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Abstract

Wallace’s riverine barrier hypothesis postulates that large rivers, such as the Amazon

and its tributaries, reduce or prevent gene flow between populations on opposite

banks, leading to allopatry and areas of species endemism occupying interfluvial

regions. Several studies have shown that two major tributaries, Rio Branco and Rio

Negro, are important barriers to gene flow for birds, amphibians and primates. No

botanical studies have considered the potential role of the Rio Branco as a barrier,

while a single botanical study has evaluated the Rio Negro as a barrier. We studied

an Amazon shrub, Amphirrhox longifolia (A. St.-Hil.) Spreng (Violaceae), as a model to

test the riverine barrier hypothesis. Twenty-six populations of A. longifolia were

sampled on both banks of the Rio Branco and Rio Negro in the core Amazon Basin.

Double-digest RADseq was used to identify 8,010 unlinked SNP markers from the

nuclear genome of 156 individuals. Data relating to population structure support

the hypothesis that the Rio Negro acted as a significant genetic barrier for A. longi-

folia. On the other hand, no genetic differentiation was detected among populations

spanning the narrower Rio Branco, which is a tributary of the Rio Negro. This study

shows that the strength of riverine barriers for Amazon plants is dependent on the

width of the river separating populations and species-specific dispersal traits. Future

studies of plants with contrasting life history traits will further improve our under-

standing of the landscape genetics and allopatric speciation history of Amazon plant

diversity.
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1 | INTRODUCTION

The Amazon River and its ca. 10,000 tributaries have been the focus of

several biogeographical studies due to their potential role in population

isolation (Ayres & Clutton-Brock, 1992; Bates, Haffer, & Grismer, 2004;

Boubli et al., 2015; Collevatti, Leoi, Leite, & Gribel, 2009; Fernandes,

Wink, Sardelli, & Aleixo, 2014; Fernandes, Cohn-Haft, Hrbek, & Farias,

2014; Funk et al., 2007; Gascon et al., 2000; Hall & Harvey, 2002;

Hayes & Sewlal, 2004; Link et al., 2015; Lougheed, Gascon, Jones, Bog-

art, & Boag, 1999; Maldonato-Coelho, Blake, Silveira, Batalha-Filho, &

Ricklefs, 2013; Moraes, Pavan, Barros, & Ribas, 2016; Naka, Becchtoldt,

Henriques, & Brumfield, 2012; Patton, da Silva, & Malcolm, 2000;

R€as€anen, Salo, Jungner, & Pittman, 1990; Ribas, Aleixo, Nogueira,

Miyaki, & Cracraft, 2012; Salo et al., 1986; Smith et al., 2014; Solomon,

Bacci, Martins, Vinha, & Mueller, 2008; Wallace, 1852). This complex

river system is thought to have originated in the Miocene, some 11 mil-

lion years ago, and took its present shape in the late Pliocene, approxi-

mately 2.4 million years ago (Baker et al., 2014). As such, the Amazon

and its tributaries represent a potential and important cause of allopa-

tric population differentiation for a plethora of taxa.
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Wallace’s (1852) riverine barrier hypothesis postulates that large

rivers, such as the Amazon, reduce or prevent gene flow between

populations on opposite banks, thereby explaining some biodiversity

patterns currently found in this region. Several studies have shown

that Rio Branco and Rio Negro tributaries are important barriers to

gene flow for birds, amphibians and primates (Bates et al., 2004;

Boubli et al., 2015; Naka et al. 2012; R€as€anen et al., 1990; Ribas

et al., 2012; Salo et al., 1986; Solomon et al., 2008). No botanical

studies have considered the potential role of the Rio Branco as a

barrier, and only one study to date has evaluated the Rio Negro as a

barrier for plant dispersal (Collevatti et al., 2009). In this study, high

rates of gene flow were found between populations of two species

of Caryocar separated by the Rio Negro (Collevatti et al., 2009). The

Caryocar species studied are enormous canopy-emergent trees polli-

nated by Phyllostomus bats and dispersed by strong swimming tapirs

(Tapirus terrestris) (Collevatti et al., 2009). Extensive gene flow, even

across rivers, may therefore be expected for Caryocar. On the other

hand, plant species with more limited gene flow, such as insect-polli-

nated and terrestrially dispersed trees or shrubs, should exhibit very

different response to riverine barriers. In addition to plant dispersal

abilities, the physical traits (e.g., flow and dynamic) of the rivers are

important factors in the establishment of putative genetic barriers.

The Neotropical plant species Amphirrhox longifolia (Violaceae) is

a small, shrub-like treelet (up to 3 m in height) that is widely dis-

tributed in lowland forests from Costa Rica to eastern Brazil (Mis-

souri Botanical Garden 2009). In the Amazon Basin, A. longifolia

occurs at relatively high densities in blackwater floodplains (i.e.,

igap�o, rich in humic substances, acidic and poor in nutrients), white-

water floodplains (i.e., v�arzea, rich in suspended matter and nutrients,

with neutral pH), and nonflooding uplands (i.e., terra firme). Amphir-

rhox longifolia is least abundant in terra firme, where it occurs in the

lowest stratum and is absent in the middle and upper strata (Parolin

et al., 2004; Ribeiro et al., 1999). We selected A. longifolia as a

model because of its abundance on both banks (left and right) of the

Rio Negro and Rio Branco tributaries in the Amazon Basin. The spe-

cies is self-incompatible and has hermaphroditic flowers that are lar-

gely actinomorphic, tubular and spurless (Braun, Dotter, Schlindwein,

& Gottsberger, 2012), a floral syndrome associated with pollination

by bees and butterflies (Braun et al., 2012). Amphirrhox longifolia has

a telechoric ballistic seed dispersal mechanism. Because of its ballis-

tic dispersal system, the small seeds of A. longifolia are likely to be

dispersed short distances from the maternal tree. As the seeds do

not float, a minimal role of water dispersal is expected. No previous

evolutionary or genetic studies have been performed on this species.

Based on what is known about the ecology and life history of

A. longifolia, we hypothesized that populations located on opposite

margins of the Rio Negro and its tributary, the Rio Branco, would be

more differentiated genetically than populations located on each side

of these rivers, where gene flow is not impeded by any obvious bar-

rier. We also expected that as the Rio Negro is generally wider

(�1–24 km) than the Rio Branco (�0.5–3.5 km), genetic differentia-

tion would be more pronounced in the Rio Negro than in the Rio

Branco. In order to test these hypotheses, we used a high-

throughput methodology (double-digest RADseq; Peterson, Weber,

Kay, Fisher, & Hoekstra, 2012) to identify thousands of informative

SNP markers from anonymous portions of the nuclear genome

across all studied populations of A. longifolia. Every SNP identified

through RADseq is likely to be independently inherited and thus rep-

resents an independent sample of the underlying evolutionary pro-

cesses. With this study, we hoped to better understand the

importance of Amazon tributaries as barriers for gene flow in a

widespread rain forest plant species.

2 | MATERIAL AND METHODS

2.1 | Study area and sample collection

Located on the Guiana Shield ecoregion, the Rio Negro basin

(754,925 km2) and its largest tributary, the Rio Branco

(235,073 km2), were selected to test the riverine barrier hypothesis.

The Rio Negro (Figure S1), a blackwater river spanning 1,700 km, is

the fifth-largest river in the world and one of the largest tributaries

of the Amazon Basin (Latrubesse, Stevaux, & Sinha, 2005). The geo-

logical history of this river system is complex, but geomorphological

evidence suggests that the mouth of the Rio Negro moved 150 km

eastward to its present location near the city of Manaus, Amazonas

State, Brazil (Almeida-Filho & Miranda, 2007). The Rio Negro Basin

is covered by lowland rain forest, submontane and montane forests

and other vegetation types, including white sand-soil forests

(Macedo & Prance, 1978). The highly diverse forests bordering the

Rio Negro consist of several hundred species of trees (Ferreira,

2000; Keel & Prance, 1979). Deforestation along the Rio Negro has

been minimal due in part to its nutrient-poor soils that are unsuitable

for agriculture. The study area extends from above the mouth of the

Rio Negro (Novo Air~ao, Amazonas State, Brazil) to 240 km up river,

including the Rio Branco, the most important tributary of the Rio

Negro. The Rio Branco (Figure S1) is 750 km long and is unique in

the region because it is a sediment-rich “whitewater” river sur-

rounded by clear blackwater rivers. Hence, the Rio Branco supports

a different type of vegetation and plant community structure than is

found along the shores of blackwater rivers (Worbes, 1997).

During the winter of 2015, flowering individuals of A. longifolia

were sampled from 26 populations located on both banks (left and

right) of the Rio Negro and Rio Branco (Table 1, Figure 1). All popu-

lations of A. longifolia along the Rio Negro were located on blackwa-

ter floodplains and sampled within 44.1 km on the same riverbank.

On the Rio Branco, all populations were sampled from whitewater

floodplains within a 33.1 km range. For each population, we identi-

fied a corresponding population on the opposite riverbank. For the

Rio Negro, corresponding populations located on opposite banks

were separated by 4.2 km (Pop3 – Pop25, Figure 1) to 7.5 km (Pop5

– Pop24, Figure 1), while corresponding populations were separated

by 1.0 km (Pop14 – Pop15, Figure 1) to 3.2 km (Pop8 – Pop21, Fig-

ure 1) on the Rio Branco. Leaves from six individuals of A. longifolia

per population were sampled and desiccated in silica gel. Our popu-

lation sample size was informed by an initial study with A. longifolia,
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showing that large numbers of unlinked SNPs lead to results with

high resolution even when just two individuals are sampled (Nazar-

eno, Bemmels, Dick, & Lohmann, 2017). Individuals were sampled at

intervals of at least 50 m to avoid sampling close relatives. One vou-

cher specimen was sampled per population (Table 1). All vouchers

were deposited at the Herbarium of the University of S~ao Paulo

(SPF), S~ao Paulo, Brazil.

2.2 | Library preparation and sequencing

Genomic DNA was extracted from leaf samples of A. longifolia using

the Macherey-Nagel kit (Macherey-Nagel GmbH & Co. KG), follow-

ing the manufacturer’s instructions. Four genomic libraries were cre-

ated using a double-digest RADseq (ddRAD) protocol (Peterson

et al., 2012), with modifications intended to minimize variance in the

number of reads per individual within a pool. Specifically, PCRs were

performed on each individual sample and PCR products were pooled

for size selection, instead of pooling samples prior to size selection

and PCR as recommended by Peterson et al. (2012). Before diges-

tion reactions, double-stranded DNA concentrations were quantified

using the Qubit dsDNA Assay Kit (Invitrogen) and all samples were

adjusted to equal molar concentration. The initial amount of DNA,

using the Qubit dsDNA Assay kit, varied from 350 to 500 ng for

each sample. Each sample was digested with two high-fidelity

restriction enzymes EcoRI and MseI (New England Biolabs). Diges-

tion reactions were carried out in a total volume of 20 ll, using

17 ll of resuspended DNA, 5 units of EcoRI, 5 units of MseI and 19

CutSmart buffer (New England Biolabs) for 3 hr at 37°C, ending with

a 20-min deactivation step at 65°C. Reactions were then purified

with the Agencourt AMPure XP system (Beckman Coulter), following

the manufacturer instructions, with elution in 40 ll TE buffer. In

order to standardize the initial DNA mass to be added into an adap-

ter ligation, the cleaned digests were quantified using Qubit. Adapter

ligations were carried out in a total volume of 30 ll, combining

42 ng DNA, 0.22 lM of a non-sample-specific MseI adaptor (com-

mon for all samples), 0.33 lM of a sample-specific EcoRI double-

strand adaptor for each DNA sample, 1U of T4 DNA ligase (New

England BioLabs) and 1.39 T4 ligase buffer which were incubated at

23°C for 30 min. Reactions were then heat-killed at 65°C for 10 min

following a slow cooling to room temperature (23°C). A total of 96

EcoRI double-stranded barcodes with a unique 10-base pair

sequence were created using Python; for further details on the bar-

codes and the MseI oligos sequences, see Nazareno et al. (2017).

After cleaning the reactions with the Agencourt AMPure XP system,

ligation products were amplified in 20 ll PCRs, each containing

13.5 ll of the ligation product, 0.2 lM of each primer, 0.2 mM

dNTPs, 1.0 mM MgCl2, 0.5 U of iProofTM High-Fidelity DNA poly-

merase (Bio-Rad) and 29 of iProof buffer. The PCR protocol (98°C

for 30s, 20 cycles of 98°C for 20s, 60°C for 30s and 72°C for 40s,

followed by a final extension at 72°C for 10 min) was carried out in

an Eppendorf PCR system. Before pooling samples at each library,

each sample was purified using the Agencourt AMPure XP system

and the DNA was quantified using Qubit. DNA concentration of

each sample ranged from 2.36 to 3.54 ng/ll. Multiplexed libraries

were prepared with approximately equal amounts of DNA among

samples. Automated size selection was performed using a 2% agar-

ose cartridge (Pippin Prep; Sage Science, Beverly, MA) to select

genomic fragments at a target range size of 375–475 bp. Size, quan-

tity and quality of each individual library were measured on the Agi-

lent 2100 Bioanalyzer (Agilent Technologies) using the Agilent DNA

1000 Kit. Each library was sequenced (100-bp single-end reads) in a

single lane of an Illumina HiSeq 2000 flow cell (Illumina Inc., San

Diego, CA) at The Centre for Applied Genomics in Toronto, Canada

(each lane was pooled with 34–65 A. longifolia samples).

2.3 | Identifying and genotyping SNPs

Files containing the raw sequence reads for all A. longifolia individu-

als were analysed in STACKS 1.35 (Catchen, Amores, Hohenlohe,

Cresko, & Postlethwait, 2011; Catchen, Hohenlohe, Bassham,

Amores, & Cresko, 2013) using de novo assembly. Initially, we used

TABLE 1 Collection information for the populations of
Amphirrhox longifolia (A. St.-Hil.) Spreng sampled along the Rio Negro
and Rio Branco, Amazon Basin, Brazil

Locality

Population

code

River

bank Latitude Longitude

Voucher

no.a

Rio Negro P1 Right 02°04025.4″S 61°30032.8″W AF113

Rio Negro P2 Right 01°59027.2″S 61°12052.1″W MB322

Rio Negro P3 Right 01°54021.0″S 61°20008.9″W AF116

Rio Negro P4 Right 01°40007.0″S 61°25000.1″W MB330

Rio Negro P5 Right 01°33014.2″S 61°30027.8″W VT407

Rio Negro P6 Right 01°26012.3″S 61°34049.8″W VT413

Rio Negro P7 Right 01°22005.2″S 61°45055.3″W AF125

Rio Negro P8 Right 01°23 27.1″S 61°50031.6″W AF131

Rio Negro P22 Left 01°23047.5″S 61°47058.0″W VT449

Rio Negro P23 Left 01°29025.4″S 61°36034.8″W VT450

Rio Negro P24 Left 01°35040.8″S 61°33043.7″W VT455

Rio Negro P25 Left 01°56012.9″S 61°21029.6″W VT458

Rio Negro P26 Left 02°01036.4″S 61°15025.1″W VT460

Rio Negro P27 Left 02°07015.5″S 61°10032.7″W VT461

Rio Branco P9 Right 01°14040.0″S 61°49052.0″W AF132

Rio Branco P11 Right 00°56044.1″S 61°50058.0″W VT416

Rio Branco P12 Right 00°50055.7″S 61°51033.1″W VT417

Rio Branco P13 Right 00°43046.3″S 61°51024.0″W VT419

Rio Branco P14 Right 00°35007.0″S 61°48015.3″W VT425

Rio Branco P15 Left 00°35025.3″S 61°48041.4″W VT427

Rio Branco P16 Left 00°43034.5″S 61°52005.7″W VT429

Rio Branco P17 Left 00°5202.05″S 61°52051.3″W VT432

Rio Branco P18 Left 00°56046.4″S 61°52032.1″W VT434

Rio Branco P19 Left 01°05046.5″S 61°52053.0″W VT436

Rio Branco p20 Left 01°14042.7″S 61°50056.2″W VT442

Rio Branco P21 Left 01°22024.5″S 61°51059.7″W VT447

aAll specimens are deposited at the University of S~ao Paulo Herbarium

(SPF), S~ao Paulo, Brazil.
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the process_radtags program in STACKS to assign reads to individuals

and eliminate poor quality reads and reads missing the expected

EcoRI cut site (options –barcode_dist 4 -q -e ecoRI). All sequences

were processed in ustacks to produce consensus sequences of RAD

tags. The program ustacks takes a set of short-read sequences from

a single sample as input and aligns them into exactly matching

stacks. A maximum-likelihood framework (Hohenlohe et al., 2010)

was then applied to estimate the diploid genotype for each individ-

ual of A. longifolia at each nucleotide position. The optimum mini-

mum depth of coverage to create a stack was set at three

sequences, the maximum distance allowed between stacks was two

nucleotides, and the maximum number of stacks allowed per de

novo locus was three. The stacks assembly enabled the Deleveraging

algorithm (�d), which resolves overmerged tags, and the Removal

algorithm (�r), which drops highly repetitive stacks and nearby errors

from the algorithm. The alpha value for the SNP model was set at

0.05. Cstacks was used to build a catalogue of consensus loci con-

taining all the loci from all the individuals and merging all alleles

together. Then, each individual genotype was compared against the

catalogue using sstacks. We then used rxstacks to exclude problem-

atic loci with a log-likelihood <�100 and loci that matched a single

catalogue locus (conf_limit = 0.25) or any nonbiological haplotypes

(–prune_haplo) in more than 25% of individuals. Subsequently,

cstacks and sstacks were performed again using the same parame-

ters described above. The POPULATIONS program was run to obtain the

loci that were present in at least 85% of the A. longifolia individuals

and 100% of the sampling populations, with sequencing depth of

109. Even though the use of multiple SNPs within loci has a strong

effect on statistical power (Morin, Martien, & Taylor, 2009), we only

included the first SNP per locus in the final analysis. All raw

sequence reads are available from the National Center for Biotech-

nology Information Short Read Archive (Accession No.

PRJNA381254).

2.4 | Quality control of genomic data

The numbers of raw sequence reads and unlinked SNPs were char-

acterized for all populations of A. longifolia. We used the GENALEX 6.5

program (Peakall & Smouse, 2006) to remove SNP markers that

were not at Hardy–Weinberg equilibrium (HW). We also used

BayeScan 2.1 to remove the SNPs potentially under balancing and

divergent selection; this software was run with 20 pilot runs of

F IGURE 1 Amphirrhox longifolia (A. St.-Hil.) Spreng populations (P1 to P27) sampled in the wet season (March–April 2015) along the left
and right banks of the Rio Negro and Rio Branco, northern Brazil
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10,000 iterations, a burn-in of 50,000 iterations and a final run of

100,000 iterations. In order to minimize false positives, prior odds

of the neutral model were set to 10,000 (i.e., the neutral model is

10,000 times more likely than the model with selection; Foll & Gag-

giotti, 2008).

2.5 | Population genomic analyses

After filtering SNP markers out of HWE and under selection, we

assessed spatial patterns in the genetic structure between A. longifo-

lia populations using several approaches. First, we calculated genetic

distances among populations (DA: Nei, Tajima, & Tateno, 1983) and

visualized the results by applying multidimensional scaling (MDS) in

XL-STAT (Addinsoft), using the SMACOF method (Scaling by

MAjorizing a COnvex Function), which minimizes the “normalized

stress” (De Leeuw, 1977). The MDS is an ordination technique that

plots populations as points in low-dimensional space while attempt-

ing to maintain the relative distances between populations as close

as possible to the actual rank order of similarities between popula-

tions. Thus, A. longifolia populations with similar genetic structure

are plotted closer together in ordination space established by a

stress factor. MDS requires no assumptions regarding the cause of

structure and does not assume Hardy–Weinberg or gametic equilib-

rium. In addition to the MDS analysis, a Bayesian model was devel-

oped using a Markov chain Monte Carlo (MCMC), as implemented in

the R package GENELAND 4.0.2 (Guillot, 2012). This provided an alter-

native method of clustering populations as it incorporates spatial

data in order to identify spatially explicit genetic discontinuities. This

method operates by minimizing the Hardy–Weinberg and linkage dis-

equilibrium that would result if individuals from different, randomly

mating populations were incorrectly grouped into a population. We

used a spatial model with correlated allele frequencies as proposed

and implemented by Guillot, Santos, and Estoup (2008) and Guillot,

Renaud, Ledevin, Michaux, and Claude (2012). Spatially explicit mod-

els take into account the spatial location of the individuals to

improve the inference power of the substructure when differentia-

tion occurs by limited gene flow driven by the presence of physical

barriers. We conducted one hundred independent runs of 1,000,000

in length, discarding the first 500,000 iterations (burn-in) in postpro-

cessing. The most likely number of k populations was unknown and

hence treated as a simulated variable along with the MCMC simula-

tions (1 ≤ k ≤ 26). The number of genetic clusters (K) was inferred

as the modal number of genetic groups of the best run (based on

posterior density values).

Second, we estimated pairwise genetic differentiation (FST) for

A. longifolia populations using ANOVA following Weir and Cockerham

(1984). We used the SPAGEDI program (Hardy & Vekemans, 2002) to

calculate FST. Using the same program, we also estimated the signifi-

cance of the deviation of FST values using a jackknife procedure over

loci. In order to investigate the visual similarity between genetic and

geographic distance from the MDS and GENELAND methods, we con-

ducted a test for isolation by distance (IBD) to see whether this pat-

tern meets the expectation of decreased genetic similarity with

geographic distance using a Mantel test (Mantel, 1967). Furthermore,

to test the riverine hypothesis for the Rio Negro and Rio Branco, the

genetic structure was deconstructed by a multiple matrix regression

in order to assess the relative contribution of long-term historical

divergence and the effects attributed to IBD. For this, we used the

model proposed by Legendre and Legendre (1998) which evaluates

the relationship among three different matrices: (1) a matrix of pair-

wise genetic distances [FST/(1 � FST); Rousset, 1997;] between

A. longifolia populations; (2) a matrix of Euclidian distances represent-

ing the geographic distance between pairwise A. longifolia popula-

tions; and (3) a pairwise binary matrix of isolation by the rivers

expressing long-term historical divergence. The latter matrix was con-

structed by coding the position of each A. longifolia population pair

relative to the river (populations on the same river bank were scored

as “0” and those on different river banks as “1”) (see Link et al.,

2015; Manly, 1997; Telles & Diniz-Filho, 2005). Using 10,000 permu-

tation tests of significance for the coefficient of correlation, multiple

matrix regression and a single Mantel test were performed using R (R

Development Core Team 2015).

Third, we used a nested hierarchical analysis of molecular vari-

ance (AMOVA—Excoffier, Smouse, & Quattro, 1992) to examine

the effect of the rivers on the partitioning of genetic variation

between populations. For each river, we defined two hierarchical

levels at which we characterized population differentiation:

between populations from opposite riverbanks and between

A. longifolia populations along each bank. We used the software AR-

LEQUIN 3.5.2 (Excoffier & Lischer, 2010) to calculate population dif-

ferentiation estimates and their statistical significance based on

20,000 random permutations.

Finally, historical relationships between A. longifolia populations

in both rivers, inferred with a population graph analysis that allows

both population splits and migration, were constructed with TreeMix

1.12 (Pickrell & Pritchard, 2012). Treemix incorporates a model to

allow for population differentiation in the presence of postdiver-

gence admixture/migration (m), which improves the likelihood fit of

a bifurcating phylogeny. The resulting phylogeny is based on a com-

posite maximum likelihood of the local optimum tree as proposed by

Felsenstein (1981), with branch lengths proportional to the amount

of genetic drift per branch. With this approach, inference is based

on “shared genetic drift” between sets of populations, under the pre-

mise that shared drift implies a shared evolutionary history (Peter,

2016). We added stepwise migration edges and inspected the results

for consistency between runs. The population graph and residuals

were visualized using R (R Core Team, 2015).

3 | RESULTS

3.1 | Quality control of genomic data

The number of single-end raw reads of 101 bp produced for each

lane of HiSeq 2000 Illumina varied from 51 million (library 4, with

34 A. longifolia samples) to 169 million (library 2, with 65 samples).

Each read starts with a barcode sequence identifying a sample (up to
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10 bp long) and the 6-bp restriction site, followed by 85 bp of

usable data. The percentage of reads that passed the default quality

filters, including a Phred quality score >33, and contained an identifi-

able barcode, varied from 68.2% (35,188,029 retained reads, library

4) to 90% (152,867,396 retained reads, library 2). The mean number

of retained reads for A. longifolia samples was 2,192,050 � 52,090

SE. At the population level, there were significant differences among

the means of retained reads (Figure S2), which varied from

1,182,457 � 147,076 SE (ranging from 721,570 to 1,639,058) for

Population 21 to 3,225,298 � 178,391 SE for Population 27 (ranging

from 2,492,242 to 4,111,315).

Throughout the A. longifolia genome, we identified 8,085 poly-

morphic SNPs within the RAD tag sequences, for all populations,

with 15% missing data and 10-fold coverage. Considering all signifi-

cance levels (i.e., a = 0.05, a = 0.01 and a = 0.001), 0.79% of

SNPs deviated from HWE in at least 70% of the populations. SNPs

that significantly deviated from HWE (a total of 65 SNPs) were

discarded and not used in further analyses. We detected ten

potential loci that were under diversifying selection for A. longifolia

populations, with the false discovery rate (FDR) set to 0.05 (Fig-

ure S3). Thus, a total of 8,010 filtered SNPs were used in all geno-

mic analyses.

3.2 | Population genomic structure and the genetic
barrier hypothesis

Using the MDS and Bayesian clustering methods, we identified

one potential barrier to gene flow in the Rio Negro. An examina-

tion of the stress value (Kruskal’s stress = 0.131), which represents

unexplained information, determined that two dimensions were

sufficient to explain the genetic patterns for Rio Negro and Rio

Branco. The genetic pattern that emerges from our data, as

depicted in the MDS plot, separated samples from the Rio Negro

into those on the left bank and those on the right bank, and

grouped together all A. longifolia populations from both banks of

the Rio Branco (Figure 2). The genetic structure pattern from the
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F IGURE 2 Patterns of geographic structure in Amphirrhox longifolia (A. St.-Hil.) Spreng as revealed by multidimensional scaling (MDS) of the
matrix of genetic distances (DA; Nei et al., 1983; Kruskal’s stress = 0.131). The first axis clearly separates populations from the Negro and
Branco rivers. The Shepard diagram (inside) shows the quality of the MDS representation. The colours for the Amazonian rivers (and their
banks) highlight the three clusters distinguished in the GENELAND analysis (Figure 3): Branco River (both banks) in blue; the banks of Negro River
in orange and green
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MDS analysis closely matched that obtained using Bayesian clus-

tering analysis. Geneland results clearly delineated three groups

with minimal variance in the posterior probabilities of population

estimation over multiple runs using both spatial (Figure 3a) and

nonspatial models (Figure 3b).

Pairwise estimates of FST varied from 0.0001 to 0.055 and all

but five were statistically significant (p < .05), indicating limited

differentiation between A. longifolia population pairs from the Rio

Negro (see Table S1). Based on the results from the multiple

matrix regression, a significant portion of the variation in pairwise

genetic distances is explained either by the historic isolation

caused by the river acting as a barrier to gene flow (53%) or iso-

lation by distance (19%). Part of the genetic divergence remains

unexplained (44%), and only a limited proportion (16%) of that

variation can be explained by the combined effect of a river bar-

rier plus isolation by distance (Figure 4). Results of simple matrix

correlation between genetic and geographic distance were not sig-

nificant when applied separately to both banks of the Rio Negro

(r = .1877, p = .1450 for the right bank; r = .0624, p = .3958 for

the left bank; Figure S4). However, simple matrix correlation

between genetic and geographic distance led to highly significant

results when applied between pairs of A. longifolia populations on
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F IGURE 3 Population clustering
analysis (a–c) for Amphirrhox longifolia (A.
St.-Hil.) Spreng populations clearly
delineated three groups of populations
along the Rio Negro (green and orange
circles) and Rio Branco (blue circle).
Figures a and b show the density of the
estimate of k along the Markov chain (after
a burn-in of 1,000 9 100 iterations), when
spatial data are used (a) or not used (b) in
the analyses. Map C is based on
population membership as calculated by
GENELAND

F IGURE 4 Analyses of multiple matrix regression using long-term historical divergence and isolation by distance (IBD) as predictors of
genetic divergence among populations of Amphirrhox longifolia (A. St.-Hil.) Spreng along the left and right banks of the Rio Negro. The
unexplained variation [w = 1 � (x + y + z)] was determined using both effects (IBD and long-term historical divergence) as predictors. The
overlap between long-term historical divergence and IBD is equal to y = (x + y) + (y + z) � (x + y + z), where (x + y) is the coefficient of
determination of the geographic distance (IBD), and (y + z) is the coefficient of determination of the regression using history. Proportion of
variation explained by history alone (z) is 37% and IBD alone (x) is 3%
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opposite banks exclusively (r = .6697, p = .007; Figure S4). Conse-

quently, about 67% of the variation in genetic distance can be

attributed to geographic distance between pairs of populations on

opposite banks of the river.

On the other hand, for populations along the Rio Branco, the

coefficient of determination of the multiple matrix regression was

not significant (R2 = .06424, p = .40) and no correlation between

genetic distance and geographic distance (r = .176, p = .2211) was

found. In addition, the binary model matrix designed to separate

right and left populations on the Rio Branco was not significantly

correlated with genetic distance (r = .1856, p = .1569). These results

indicate that Rio Branco has not acted as a barrier to gene flow for

A. longifolia. Results of simple matrix correlation between genetic

and geographic distance were also not significant when applied sepa-

rately to both banks of the river (r = �.0528, p = .6243 for the right

bank; r = �.1232, p = .7026 for the left bank), nor when applied

only between pairs of A. longifolia populations on opposite banks of

the river (r = .0786, p = .50). The matrix of geographic distance and

the pairwise FST values quantifying genetic differentiation among

A. longifolia populations on the Rio Branco are shown in Table S2.

Pairwise estimates of FST varied from 0.0045 to 0.0420, and all but

two were statistically significant (p < .05), indicating low levels of

differentiation between A. longifolia population pairs from the Rio

Branco (Table S2).

The hierarchical multilocus evaluation of genetic differentiation

performed using an AMOVA revealed that a greater proportion of

the overall genetic variation exists within populations (97.52% and

98.73%) than either between A. longifolia populations from opposite

banks (1.43% and 0.01%) or among populations from the same river-

bank (1.05% and 1.26%) for the Rio Negro and Rio Branco, respec-

tively (Table 2). In accordance with our previous results, which

indicate that Rio Negro can be a barrier to gene flow, most of the

genetic variation was weak but significant and attributable to

differences observed between banks (/CT = 0.014, p < .001) rather

than among populations on the same riverbanks (/SC = 0.010,

p < .001). We did not find this pattern for the Rio Branco (Table 2),

strengthening our findings that this tributary is not a genetic barrier

for A. longifolia.

3.3 | Population trees and historical migration
events

The best maximum-likelihood tree, considering both rivers, largely

reiterates the results for the relationships among A. longifolia popula-

tions, indicating that populations on each river are more closely

related to each other (Figure 5a). Furthermore, the length of the

internal branches on the tree—a measure of dissimilarity between

populations—implies that A. longifolia populations from Rio Negro

show greater differentiation than those from the Rio Branco (Fig-

ure 5a). The graph model tree for both rivers explained 98.81% of

the variance in relatedness between A. longifolia populations. In addi-

tion, the populations on each side of the Rio Negro clearly formed

two distinct clades, corresponding to the left and right banks (Fig-

ure 5a). We examined the residuals of the model’s fit to identify

aspects of ancestry not captured by the tree. The residuals show

that there is high standard error between some population pairs,

suggesting that they may be candidates for migration events (Fig-

ure 5b). For instance, the residual between Pop2 (right bank of the

Rio Negro) and Pop23 (left bank) is greater than zero, although the

standard error is low (Figure 5b). For the Rio Branco, where popula-

tions from both banks of the river were grouped together, a similar

pattern was observed between Pop14 and Pop19, which are on

opposite riverbanks. We then sequentially added historical migration

events (up to five events) to the tree. This graph model (Figure 6)

explained 99.81% of the variance in relatedness between popula-

tions. The migrations could be observed occurring between popula-

tions from the same bank, between populations on opposite banks

and between populations from different rivers. This result suggests

that gene flow was feasible between A. longifolia populations located

on opposite riverbanks.

When we analysed both rivers separately, the best maximum-

likelihood tree explained 96.95% (Figure 7a) of the variance in relat-

edness between A. longifolia populations from the Rio Negro. The

residuals for this tree showed that there is high standard error

between some population pairs (e.g., Pop2-Pop23, Pop4-Pop27,

Pop4-Pop22, Pop6-Pop27, Pop22-Pop26), mainly for populations on

opposite banks of the river (Figure S5A), indicating these may be

candidates for migration events. Historical migration events (up to

nine events) were added sequentially to the tree. The graph model

(Figure 7b) explained 99.94% of the variance in relatedness between

A. longifolia populations. The first added migration edge goes from

Pop23 to the node between Pop2 and Pop3 with a weight of 0.14

(Figure 7b) as indicated by the residuals from the initial model graph

tree (Figure S5A). Although there are migrations between A. longifo-

lia populations within and among banks of the Rio Negro (Figure 7b),

migration events with high weights were observed for population

TABLE 2 Analyses of molecular variance (AMOVA) of Amphirrhox
longifolia (A. St.-Hil.) Spreng for (A) Rio Negro and (B) Rio Branco,
Amazon Basin, Brazil

Sum of
squares

Variance
components

Percentage
of variation p-Value

(A) Rio Negro

Between banks 156.23 1.11 1.43 <.001

Among populations

within banks

1066.44 0.82 1.05 <.001

Within populations 11252.33 75.78 97.52 <.001

Total 12475.00 77.71

(B) Rio Branco

Between banks 77.71 0.01 0.01 .365

Among populations

within banks

842.41 0.86 1.26 <.001

Within populations 8135.12 67.32 98.73 <.001

Total 9055.24 68.19
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pairs on the same bank of the Rio Negro (e.g., Pop22-Pop26 and

Pop22-Pop25; Figure 7b), with population 22 being the most impor-

tant source of migrants.

For the Rio Branco, the best maximum-likelihood tree explained

95.97% (Figure 8a) of the variance in relatedness between A. longifo-

lia populations. The residuals for this tree showed that there is high

standard error between some population pairs (e.g., Pop8-Pop19,

Pop9-Pop16, Pop11-Pop16, Pop12-Pop17, Pop14-Pop15), mainly

for populations on opposite banks (Figure S5B), suggesting candidate

populations for migration events. Historical migration events (up to

ten events) were added sequentially to the tree. The graph model

tree (Figure 8b) explained 99.81% of the variance in relatedness

between populations. The first added migration edge goes from

Pop21 to the node between Pop19 and Pop11 with a weight of

0.64 (Figure 8b). Although we found migration events between

A. longifolia populations within and among banks of the Rio Branco

(Figure 8b), the greatest migration weight (0.80) was observed for a

population pair on opposite banks of the river (Pop12-Pop17; Fig-

ure 8b). Population 9 (Pop9) was the greatest source of migrants as

migrations were observed between population 9 and populations 11,

12, 15 and 17. Overall, the magnitude of the weight of migration

events was higher between A. longifolia populations on the Rio

Branco (maximum of 1.0; Figure 8b) than in the Rio Negro (maxi-

mum of 0.5; Figure 7b).
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F IGURE 5 (a) Structure of the graph inferred by TreeMix for
Amphirrhox longifolia (A. St.-Hil.) Spreng populations along the left (L)
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4 | DISCUSSION

The Amazon Basin is reknowned for its rich biological diversity,

being one of the most diverse regions on the planet. Biologists have

long sought to understand evolutionary processes governing its

diversification history. Biogeographical studies have invoked marine

incursions (Lovejoy, Albert, & Crampton, 2006; Webb, 1995), Pleis-

tocene forest refugia (Haffer, 1969, 1997; Haffer & Prance, 2001)

and riverine barriers (Ayres & Clutton-Brock, 1992; Gascon et al.,

2000; Wallace, 1852) as allopatric drivers of speciation. The
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Amphirrhox longifolia (A. St.-Hil.) Spreng populations along the left
(black leaf—L) and right (black leaf—R) banks of the Rio Negro. (b)
Population tree with branch lengths scaled to the amount of genetic
drift between banks of the Rio Negro and inferred proportion of
migration (m = 1 to 9 events) are shown by arrows. Pop14 from the
Rio Branco (green leaf) was fixed as the root. The scale bar shows
ten times the average standard error of the entries in the sample
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genetic drift that has occurred between A. longifolia populations. The
residual fit from the graph A is presented in Figure S5
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F IGURE 8 (a) Structure of the graph inferred by TreeMix for
Amphirrhox longifolia (A. St.-Hil.) Spreng populations along the left
(green leaf—L) and right (green leaf—R) banks of the Rio Branco. (b)
Population tree with branch lengths scaled to the amount of genetic
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residual fit from the graph A is presented in Figure S5
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evolutionary history of Amazon diversity is complex, and even a

basic understanding of Amazon landscape history remains elusive

(Baker et al., 2014). Identifying and explaining patterns of population

genetic structure in Amazon plants can help to advance understand-

ing of the region’s physical and biotic history. Relative to studies of

animal groups, there are few botanical studies of Amazon biogeogra-

phy (Fiaschi & Pirani, 2009).

In this study, we evaluated Wallace’s (1852) riverine barrier

hypothesis as it applies to plants along two major tributaries of the

Amazon River, the Rio Negro and Rio Branco. Both rivers are allopatric

barriers for primates and birds (Bonvicino et al., 2003; Boubli et al.,

2008; Boubli et al., 2015; Naka et al. 2012). The Rio Negro has been

studied more frequently (Bonvicino et al., 2003; Boubli et al., 2008;

Boubli et al., 2015; Fernandes, Wink, & Aleixo, 2012; Fernandes,

Wink, et al., 2014; Horta, Cuervo, Ribas, Brumfield, & Miyaki, 2013;

Moraes et al., 2016; Naka et al. 2012; Ribas et al., 2012), and numer-

ous zoological studies focussed on the Rio Negro generally find sup-

port for the riverine barrier hypothesis (e.g., Avila-Pires, 1995; Peres,

Patton, & da Silva, 1996; Hayes & Sewlal, 2004; Funk et al., 2007; Fer-

nandes, Gonzales, Wink, & Aleixo, 2013; Fernandes, Cohn-Haft, et al.,

2014; —but see Patton, Dasilva, & Malcolm, 1994; Lougheed et al.,

1999; Gascon et al., 2000; Patton et al., 2000).

Commensurate with its high species richness, most Amazon tree

populations occur in low densities or have scattered distributions

(Dick, Hardy, Jones, & Petit, 2008). We selected Amphirrrhox longifolia

to examine the riverine barrier hypothesis in part because it was one

of the few plant species common enough to be sampled along both

the Rio Branco and the Rio Negro. In order to perform a robust genetic

analysis using relatively small population samples, we utilized the

extensive genomic coverage available through RADseq (Nazareno

et al., 2017). There was no prior population genetic data available for

Amphirrhox longifolia. Although the specific pollinator of A. longifolia is

unknown, its floral morphology suggests pollination by short-flying

small insects. The fruits and seeds of this widespread species do not

have specific adaptations for dispersal by water or by fish.

Our population genetic data indicated significant population

genetic structure for A. longifolia throughout the Rio Negro. Although

a moderate proportion of the genetic variation (56%) can be explained

by the river acting as a barrier, population genetic analyses revealed

limited gene flow between riverbanks separated by 4.2 to 6.7 km. In

contrast to our findings along the Rio Negro, our analysis did not

recover genetic structuring across the Rio Branco. This is the first

genetic study (to our knowledge) of plants along the Rio Branco. This

absence of genetic structure has been noted for primates (Boubli

et al., 2015), although for studied birds the Rio Branco is apparently a

significant gene-flow barrier (Naka et al. 2012).

Both the age and changing magnitude of the Amazon and its

tributaries have likely impacted plant genetic structure and specia-

tion. For example, the Rio Negro responded significantly to environ-

mental changes in the Late Pleistocene and Holocene (Latrubesse &

Franzinelli 2005). As such, rivers that seem to be dispersal barriers

today may not have been barriers in the past. Hydrological connec-

tivity over historical and geological timescales in the Rio Negro may

have occurred due to the translocation of islands between river-

banks (Silva et al., 2007). Furthermore, molecular studies in multiple

animal taxa show younger divergences across the Rio Branco than

the Rio Negro (Boubli et al., 2015; Ribas et al., 2012). Although the

full geological history of the Amazon and its tributaries may never

be well understood, a fuller understanding of regional landscape his-

tory may enable us to better predict genetic patterns in widely dis-

tributed plant species.

Collevatti et al. (2009) performed the only botanical study of the

riverine barrier hypothesis focused the Rio Negro. Their study

focused on a low-density and widely distributed canopy-emergent

tree species (Caryocar villosum) that grows in the upland forests, and

a habitat-specific tree (C. microcarpum) that grows in seasonally

flooded blackwater forests (Collevatti et al., 2009). The authors did

not find evidence of genetic differentiation. This result was perhaps

not unexpected given the long distances of gene flow associated

with bat pollination and seed dispersal by strong swimming tapirs

and fish (Collevatti et al., 2009). Clearly, population-level and com-

parative studies for multiple plant species are needed for a more

comprehensive assessment of the role of the Amazonian waterways

on Amazonian plants. We think that the use of genomic approaches

like RADseq will open Amazon forests to a broad array of landscape

genetic and biogeographical analyses.
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