher et al., 2010 that the probability of ignition of plant matter
reached an all-time high of 0.90-1.00 in the 250-340 Ma period is consistent with our findings. A prerequi-
site for the evolution of fire-type, heat-released seed dormancy are hard (impermeable) seeds (Pausas and
Lamont 2022). Such a likelihood is as strong as for fire- proneness in the Rhamnaceae, essentially on the
Ziziphoid side (p = 0.95) (Figure 1). This is associated with heat-released seed dormancy for the Ziziphoid
ancestor at 259 Ma (p = 0.81) but not for Rhamnoideae-Ampeloziziphoideae (p = 0.26). The fire-prone envi-
ronment but rarity of seed dormancy in this latter clade implies a monsoon-dominated past (Pausas and
Lamont 2022) consistent with the savanna setting of many extant species assessed here (Figure S1). These
results now add an important fire-related trait to the growing list of ancient adaptations to fire (He et al.,
2016; Lamont 2022).

Limitations of the study

One possible limitation is that only one fossil (actually the mean of numerous fossils at that time) was used
to date the Ziziphoid branch of the phylogeny, and one fossil to date the Rhamnoid branch. Other fossils
are 30-60 million years younger so that they are not particularly informative, composed of palynomorphs
rather than reproductive structures that are subject to misidentification problems, and the possibility that
the age of the surrounding strata may not correspond to that of the embedded fossils. Using a large sample
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of younger fossils (Hauenschild et al., 2018) would reduce the estimated age of the entire clade and is
biased because of the large extrapolation required. Thus, we assumed that the rate of DNA change was
constant throughout evolutionary history for each main branch of the Rhamnaceae phylogeny based on
the two fossils. The chances of finding older fossils than these in the future seem remote so that this
possible limitation will continue.

Regarding trait assignments, not only are several speciose genera omitted from the molecular phylogeny,
but, because each genusis only represented by one or two species except Phylica, these may not be repre-
sentative of their genus. In addition, the relevant traits were sometimes poorly documented, especially
experimental data on heat-released seed dormancy and imbibitional properties of the seed. It is under-
standable that succulent-fruited species are not so tested, as it would seem a redundant exercise in a
non-fire prone environment, and explains why data were most deficient for the Rhamnoideae-Ampelozizi-
phoideae (Figure S1).

Data and materials availability

All data used in this study have been presented in the paper either in the main text or as Supplemental
information.
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RESOURCE AVAILABILITY

Lead contact

Information and requests for resources should be directed to and will be fulfilled by Tianhua He (tianhua.
he@.murdoch.edu.au).

Materials availability
This study did not generate new unique reagents and biological materials.

Data and code availability

® Accession numbers of DNA sequences used for phylogenetic reconstruction are listed in the Key re-
sources table

e No original code was used to generate results in this study.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experimental model was involved as a part of this study.

METHOD DETAILS

Dated phylogeny

Available DNA sequences at seven loci for one ore two species of each genus recognised in the Rhamna-
ceae (except for Phylicathat includes five species in the analysis), and three species from Elaeagnaceae sl as
the outgroup, were obtained from the NCBI (https://www.ncbi.nlm.nih.gov). Phylogenetic reconstruction
and dating were carried out with BEAST v1.10.4 (Suchard et al., 2018) using an uncorrelated relaxed molec-
ular clock with two calibration points. The crown age of Phylica was set at a conservative mean of 104.5 Ma
(midpoint of 99-110 Ma, Shi et al., 2022). The common crown of Rhamneae and Maesopsideae was set at a
mean of 70.6 Ma using the compressed-flower fossils of Coahuilanthus belindae (Calvillo-Canadell & Ce-
vallos-Ferriz, 2007 following Hauenschild et al., 2018). We used a normal function as priors at both calibra-
tion points, as priors with a normal distribution (with 10% of the mean as standard deviation) allow the
model to traverse a broader time range to better accommodate uncertainties in both the fossil age and
divergence time between key taxon groups. GTR substitution and Yule process evolution models were
used. Twenty million iterations over five runs were implemented. For ease of interpretation, species
were collapsed to tribes for display. Ages are presented as the median 95% highest posterior density in-
terval. The maximum clade credibility tree containing all taxa (Figure S1) and the aligned DNA matrix
are given in the online Supplemental Information.

Ancient traits reconstruction

Fire-related traits (presence/absence) for each species in the molecular phylogeny were collated from data
in Pausas and Lamont (2022) and numerous websites (identity of these additional sources available on
request). Hard-seededness was gauged as impermeable to water or evidence of a sclerified seed coat
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(these were sometimes referred to the endocarp and not the testa), heat-released dormancy is given as fire-
stimulated germination in the results and required seeds treated with fire-type heat to have exceeded
germination of the controls, and fire-proneness refers to occurrence of the species in vegetation likely
to burn within its lifetime. Where there were conflicting reports or there was doubt [e.g., occurs on the
edge of rainforests under a monsoon (i.e., fire-prone) climate] it was assigned to both trait states. If data
were lacking for a given species but there was knowledge for other species in the genus, they were as-
signed these trait states on the assumption that they were diagnostic for the genus. Ancient trait recon-
struction was conducted following a maximum likelihood probability model and implemented in Mesquite
(Maddison and Maddison, 2021). Probability values at key steps in the phylogeny were inserted into the
chronogram.

QUANTIFICATION AND STATISTICAL ANALYSIS

No specific quantification and statical analysis were involved as a part of this study.
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