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SUMMARY

The Amazon rainforest is characterized by a limited number of hyperdominant trees that play an oversized
role in its ecosystems, nutrient cycle, and rainfall production. Some of these, such as the Brazil nut, appear
to have been intensively exploited and dispersed by Indigenous populations since their earliest arrival in this
part of South America around 13,000 years ago. However, the genetic diversity—and geographic structure—
of these species remains poorly understood, as does their exact relationship with past human land use. We
use a new genome assembly for Brazil nut to analyze 270 individuals sampled at areas with varying intensities
of archaeological evidence. We demonstrate that overall low genetic diversity, with a notable decrease since
the Late Pleistocene, is accompanied by significant geographic structure, where evidence for improved gene
flow and regeneration by long-term traditional human management is linked to increased genetic diversity.
We argue that historical perspectives on the genetic diversity of key tree species, such as the Brazil nut,

can support the development of more active management strategies today.

INTRODUCTION

The Amazon Basin is a critical carbon sink, reservoir of biodiver-
sity, and producer of rainfall, with a central position in the func-
tioning of the Earth system.” In this context, large, hyperdomi-
nant trees (defined as a set of ~220 species that account for
half of the trees in the Amazon) have been considered particu-
larly important for biogeochemical cycling.? Among the hyperdo-
minant species, the ones that have documented, long-term
economic and cultural relationships with human societies are
disproportionately overrepresented.® More than four-fifths of
Amazonian arboreal species, both hyperdominant and non-
hyperdominant, have recorded uses by humans.” Alongside
growing evidence that the Amazon Basin is a center of plant
cultivation and domestication,® and has hosted various forms
of ancient urbanism,® it is becoming clear that even in the so-
called “intact” Amazonian forests, past human activities have
shaped species composition, structure, and fire dynamics for
millennia.> Nevertheless, the extent of human influence on

Amazonian forests, and its interplay with the genetic pools of
key tropical tree species, remains remarkably under-investi-
gated, despite its relevance to modern conservation and man-
agement concerns.

Here, we report patterns of genetic diversity in the Brazil nut
(Bertholletia excelsa), a monotypic genus in the Lecythidaceae
pantropical family. It is one of the hyperdominant terra firme (up-
land) forest trees of the Amazon, with a critical role in carbon
cycling, soil maintenance, and forest dynamics.” Its large, edible
seeds are an important non-timber economic product coming
from the Amazon Basin.® This tree is of particular interest, given
the contributions of the agouti (Dasyprocta spp., Rodentia) to its
dispersal, combined with outcrossing mainly by specific medium
and large bees from the Apidae and Anthophoridae families,
which poses certain limitations on population mixing and spatial
dispersal.® Numerous studies have highlighted the significance
of humans in the dispersal and ecology of this species from
the terminal Pleistocene onward.® Moreover, Brazil nut is a
shade-intolerant species and is most successful colonizing
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Figure 1. Geographic distribution and domestication origins of Brazil nut

Location of sampled Brazil nut (Bertholletia excelsa) individuals at the sites Tapirapé-Aquiri National Forest (TAP), Tefé National Forest (TEF), and Jau National
Park (JAU) within the Brazilian system of conservation units. Suffixes “_S1” and “_S2” indicate subsites with different archaeological backgrounds. Yellow dots
indicate the hypothesized origins of Bertholletia excelsa domestication (the easternmost point is an early hypothesis by Mori and Prance, discussed in Clement
et al.’®; the northern point was hypothesized in Shepard et al.?; and the southwest point was proposed in Thomas et al.’#). White dots indicate the distribution of

the species in the Amazon Basin based on data from the Global Biodiversity Information Facility (GBIF) (see also Table S7).

forest areas with ample light, which are often associated with
human activity.'® Anthropogenic disturbance is, therefore, an
important driver of its colonization in the landscape, as demon-
strated by dendrochronological studies of Brazil nut trees, in
which the patterns of growth and establishment of trees are inti-
mately associated with Indigenous and colonial management
practices that facilitate establishment of the species.'’ These
human actions can be expected to have an impact on the genetic
diversity of this species, with habitat disturbance to promote ac-
cess to light, and dispersal of seeds, potentially affecting genetic
diversity or extending particular lineages across an anthropo-
genic space.®

Brazil nut individuals are highly heterozygous, indicative
of rampant outcrossing, likely associated with self-incompatibil-
ity.> Large-scale deforestation and fragmentation have been
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demonstrated to disrupt gene flow, which is harmful to the perpet-
uation of the species, as observed in more degraded forests where
young plants have lower genetic diversity and more signs of
inbreeding than adults.'® Genetic studies, spatial modeling, lin-
guistic and archaeological research, and field phenotypic observa-
tions have led to the proposal that the Brazil nut was incipiently
domesticated and dispersed by Indigenous people,’® with sug-
gestions for centers of diversity and sources of dispersal in the
southwestern Amazon,'®'* eastern Amazon,'® and/or northern
Amazon® (Figure 1). This is supported by the fact that, at varied
geographical scales, there is overall limited genetic differentiation
(Fs) between Brazil nut populations,'? which suggests that hu-
mans distributed Brazil nut widely during the Holocene.*>®

Clear relationships have also been identified between Brazil
nut stands and archaeological sites along the Madeira and
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Amazon Rivers,'* but broader perspectives on ancient human
management of these populations across the Amazon Basin
have been lacking. In particular, because full genome informa-
tion for this hyperdominant tree has not been available, it has
been difficult to assess detailed genetic diversity from the
perspective of the whole genome and, with it, to have a better
understanding of the ways in which human activities, from active
dispersal to promotion through opening of the canopy, have
shaped Brazil nut genetics across space and time. To fill this
gap in understanding of Brazil nut biology, we produced a
new, high-quality reference genome, which we then used as a
platform for estimating genetic diversity and structure within
and between multiple locations across the Amazon Basin. Spe-
cifically, we sought to test the hypothesis that Brazil nut trees
growing in areas with clear evidence of past human presence
have greater genetic diversity as a result of agroforestry man-
agement practices (e.g., multiple introductions of Brazil nut, can-
opy opening, manuring, and disperser attraction) that favored
the species. Critically, our sampled sites are located in widely
spread areas, at some distance from regions where Brazil nut
has been proposed to have been incipiently domesticated prior
to dispersal.

RESULTS

The characteristics of the Brazil nut reference genome
The Brazil nut genome size is close to 570 Mb, as inferred with
k-mers from lllumina short reads, with around 1% heterozygosity
(Figure S1A). Using PacBio circular consensus sequencing and
chromatin contact information, we assembled and scaffolded
17 pseudo-chromosomes with a total size of 568.1 Mb, which
covered ~98.2% of the assembled sequences (578.5 Mb). The
length of the 17 assembled chromosomes ranged from 28.4 to
44.4 Mb (Figures 2A, 2B, and S1B; Table S1). A long terminal
repeat (LTR) assembly index (LAI) of 13.4 confirmed the high
quality of this assembly. Repetitive sequences constituted about
55.4% of the entire genome, about 27% of which were LTR ret-
rotransposons (Table S2). We predicted 38,222 protein-coding
genes, with 96.1% benchmarking universal single-copy ortho-
logs (BUSCOs) completeness (Tables 1 and S3). A total of 756
ribosomal RNA (rRNA), 5,752 transfer RNA (tRNA), 336 small nu-
clear RNA (snRNA), and 161 microRNA (miRNA) copies were
identified.

Genome evolution of Brazil nut and synteny with other
plants

Among the annotated genes, fewer than 300 genes were spe-
cies-specific and did not have orthologs in the well-known model
species Arabidopsis thaliana or any of the widely studied woody
species such as grape (Vitis vinifera), sweet orange (Citrus sinen-
sis), cottonwood (Populus trichocarpa), and walnut (Juglans re-
gia). We found 2,525 expansions and 3,242 contractions of
gene families in Brazil nut, which is within the range for the other
five species. Among the 68 rapidly expanding gene families,
several are associated with resistance to biotic and abiotic
stresses. Wall-associated kinase-like (WAKL) proteins belong
to the broader groups of receptor-like proteins (RLKs), which
are well known to play a central role in pathogen defenses,'’
UDP-glycosyltransferases (UGTs) can modify both endogenous
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molecules relevant for defense and xenobiotics, '® heavy-metal-
associated isoprenylated plant proteins (HIPPs) are likely
involved in heavy metal detoxification or tolerance,' and cyto-
chrome P450s (CYP450s) are among the most central, and
also the most diverse, components in the synthesis of de-
fense-related compounds in plants®® (Figures 2C and 2E). All
of these families are expected to contribute to resilience and
adaptability. Diversity is also apparent at the level of orthology,
from species-specific genes to genes with single- and multi-
ple-copy orthologs in other plants (Figure 2D). Finally, we find
that the Brazil nut genome shows the highest synteny with grape
(Figures S2A-S2D; Table S4).

Genome expansion of Brazil nut

Repetitive sequences account for a large fraction of the Brazil nut
genome (Table S2). We assessed the age of TEs using the Ki-
mura distance between the LTRs of Ty1 and Ty3 retrotranspo-
sons, which indicated that 90% of the insertions occurred be-
tween 2 and 40 mya, which is a long time span compared with
other species, including other trees.?’ The burst of Ty3 insertions
is more recent than that of Ty1, which is responsible for much of
the LTR-retrotransposon content of Brazil nut (Figure 2F). There
were a total of 124,479 intact LTR-retrotransposons from the
Ty1 and Ty3 superfamily, and we classified these into 271 fam-
ilies, with 11 major Ty1 clades and 7 major Ty3 clades (Figure 2G).
The most prominent Ty1 clade was Ale, and the most prominent
Ty3 clade was Tekay. The distribution of substitution rates at
synonymous sites (Ks) in duplicated, collinear regions within
the Brazil nut genome indicated that the species experienced
two rounds of whole-genome duplication (WGD) (Figure S3A).
There was a first peak around Ks = 1, indicating that a more
recent WGD occurred ~82 mya (estimation based on “time =
Kg/2u and p = 6.1 x 107° years '?). The second peak
was around Ks = 1.65, corresponding to an older WGD of
~135 mya (Figure S3B).

Genetic variation and demographic history of Brazil nut
populations shaped by human activity

To understand the population histories of Brazil nut growing in
different parts of the Amazon Basin, and their connection to human
activity, we sampled 270 individuals from three protected areas of
the Brazilian Amazon, Tapirapé-Aquiri National Forest (TAP), Tefé
National Forest (TEF), and Jau National Park (JAU). For each of the
sites, we sampled two subpopulations with different archaeolog-
ical backgrounds. The subsites at TAP are separated by
~60 km, and archaeological surveys indicate human occupation
inthe region as far back as 5,700 years calibrated years before pre-
sent (cal BP).?® The Brazil nut trees at TAP_S1 are growing on a
terra preta (Amazonian dark earth) archaeological site that was
occupied from 1,200t0 330 cal BP,?® while there is no clear archae-
ological evidence for human activity at the TAP_S2 subsite. At pre-
sent, Brazil nut populations in TAP are not intensively managed
because a large mining enterprise was granted rights to this area
by the Brazilian government and local communities are prohibited
from accessing these tree populations.

The TEF_S1 and TEF_S2 subsites are on opposite banks of
one of the tributaries of the Tefé River, separated by ~5 km.
The trees at TEF_S2 are growing on an archaeological complex
with extensive evidence of past human activity that includes terra
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Figure 2. Morphology and genomic characteristics of Brazil nut

(A) A Brazil nut tree in the Amazon rainforest (top), a flower (lower left), and a seed pod (lower right).

(B) Circos plot of the genome assembly, with TE density, SNP density, and GC content along the 17 pseudo-chromosomes. Lengths in Mb.

(C) Fraction of expanding, contracting, and rapidly evolving gene families in Brazil nut and five other exemplary dicotyledonous angiosperms. “+” (red) and*“—"

(green) denote gene expansions and contractions, and the numbers of rapidly evolving families are in blue. The scale on the x axis shows the estimated
divergence times.

(D) Distribution of different types of genes in the species shown in (C).

(E) The sizes of five gene families that are rapidly evolving in Brazil nut and their comparison with the five other species shown in (C).
(F) The insertion times of major TE classes.

(G) Phylogenetic analysis of intact LTR-transposons (top) and their clade-level classification and copy number (bottom) (see also Figures S1-S3 and Tables S2
and S4).

preta and ceramics, in addition to the occurrence of many other  European colonization until the present,® which makes these
useful plants, such as rubber tree (Hevea brasiliensis, Euphorbia-  sites a special case of long-term pre- and post-colonial human
ceae), caiaué (Elaeis oleifera, Arecaceae), and acai (Euterpe pre-  environmental manipulation. The subsites at JAU are separated
catoria, Arecaceae).”* At TEF_S1, although Brazil nut individuals by ~15 km, with terra preta present in the vicinity of JAU_S2. At
are not growing on a terra preta archaeological site, historical JAU_S1 there are no evident signs of past human presence and
sources have revealed that the Brazil nut stands at both the riverine community at the site was established over the last
TEF_S1 and TEF_S2 were likely constantly managed throughout  century.
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Table 1. Genome assembly and annotation statistics for Brazil
nut

Table 2. Nucleotide diversity across different Brazil nut sites and
subsites

Measurement

606,485,445 bp
595,900,818 bp

Property

Assembly size
Combined length of pseudo-chromosomes

N50 scaffold length 35.3 Mb
Size of retrotransposons 159.1 Mb
Size of DNA transposons 112.5 Mb
Size of total repeat sequences 314.7 Mb
GC content 34.5%
Protein-coding genes 38,222
Transcript isoforms 45,049
Mean mRNA length 4,811 bp
Mean coding sequence length 989 bp
Mean intron length 1,295 bp
BUSCO completeness 96.1%

See also Tables S2 and S3.

We genotyped our collection of 270 Brazil nut individuals using
double-digest restriction site associated DNA sequencing
(ddRAD-seq) to cover approximately 5% of the reference
genome (Table S5). We identified 1,16,306 single-nucleotide
polymorphisms (SNPs), with a ratio of 1.33 for nonsynonymous
to synonymous SNPs, and 10,125 small indels (<10 bp)
(Table S6). Nucleotide diversity () was similar for the three
collection sites (averages from 1.62t0 1.81 x 10~*bp~'; Table 2;
Figure S4A), as was linkage equilibrium, with decay being slower
than that in other wild tree species® (Figure S4B). There was
clear isolation by distance, with Fg; = 0.26 and 0.24 between
TAP and the other two sites, while Fg; between TEF and JAU
was only 0.07. Between subsites, the Fg was low, from 0.02 to
0.07. ADMIXTURE revealed an optimal value of k = 9 subpopula-
tions (Figure 3A). In a principal-component analysis (PCA), the
first three principal components were consistent with the
ADMIXTURE inferences, which also showed that only the sub-
populations from Tefé diverged notably from each other (Fig-
ure S5A). TreeMix analysis identified significant gene flow
between two of the western sites (JAU_S1 to TEF_S2) (Fig-
ure S6). When we classified the populations by age according
to tree diameter at breast height (DBH) (young group = DBH <
80 cm; old group = DBH > 150 cm), we found the young group
from site TEF to have a stronger gene flow from the JAU popula-
tion than the old group from TEF (Figure 3B). Estimates of histor-
ical effective population size (Ne) using the stairway plot
method?”® indicated a decline of overall Brazil nut genetic diver-
sity since the last glacial maximum (LGM). A prior demographic
bottleneck, consistent with a known period of environmental
change, the Gelasian epoch (2.5-1.8 mya), was more moderate
(Figure 4A). Using SMC++ gave similar results. After a short
phase of apparent population stability, the genetic diversity of
Brazil nut has apparently been decreasing until today (Figure 4B).

DISCUSSION

Compared with other large tree species exploited by humans,
the Brazil nut populations sampled in this study have a relatively

Evidence of
human
Site Subsite  presence Accessions 7 (X 1079
Tapirapé-Aquiri  all N/A 69 1.18
National TAP_S1 none 32 1.22
T (A TAP_S2 terra preta, 37 1.24
ceramics,
lithics,
carbonized
seeds
Tefé National all N/A 112 1.25
Forest (TEF) TEF_S1 nearterra 51 1.29
preta
TEF_S2 terra preta, 61 1.22
ceramics
Jau National all N/A 89 1.27
Park (JAU) JAU_S1 near terra 52 1.34
preta
JAU_S2 none 37 1.28

Nucleotide diversity (r) in different sites and subsites; each subsite has
been marked with its archaeological situation (see also Figure S4).

low level of genetic diversity,?® displaying a notable decline since
the Late Pleistocene. Today the main, and perhaps only, signifi-
cant natural disperser of the Brazil nut apart from humans is the
red-rumped agouti (Dasyprocta leporina), along with related spe-
cies, all of which have small ranges and, therefore, are not
conducive to long-distance dispersal, imposing further limits
on genetic diversity. As humidity increased during the transition
to the Holocene, the more open forests of the glacial period
would have been replaced by denser forests where Brazil nut
has difficulty recruiting new trees,'® perhaps leading to even
more reduced opportunities for genetic exchange until the arrival
of humans. Despite limitations to its dispersal, Brazil nut has
been ecologically very successful, being among the 227 hyper-
dominant species of Amazon flora® and among the most domi-
nant species for carbon storage and productivity.” A GO enrich-
ment analysis of species-specific genes hints at pathways that
may be of relevance for environmental adaptation (Figure S5B).
For example, phosphate ion transport function may be of partic-
ular significance, given that soil phosphate availability in soil is
low across much of the Amazon Basin.?”

Itis highly likely that humans played a major role in the success
of Brazil nut, as previous studies suggested that patterns of
extant genetic diversity have been shaped by human influ-
ence.®'* By local burning and forest disturbance, humans may
have “released” Brazil nut growth and increased the chances
of this long-lived pioneer to establish itself in the canopy.'*"""
In addition, humans have planted Brazil nut trees around their
settlements for a long time.® These practices have been seen
as a key part of the process of domestication of Amazonian land-
scapes, a process that has transformed species abundance and
floristic composition.”® The continued decline of the effective
population size of Brazil nut may be associated with the well-
documented movements of peoples who had new approaches
to land management, such as the intensification of manioc
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cultivation and interethnic trade networks.® Despite Brazil nut’s
relatively low genetic diversity, or perhaps in part because of it,
our study has been able to pick up geographic differences in ge-
netic variation. Reinforcement of gene flow between populations
of Brazil nut, associated with human settlements, has been pro-
posed before.'* We observe the same situation in our study, with
the only significant gene flow between two subpopulations from
different sites, separated by 380 km, likely due to recent human
intervention (Figure S6).

Our data show that the distribution of genetic variation, when
seen through the perspective of population division and popula-
tion structure, is closely related to archaeological evidence for
past human presence as well as the continuous forest manage-
ment to the present day. At the inter-site level, the greater diver-
sity at the TEF sites provides support for Indigenous human
communities contributing to an increase in Brazil nut genetic di-
versity, given the well-attested archaeological evidence for pre-
Columbian human presence and present plant manipulation in
this region.®** At the intra-site level, it is also possible to discern
a richer genetic background in TAP and JAU subpopulations on
terra preta than in subpopulations without evidence of anthropo-
genic soils (Figure 3A). Indigenous forest management has,
therefore, likely played an important role in stemming overall de-
clines in Brazil nut genetic diversity, with incipient domestication
and human management of the landscape even reversing trends
of decline in genetic diversity and encouraging regional vari-
ability and genetic richness.

Our data provide evidence that, throughout the Holocene,
Indigenous populations across the Amazon have significantly
inserted themselves into the ecology and seed dispersal mech-
anisms of not only field crops but also trees.'® As a result of
limited dispersal by natural means, Brazil nut has low, and over-
all declining, genetic diversity. Industrial or large-scale defores-
tation is worsening this trend, with Brazil nut in logged areas
having drastically reduced genetic diversity,'> which poses a
major problem for this species and its role as a critical ecological
component of Amazonian ecosystems.?” Our analysis confirms
the very different influences that contemporary local commu-
nities and past human societies have had on the genetic reser-
voir of this species, with the introduction of different lineages
and management of dynamic forest landscapes increasing ge-
netic diversity in different regions, even if certain lineages are
being selected for and promoted across the forest at large scale.
We argue that the promotion of active Indigenous approaches to
Brazil nut management through agroforestry management for
nut harvesting and mobile maintenance of dynamic succession
in certain forest areas offers the potential to increase regional
and basin-wide genetic diversity, balancing challenges of
declining genetic diversity with its status as a key economic
and ecological species for the Amazonian biome at large. More-
over, our study highlights the potential and importance of
combining archaeological and genomic approaches to
exploring the genetic and anthropogenic histories of key tree
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species in the tropics through time. We posit that studies of
this type on Brazil nut in different regions, and on different
related tree species, have the potential to yield insights into
long-term human effects on tree genetics and their significance
for contemporary management strategies.
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Figure 3. Population structure analysis of Brazil nut
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Deep TE Yan et al.*” https://github.com/LiLabAtVT/DeepTE

GeneMark-ES Suite
Augustus

Lomsadze et al.*®
Stanke et al.*

https://genemark.bme.gatech.edu/

https://github.com/nextgenusfs/augustus

Trinity Haas et al.*® https://github.com/trinityrnaseqg/trinityrnaseq

PASA Haas et al.*® https://github.com/PASApipeline/PASApipeline

ProtHint Bruna et al.*” https://github.com/gatech-genemark/ProtHint

EVidenceModeler Haas et al.*® https://github.com/EVidenceModeler/
EVidenceModeler

Apollo Dunn et al.*® https://github.com/ApolloAuto/apollo

BUSCO Simao et al.”® https://busco.ezlab.org/

Diamond Buchfink et al.’ https://github.com/drostlab/rdiamond

InterProScan Jones et al.”? https://github.com/ebi-pf-team/interproscan

RestrictionDigest Wang et al.>® https://github.com/JINPENG-WANG/
RestrictionDigest

Fastp Chen et al.>* https://github.com/OpenGene/fastp

BWA Liet al.”® http://bio-bwa.sourceforge.net/

GATK McKenna et al.*® https://gatk.broadinstitute.org/hc

VCFtools Danecek et al.”” https://github.com/vcftools/vcftools

SnpEff Cingolani et al.*® https://pcingola.github.io/SnpEff/

ADMIXTURE Alexander et al.*® https://dalexander.github.io/admixture/

Plink Purcell et al.° https://github.com/insilico/plink

TreeMix Pickrell et al.®’ https://github.com/carolindahms/TreeMix

PopLDdecay Zhang et al.®” https://github.com/BGl-shenzhen/PopLDdecay

easySFS N/A https://github.com/isaacovercast/easySFS

SMC++ Tian et al.®® https://github.com/popgenmethods/smcpp

WGDI Sun et al.® https://github.com/SunPengChuan/wgdi

OrthoFinder Emms et al.®® https://github.com/davidemms/OrthoFinder

MAFFT Katoh et al.®® https:/github.com/GSLBiotech/mafft

trimal Capella-Gutierrez et a https://github.com/inab/trimal

1Q-tree Minh et al.%® https://github.com/igtree/igtree2

PAML Yang et al.®® https://github.com/abacus-gene/paml

CAFE De Bie et al.”® https://github.com/hahnlab/CAFE

Other

Tair N/A https://www.arabidopsis.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials and sampling sites description
The Brazil Nut individual used for PacBio de novo genome assembly was preserved in the 'Parque das Castanheiras’, Manaus, Brazil
(8°04°48.2"S 59°56’05.0"W). For diversity analyses, a total of 270 Brazil Nut wild individuals were sampled from three protected areas
of the Brazilian Amazon during 2018-2019. (Table S7).

The first site was the Tapirapé-Aquiri National Forest (“TAP”) in eastern Amazonia. It is dominated by submontane rainforest and
alluvial rainforest.”" Most archaeological sites in the region occur on terraces in the meanders of the local creeks.”” The trees from the
stand TAP_S2 are growing on patches of Amazonian Dark Earth, terra preta, that extend over the region in patches between 600 x
400 m and 200 x 150 m, concomitantly or not, with depths varying between 60 cm and 1 m, with archaeological dates going back to
the eighth century CE and material culture discoveries including ceramic fragments, lithic material, and carbonised seeds.’”” The
trees growing at TAP_S1 are at the edge of the park area, and are visited sporadically by local people from the surrounding commu-
nity, but there is no archaeological evidence in the area.

The Tefé National Forest (“TEF”) site is composed of dense ombrophilous forest, mainly terra firme habitats but also igap6 flooded
forests. The Brazil Nut trees at both the TEF_S1 and TEF_S2 subsites are part of the agroforestry system of contemporary commu-
nities, and forest management is connected to the harvesting of Brazil Nut seeds, as well as practices such as the cutting of lianas to
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release tree growth, the planting of trees,® the cultivation of cassava (Manihot esculenta), and the collection of other non-timber forest
resources such as Agai (Euterpe precatoria) and Pupunha (Bactris gasipaes). Trees at the Ponta da Castanha archaeological site
(TEF_S2) are growing on terra preta, and ceramic fragments have been found.?* Although the trees in TEF_S1 apparently do not
directly overlap an archaeological site, the region has many indications that it was extensively occupied in the past, such as ceramics,
funerary urns, and terra preta soils. Finally, the Jau National Park (JAU), which is the third largest tropical forest park in the world, with
vast areas of terra firme and campinarana and igapé forests,”® is located on the west bank of the lower Rio Negro. No detailed archae-
ological surveys have been carried out in the areas where the trees were sampled. JAU_S1 is an old Brazil Nut stand, located in an
area that was documented as Indigenous territory in the 18" century and later became a site for rubber exploration.”* The site was
gradually abandoned over the decades since the second rubber boom ended. We observed terra preta near JAU_S1. The Brazil Nut
trees in JAU_S2 occur among agricultural fields and home gardens in the Cachoeira community, which settled there during the first
and second rubber boom. No archaeological evidence was found at JAU_S2.

METHOD DETAILS

Genome size estimation, sequencing, and assembly

Jellyfish was used to calculate k-mers,”® and GenomeScope was used to estimate genome size.? Young leaves were flash frozen on
dry ice and transferred to the Instituto Nacional de Pesquisas da Amazonia (INPA) in Manaus. For PacBio (Menlo Park, CA, USA) cir-
cular consensus sequencing (CCS), high molecular weight DNA was extracted according to a published protocol.*° The BluePippin
(Sage Science, Beverly, MA, USA) system was used for size selection. SMRTbell libraries (16-20 kb) were constructed according to
manufacturer’s instructions. Libraries were sequenced on a PacBio Sequel Il instrument, generating 29.1 Gb (estimated 50x genome
coverage) of high fidelity (HiFi) reads. PacBio HiFi reads were assembled with FALCON/FALCON-Unzip®' and Hifiasm®? with param-
eters optimised for diploid species. We used the FALCON-phased version to combine the two draft genome assemblies with the
quickmerge methodology®® using the FALCON assembly as the query and the Hifiasm assembly as the reference (options: hco
5.0 ¢ 1.5 1 19000000 ml 10000). We purged the Haplotigs of the merged assembly with Purge_dups®* then used FinisherSC* to
further increase the contiguity of the assembly (Table S1).

Pseudo-chromosomes assignment by using Hi-C

A Hi-C library for chromatin contact information and scaffolding was constructed with the Omni-C Library Preparation Kit (Dovetail
Genomics, Scotts Valley, CA, USA) according to the manufacturer’s instructions (https://dovetailgenomics.com/products/omni-c-
product-page/), and sequenced on a HiSeq 3000 instrument (lllumina, San Diego, CA, USA) to generate 55 Gb of 2x150 bp
paired-end reads. The Hi-C reads were transformed into chromatin contact maps with Juicer®® (v.1.6.2), and the information was
used to scaffold the non-redundant PacBio contigs with the 3D-DNA pipeline®” with a haploid model. This procedure yielded 17
pseudo-chromosomes.

Genome annotation

TE annotation: We used RepeatModeler2*® (https://github.com/Dfam-consortium/RepeatModeler) to find de novo repeats in the
genome. The repeat library was imported to RepeatMasker®® (version 4.1.1) to identify and cluster repetitive elements that were
masked in the assembly with the sensitive mode. LTR-TEs were predicted using LTR_FINDER*® (v.1.07) with parameters *-D
20000 -d 1000 -L 700 -1 100 -p 20 -C -M 0.9’. Results from the above annotation steps were integrated using LTR_retriever
(v.2.6)."" The results from each software package were integrated to generate a comprehensive, non-redundant TE library, which
was used as input to produce a non-redundant TE annotation. DeepTE was used to further classify unclassified TEs.*” Gene
annotation: We first used BRAKER2(v 2.1.5), which combines GeneMark-ET*® and AUGUSTUS" to integrate evidence from orthol-
ogous proteins, transcriptomes and ab initio gene prediction. Leaf RNA-seq reads was imported into the Trinity de novo assembly
and genome-guided assembly pipelines with default parameters,*® and transcripts were imported into PASA.*® ProtHint*” was also
used for predicting and scoring hints based on the UniProt plant protein database (accessed on 1 February 2021). EVidenceModeler-
1.1.1%® was used to combine the different predictions into weighted consensus gene structures. With the combined result, PASA was
used to update the EVidenceModeler consensus predictions, adding UTR annotations and models for alternatively spliced isoforms.
Limited manual refinement was done with Apollo.”® BUSCO®° (version 5.1.0) was used to evaluate annotation completeness
(Table S3). Out of 2,326 eudicot conserved genes, 2,235 (96.1%) were annotated in the Brazil Nut assembly, of which 2114
(90.9%) were complete single-copy BUSCO genes. Gene functions were assigned by searching the predicted proteins against public
databases with DIAMOND®" with e-value < 17, including the UniProt and the KEGG (Kyoto Encyclopedia of Genes and Genomes)
databases. We aligned the proteins against the InterProdatabase using InterProScan®? to identify protein domains and transmem-
brane helices and to assign gene ontology (GO) terms.

dd RAD-seq sequencing and SNP calling

To generate diversity data, we simulated ddRAD-seq fragments in silico using RestrictionDigest,”” then chose the restriction en-
zymes ApeKI and Bfal, because a digest of genomic DNA with this combination was predicted to produce the most fragments in
the 300-500 bp range. The ddRAD-seq library was constructed as described,”® with libraries sequenced on a HiSeq 3000 instrument
with 2x150 bp paired end reads. For variant calling, adaptors and low-quality bases (Q < 30) were trimmed from raw reads using
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fastp,®* and the filtered clean reads were aligned against the genome assembly BWA>® with default parameters (Table S5). For di-
versity analysis, we used only SNPs and small indels up to 10 bp identified using GATK4°® following the best practices workflow
(https://gatk.broadinstitute.org/). HaplotypeCaller and GenotypeGVCFs were used to call variants from all samples. A hard filter
was used with criteria ‘QD < 2.0 || MQ < 40.0|| FS >60.0 || SOR > 3.0 || MQRankSum < —12.5 || ReadPosRankSum < —8.0’. The filtered
VCF file was subjected to quality control by VCFtools®” with the following criteria * —max-missing 0.9 -maf 0.05 -mac 3 -minDP 3
-minQ 30 ’. The SnpEff°® program was used to annotate SNPs and large-effect SNPs with modification of the start or stop codons,
and alternative splice sites were extracted for further analysis (Table S6).

Population structure and demographic history

ADMIXTURE®® was used to infer ancestral populations among Brazil Nut accessions with different k values (from 1 to 10), using 2,000
bootstraps. k = 9 had the smallest cross-validation error. For the subset of young and old individuals, k = 3 had the smallest cross-
validation error. PLINK1.9%° and VCFtools 0.1.16°" were used to calculate population divergence statistics, including nucleotide di-
versity () and genetic differentiation (Fs). TreeMix®' was used to identify gene flow among populations. Linkage disequilibrium
decay was calculated using PopLDdecay®® (version 3.31) with default parameters. The site-frequency spectrum (SFS) was calcu-
lated using easySFS (https://github.com/isaacovercast/easySFS) with parameters ’-f -a —proj 520°. We took the maximum-likelihood
estimate of the folded SFS as input to estimate population demography history with the stairway plot algorithm?® using 200 boot-
straps, a generation time of 18 years, and a mutation rate per generation per site of 6.5 x 10~°. SMC++ was also used to estimate
population demography history with the same mutation rate and generation time and parameter -c 2000.°°> GO enrichment analyses
of species-specific genes were carried out with the OmicShare platform (www.omicshare.com/tools). Significance of enrichment
was determined using Fisher’s exact test, with P values adjusted using Benjamini-Hochberg multiple-hypothesis-testing correction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Genome evolution analyses

We collected the longest open reading frame for each gene and identified self-to-self DIAMOND®" hits of proteins at least 30 aa long
and e-value < 1e-5. The results were imported to WGDI®* to identify syntenic blocks and substitutions per synonymous site (Ks).
OrthoFinder®® (version 2.3.3) was used to classify orthogroups of proteins from Brazil Nut and five other representative species, Vitis
vinifera (V2.0), Citrus sinensis (Csi_valencia_1.0), Populus trichocarpa (V3.0), Juglans regia (V2.0), and Arabidopsis thaliana (TAIR10).
A tree was constructed based on 1,331 single-copy genes of the six species. We used MAFFT®® to construct protein alignments for
each single-copy gene family and removed gaps from the alignments using trimal.®” 1Q-tree 2°° was used to construct a maximum
likelihood tree with a Best-fit model of JTT + F + R10 and 1000 bootstrap replicates. The divergence time of each node in the phylo-
genetic tree was estimated based on the JC69 model in the MCMCTree program from PAML.%° The MCMCTree was run for
1,000,000 generations, with a burn-in 10,000 iterations to a stable state. The divergence time between J. regia and A. thaliana
(108 Mya)”” was used for calibration. For gene family expansion and contraction analysis, the ancestral gene content of each cluster
at each node was investigated with CAFE 3.1.”° Based on the phylogeny and gene numbers per orthogroup in each species, the
gene family expansions/contractions at each branch were determined with P-value < 0.01. Expansion and contraction events
were estimated by comparison to the RCAs (recent common ancestors) of the species.

Current Biology 35, 1-11.e1-e4, February 3, 2025 e4



https://gatk.broadinstitute.org/
https://github.com/isaacovercast/easySFS
http://www.omicshare.com/tools

	CURBIO20862_proof.pdf
	Long-term human influence on the demography and genetic diversity of the hyperdominant Bertholletia excelsa in the Amazon Basin
	Introduction
	Results
	The characteristics of the Brazil nut reference genome
	Genome evolution of Brazil nut and synteny with other plants
	Genome expansion of Brazil nut
	Genetic variation and demographic history of Brazil nut populations shaped by human activity

	Discussion
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Plant materials and sampling sites description

	Method details
	Genome size estimation, sequencing, and assembly
	Pseudo-chromosomes assignment by using Hi-C
	Genome annotation
	dd RAD-seq sequencing and SNP calling
	Population structure and demographic history

	Quantification and statistical analysis
	Genome evolution analyses





