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Abstract

The comparison of inter-population quantitative variation and neutral variation based on molecular markers (Qsr— Fs7) has been
extensively used to infer the influence of different selection forces on potentially adaptive traits. Only recently have studies
focused on two levels of inter-population genetic structuring: among regions (or groups) and among subpopulations within
groups. This work aimed to compare quantitative and molecular variation within these two hierarchical levels for Hancornia
speciosa Gomes, a fruit tree species that is native to the Brazilian Cerrado. Six quantitative traits related to initial plant growth
were evaluated in a common garden environment using samples from 57 maternal families (treatments) derived from 29
subpopulations within four botanical varieties. The quantitative divergence among the botanical varieties (Qg7) and among
the subpopulations within varieties (Qsg) for each trait were compared with the corresponding neutral variation (Fg7 and Fig)
obtained based on six microsatellite loci using a parametric bootstrap procedure. The molecular results revealed a low degree of
divergence among the botanical varieties and significant structuring among the subpopulations within varieties. The estimates of
the quantitative divergence among the varieties (Qg7) tended to be greater than the divergence among the subpopulations within
varieties (Qsc) for five out of the six quantitative traits. The comparison between the quantitative and molecular parameters
suggests that divergent selection shaped the genetic structure among the botanical varieties for some traits, while the variation
among the subpopulations within varieties was influenced by genetic drift and uniform selection.
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1951); S is the number of sampled subpopulations; S* is the
number of subpopulations that are predicted to exist in nature;
and C is the coefficient of variation of the number of individ-
uals in each subpopulation. If the total number of sampled
individuals () is relatively high, the value of the effective size
is little influenced by F;7. Based on the assumption of the
existence of a great number of subpopulations in nature
(S* — o) and a small difference in the number of sampled
individuals in each subpopulation (C — 0), the upper limit
of the effective population size is N, = % (Vencovsky

and Crossa 2003). Therefore, even when Fg7is small and most
of the genetic variation is within subpopulations, a large num-
ber of subpopulations are required to ensure that there is an
adequate representativeness of samples for the purposes of
genetic conservation for both ex situ and in situ strategies.

During the last few decades, molecular markers have been
used extensively to evaluate the genetic structures of natural
plant populations. The estimation of Fs7 and/or analog param-
eters based on molecular data is widely used to infer the degree
of genetic differentiation and gene flow among subpopulations.
Despite its utility for studies of population genetics, the use of
Fgras a single measure of subpopulation differentiation may be
insufficient in some instances. One of the situations that deserve
special attention occurs when natural selection affects the dif-
ferentiation of adaptive traits among subpopulations. The deri-
vation of Fgr statistics based on mutation-drift equilibrium as-
sumes selective neutrality; therefore, inferences of whole ge-
nome differentiation using estimates of Fg7 based on neutral
markers must be made with caution.

The effect of inbreeding due to the isolation of subpopula-
tions on the structure of the variances in quantitative traits was
demonstrated earlier by Wright (1951). Assuming the occur-
rence of random mating within subpopulations and additive
effects of genes, he demonstrated that the total variance is
or(ry = (1 + Fsr)o7 ), where o7 represents the variance
within the reference panmictic population. This total variance
can be partitioned into the variance among subpopulations,
which is represented by the equation 02, = 2F STJZT(O), and
the average variance within subpopulations, which can be
represented by the equation o5, = (1=Fsr)o7,o). Based on

these expressions, it follows that Fgp = . This equa-
)

tion can be used to determine a parameter known as Qgr,
which is an analog of Fsr and related to the components of
variance of quantitative traits (Spitze 1993).

When subpopulations present themselves the average in-
breeding coefficient (F;s) due to deviations from panmixia,

the parameter can be estimated using the equation @sr =

~2
(14 Fis)oy

~2 2
(1+F13)O’B+20'AW
ponents of variance among and within subpopulations are

(Bonnin et al. 1996). In this formula, the com-
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represented by Eé (total genetic variance among subpopula-
tions instead of 0% of the Wright’s formula) and 0%, (additive
genetic variance within subpopulations instead of O‘é(o) of the

original formula). The intra-population fixation index Fjg can
be determined based on the mating system: ;5= 0 in the pres-
ence of alogamy and Fs= 1 in the presence of autogamy. If the
species reproduces using a mixed system, Fs should be esti-
mated separately using molecular markers or indirectly using
the outcrossing rate (s), which will result in Fjg = -, assum-
ing Wright’s equilibrium (Vencovsky and Crossa 2003).

Since QOsr= Fsris expected to be true under selective neu-
trality, the comparison of these two parameters for the same
metapopulation constitutes a tool that can be used to test the
effects of natural selection on quantitative traits using the val-
ue of Fgrestimated based on neutral markers as a null hypoth-
esis (e.g., Spitze 1993; Bonnin et al. 1996; Goudet and Buchi
2006; Whitlock 2008; Leinonen et al. 2013; Boaventura-
Novaes et al. 2018). When divergent selection favors local
adaptations, the differentiation among subpopulations will
be larger than expected based on neutrality, which will result
in Qgr> Fs7; if all subpopulations are adapted to the same
local optimum, uniform selection will result in Qg7< Fig7. In
the absence of selection, no difference between the two pa-
rameters is expected.

In a review of comparative studies on population differen-
tiation in terms of quantitative traits and neutral markers,
Leinonen et al. (2008) performed a meta-analysis that includ-
ed 50 species, among them 27 plant species. The results
showed that in general, positive estimates of contrast tend to
predominate, which suggests that divergence due to natural
selection and local adaptation appears to be the norm in pub-
lished studies. This confirms the results of earlier meta-
analysis studies, with a larger number of species (Merild and
Crnokrak 2001; McKay and Latta 2002). Several other appli-
cations of Qg7 — Fs7 comparison in plants can be found in the
literature (see Leinonen et al. 2013 for a review).

The Brazilian Cerrado is a biome located at the central
region of Brazil that occupies an area of approximately
2.2 million km? in which natural savannah-like vegetation
predominates. This biome is very rich in terms of plant diver-
sity due to presence of nearly 12,000 native species, most of
which are endemic (Mendonga et al. 2008). This region has
been affected greatly by agricultural activities during the last
five decades that have reduced the original vegetation cover to
fragments with different degrees of isolation. This has led to
the inclusion of the Brazilian Cerrado in a list of 25 worldwide
hotspots that are a priority for biodiversity conservation
(Myers et al. 2000). Because of this, knowledge regarding
the genetic structure of species is crucial for the design of
adequate conservation strategies to be used within this biome
to address habitat loss and future climatic changes (Diniz-
Filho et al. 2018).
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Hancornia speciosa Gomes (Apocinaceae) is a fruit tree
that is native to the tropical regions of Brazil. Its fruit
(“mangaba”) is highly regarded by the local human population
and used in the form of fresh fruit, juice, jelly, or ice creams.
Six botanical varieties have been described for the species
based on morphological descriptors of leaves and flowers
(Monachino 1945). According to this study, all six varieties
occur in the Brazilian Cerrado. Only one variety (H. speciosa
var. speciosa) occurs also outside of the Cerrado in coastal
areas in the northeast and northern regions of Brazil (Silva-
Junior and Lédo 2006). Currently, almost all fruit production
is the result of direct collection from wild plant populations;
research regarding agricultural and domestication techniques
that can be used to cultivate the species is in the initial stages
(Almeida et al. 2019). Some studies of genetic diversity have
already been performed on the species based on molecular
markers, morphological traits and chemical components in
both ex situ and in situ conditions (Ganga et al. 2009; Ganga
et al. 2010; Jimenez et al. 2015; Collevatti et al. 2016; Costa
et al. 2017; Santos et al. 2017; Collevatti et al. 2018; Flores
et al. 2018; Almeida et al. 2019). Collevatti et al. (2018) dis-
cuss the use of molecular data in support of the botanical
varieties recognized based on morphological traits.

Models with two or more levels of population structure
have been used extensively in studies that utilize F statistics.
Only more recent theoretical studies have focused on the use
of O statistics in two hierarchical levels (Whitlock and Gilbert
2012; Cubry et al. 2017), and the results based on experimen-
tal data are also scarce (Volis et al. 2005; Boaventura-Novaes
et al. 2018). The objective of this study was to evaluate the
genetic structures among the botanical varieties and among
the subpopulations within varieties of H. speciosa using mi-
crosatellite markers and quantitative traits to infer the effects
of natural selection at both levels of population structure.

Materials and methods
Quantitative data

In October 2004, the prospection of local populations and the
collection of fruits from H. speciosa were performed in differ-
ent localities of the Brazilian Cerrado with the objective of
sampling the majority of the genetic diversity of the species
occurring within this biome. Fruits were collected from 35
localities and from three to six mother plants in each locality.
After discarding the inadequate fruits, the seeds from 109
mother plants representing 35 subpopulations were sown in
a nursery in Goiania, GO, Brazil (latitude 16° 35’ 44" S, lon-
gitude 49° 16" 51" W, altitude 717 m). Progenies that
accounted for at least four well-grown seedlings were evalu-
ated in the nursery in terms of plant height (NPH in cm) and
stem diameter (NSD in mm) 12 months after they were sown.

In December 2005, four seedlings from each progeny, the
same ones evaluated for NPH and NSD, were transplanted
into an experimental field in Goiania, GO, Brazil (latitude
16° 35" 38" S, longitude 49° 17" 27" W, altitude 725 m), to
produce an ex situ germplasm collection. It was planted using
a randomized complete block design that included 57 treat-
ments (maternal families) from 29 subpopulations, four repli-
cates, and one plant per plot spaced at 6 m X 5 m. No artificial
fertilization was performed and the cultural treatment was
limited to the control of weeds and leaf-cutting ants. For more
details of experimental conduction, see Ganga et al. (2009). In
the field, the plant height and stem diameter were measured on
a monthly basis from January 2006 to August 2007. The
growth rates in terms of height (GRH in cm/month) and stem
diameter (GRD in mm/month) were measured by the coeffi-
cient of linear regression estimated for each variable (Y) using
the measurement date as independent variable (X).
Additionally, the last measurements of plant height (FPH in
cm) and stem diameter (FSD in mm) were used in this study,
totaling six variables related to juvenile plant growth. The
same variables were explored by Ganga et al. (2009) for ag-
ronomic purposes.

The analysis was performed based on field data from 29
subpopulations that represented 27 geographical localities
(Fig. 1, Table S1) and nursery data from 27 subpopulations
that represented 25 geographical localities. The subpopula-
tions represented four botanical varieties (H. speciosa var.
pubescens, H. speciosa var. gardneri, H. speciosa var.
speciosa and H. speciosa var. cuyabensis); these will be re-
ferred to using only the variety name hereafter for the sake of
simplicity. The varieties were identified according to the de-
scription of Monachino (1945), based on the morphological
traits (see Ganga et al. 2009, for an illustration of the
differences among varieties). Three subpopulations were ex-
cluded from the analysis due to uncertainty in the allocation to
a specific botanical variety. The difference in numbers of sub-
populations and localities of collection occurred because in
two localities plants from the gardneri and pubescens varie-
ties, which were considered to represent two different subpop-
ulations for analysis purposes, occurred together. The coordi-
nates of each collection locality and number of progenies per
subpopulation and botanical variety can be seen in Ganga
et al. (2009).

Molecular data

A sample consisting of two plants from each of the 57 families
within the H. speciosa germplasm collection (first and second
blocks) was genetically characterized using microsatellite
markers (single sequence repeats - SSRs). When available,
other progenies from the same subpopulation that were not
included in the field experiment due to insufficient plant num-
bers were genotyped to improve the precision of the estimates,
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Fig. 1 Map showing the 29 subpopulations (27 localities) within the four botanical varieties of Hancornia speciosa Gomes in the Brazilian Cerrado that

are represented in the UFG germplasm collection in Goiania, Goias, Brazil

which resulted in a total of 116 genotyped plants. Six poly-
morphic SSR primers (HS 01, HS 05, HS 24, HS 26, HS 27,
and HS 30, Table S2) that were initially developed for this
species were used (Rodrigues et al. 2015). For each plant,
genomic DNA was extracted from expanded leaves following
the 2% CTAB protocol (Doyle and Doyle 1990). SSR ampli-
fications were performed using a PTC-100 thermal cycler (MJ
Research Inc.) and the amplified products were separated on
6% polyacrylamide gels stained with silver nitrate (Creste
et al. 2001). More details about the methods used for DNA
extraction and genotyping, as well the characterization of the
primers, including new primers characterized later, can be
found in Rodrigues et al. (2015).

Data analysis
The quantitative data from the nursery and field environments
were submitted to analysis of variance according to the ran-

dom nested model Yijkl =p+ Vit S +f1‘€(ij) + €ijky where Yijkl
represents the phenotypic value of the plant / from family &

@ Springer

from subpopulation j from variety i, i represents the general
mean; v; represents the effect of variety i; s;; represents the
effect of subpopulation j from variety i; fi; represents the
effect of family & within population j from the variety i; and
ey 1s the effect of plant / from family & within the subpop-
ulation j from variety i. The corresponding scheme of the
analysis of variance is presented in Table 1.

The components of variance were estimated equating the
mean squares to their expected values. The heritability coeffi-
cient at the family within population level was estimated by

2 ~2

B Tk MSMS,

TSR MS;
‘7Fs+kl;F

The formula for estimating the quantitative divergence in-
dex (Qs7) was adapted for populations with a two-level struc-
ture replacing (1 — Fig7) by (1 — Fsg)(1 — Fg7) in the basic for-
mula that describes the variance structure of subdivided pop-
ulations (Wright 1969), which resulted in the estimators

Osc = = ‘75‘2‘" ——, which measures the differentiation among
USGJ'_WUAW
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Table 1T Scheme showing the analysis of variance based on the random nested model that uses two hierarchical levels of population structure. G,
number of groups (varieties); S, total number of subpopulations; F, total number of families; , total number of plants
Source of variation Degrees of freedom Mean squares E (M.S)i/
Groups G-1 MS, 0% + kaokg + ksohg + ksoky
Subpopulations within groups S-G MS, 0%+ kzofps + ks (réG
Families within subpopulations F-§ MS; +hiokg
Plants within families N-F MS, O'%F
Total N-1
1 1 1 1 1 1
ky =—— N, — ky =—— N2 ——)1|:
"7 F-S Z,:%% ”k(Nyk th)} 'TSG ;;% v (Nij- Ni..)}

The coefficients of the vari t k ! zzN ! k ! Y YN o1 here N,

e coefficients of the variance components are: — =— | =————; where Ny repre-

P TG i\N, N; YT |55\, N i TP

ks

ZZ(

1 1 1 1 1
| I ]

sents the number of plants from the kth family within the jth subpopulatlon from the ith variety (adapted from Anderson and Bancroft 1952)

the subpopulations within groups (botanical varieties, in this
~2

case), and Qgp = ——%———, which represents the dif-
61T Os6 T Fg0aw

ferentiation among the groups. These formulas are equivalent
to those developed by Whitlock and Gilbert (2012), except
that we included the parameter F;g in order to account for
deviation from panmixia within the subpopulation. A gener-
alization of the formula that can be used for any levels of
structure can be found in Cubry et al. (2017). The additive
genetic variance within subpopulations (03, ) was estimated

from the component o%, which represents the genetic vari-
ance among families within subpopulations. Because
H. speciosa is an alogamous self-incompatible species
(Darrault and Schlindwein 2005; Collevatti et al. 2016), it
was assumed that progenies correspond to half-sib families,

resulting in aiw = 40’FS

The SSR data from the same progenies that were evaluated
in the field for quantitative traits were submitted to descriptive
analysis in order to estimate the genetic parameters: number of
alleles per locus (A), observed heterozygosity (Ho), expected
heterozygosity under Hardy—Weinberg equilibrium (H,) and
maximum expected heterozygosity supposing equal frequen-
cies of alleles per locus (H,,). To infer the genetic structure
among varieties and among subpopulations, it was performed
a Bayesian clustering simulation to assess the number of dis-
crete genetic clusters using software STRUCTURE 2.3.1
(Pritchard et al. 2000). The number of subpopulations (K)
was estimated with ten replicates each for K=1 to K=35
using 100,000 iterations of Markov Chain after 100,000
burn-in period iterations using the admixture model. The K
value was used to detect the most likely number of clusters
(Evanno et al. 2005) using the STRUCTURE HARVESTER
program (Earl and VonHold 2012).

It was also performed the analysis of variance of SSR-allele
frequencies according to the method described by Weir (1996)
in order to estimate the Wright’s F statistics. First, an analysis
of the complete set of data was performed using the nested
model with two hierarchical levels of population structure and
five hierarchical sources of variation (botanical varieties, sub-
populations within varieties, families within subpopulations,
individuals within families and alleles within individuals).
Based on this analysis of variance, the parameters Fg; and
Fr were estimated in correspondence with parameters Ogg
and Qgr. Additionally, pair-wise analyses of the varieties
were performed disregarding the population structures within
varieties due to the small number of populations and/or prog-
enies within some subpopulations in some varieties. In these
cases, the parameter of interest was the one level F ZT among
the pairs of varieties to be compared with the corresponding
Oy value. A superscript (*) was used to differentiate these
parameters from F;7and Qg7 because of the pooled nature of
the within-variety component of variance in this case.
Confidence intervals (95%) for each of the parameters were
obtained using a bootstrap procedure across loci with 10,000
replicates. The analyses were performed using GDA software,
version 1.1 (Lewis and Zaykin 2001). The parameter Fgr
corresponds to fp in the output of the GDA analysis. The

parameter Fg; was obtained using the equation Fgs = 91 96:

for the sampling estimate and for each replicate of the boot-
strap procedure, where 0p is a measure of the
coancestry at the population level (varieties in this
study) and 65 is a measure of the coancestry at the
subpopulation level (Lewis and Zaykin 2001).

The contrasts Ogr— Fgrand Qg — Fsg were tested for each
quantitative trait using a parametric bootstrap procedure that
was adapted for two hierarchical levels of structure and for

@ Springer
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the experimental design used here, from that described by
Whitlock and Guillaume (2009) and Gilbert and Whitlock
(2015). The simulated values of the components of variance
among the varieties and subpopulations within varieties, assum-
ing neutrality of traits, were obtained using the equations

2
2 _ _Far 2 204w
aGT(neutml) — 1-Fgr (USG + 1+F,5) and
2 _ 2Fsq0%, . .
TSGneutral) = T Fsg) (1 Frs)' The analysis was performed in

Microsoft Excel™ by associating random values from a x>
distribution with the values of neutral components of variance
and the mean squares of the analysis of variance and re-
estimating Qgr and Qsg, assuming selective neutrality. The
10,000 resampled values for each quantitative trait were ran-
domly paired with 10,000 resampled values of Fg7 and Fg
obtained from molecular data using bootstrap over loci. The
bootstrap replicates of the F statistics were obtained using
GDA software, version 1.1 (Lewis and Zaykin 2001). The
values of Qgr—Fgr and Qg F s were used to simulate the
null distributions for the contrasts, where <~ indicates the esti-
mates obtained from each replicate during the bootstrap
procedure.

Results

The number of alleles per SSR locus varied from 7 (HS 26) to
37 (HS 27), with an average of 19.1 allele per locus and a total
of 115 alleles. The average expected heterozygosity (H.) and
observed heterozygosity (Hp) per locus was equal to 0.852
and 0.559, respectively (Table S2). The observed heterozy-
gosity (Hp) was lower than H, in all the varieties, which indi-
cates a tendency toward inbreeding due to subdivision and
deviations from panmixia, with similar values of Fjg among
varieties (Table 2). Bayesian clustering showed and optimum
of three genetic groups (K =3, Fig. 2).

The estimates of the F statistics based on the model that
assumed two levels of genetic structure (botanical vari-
eties and subpopulations within varieties) revealed a low
amount of differentiation among the botanical varieties and a
non-significant value for the intergroup fixation index

Table 2 Descriptive statistics of the four botanical varieties of
Hancornia speciosa based on six microsatellite loci

Botanical variety N A H, H, Fig*
H. speciosa var. cuyabensis 11 4500 0.628 0.428 0.345
H. speciosa var. gardneri 77 15.167 0.843 0581 0314
H. speciosa var. pubescens 17 9.000 0.818 0.547 0.343
H. speciosa var. speciosa 11 7.000 0.808 0.558 0.321
Mean overall 116 8917 0.774 0.528 0.329

*Total fixation index within variety

@ Springer

(Fgr = 0.0327; Table 3). The variation among subpopulations
within varieties was highly significant (Fsg = 0.2293*" ) and
reflected a genetic structuring at this hierarchical level. The
mean intra-population fixation index was positive and signifi-

cant (? s = 0.1442™), which revealed deviation from panmix-
ia within the subpopulations.
When the population structures within the varieties were

ignored, the global value of F ;T (0.0726") was higher than
that of Fgr and differed significantly from zero. The pairwise

estimates of F' ;T ranged from 0.0310 (gardneri vs. speciosa)
to 0.1289 (pubescens vs. cuyabensis) and were significant at
the 5% probability level for all contrasts except pubescens vs.
speciosa and gardneri vs. speciosa (Table 3).

According to the quantitative analysis of variance, there
were significant differences among the botanical varieties for
all traits, with the exception of plant height in nursery (NPH,
Table 4), which demonstrated that the variation in the growth
traits in juvenile plants was present at this hierarchical level.
The effects of the subpopulations within the botanical varie-
ties tended to be non-significant, with the exception of plant
height in nursery conditions. The variances among the fami-
lies (progenies) within subpopulations and, consequently, the
additive genetic variance were significant for nursery stem
diameter (NSD), nursery plant height (NPH) and diameter
grow rate (GRD) and were not significant for stem diameter
in the field (FSD), plant height in the field (FPH) and height
grow rate (GRH). The coefficients of heritability at the
progeny-within-subpopulations level ranged from 30.7 to
67.1%, and the residual coefficients of variation ranged from
29.6 to 40.1% (Table 4). The varieties cuyabensis and
gardneri showed greater values for the means for most traits.
The pubescens variety was intermediate in terms of growth,
while speciosa exhibited lower growth (Table 4).

The contrasts Qg — Fgr were not significant for the NSD
and NPH traits in the nursery. In terms of the traits in the field,
the contrast Qg — Fgt Was significant at the 5% level for FSD
only. At a relaxed level of significance of 10%, the three other
field traits (FPH, GRD, and GRH) exhibited a quantitative di-
vergence among the varieties that was greater than the molecular
divergence (Table 4). In the nursery, the values of @GT were
lower for the NSD and NPH traits than in the field, which
demonstrated an increase in differentiation among varieties with

plant growth. The pair-wise @;T values showed no apparent

correlation with the respective F ;T values. The speciosa variety
exhibited a higher quantitative differentiation in comparison
with the other varieties, while the cuyabensis and gardneri va-
rieties exhibited low differentiation between them (Table 5).
All of the values for the difference @SG—? sG were nega-

tive; however, the contrast Osg — Fsg was significant at the
5% probability level for only one trait (NSD). If we allowed
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var. gardinerii
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Fig. 2 Bayesian clustering of individuals and botanical varieties from the Hancornia speciosa Gomes germplasm collection using six microsatellite loci

based on STRUCTURE software

for a relaxed level of probability (10%), the contrast value for
one more trait (GRD) was found to be significant.

Discussion
SSR analysis

The six SSR loci showed high polymorphism with 115 alleles
and a mean of 19.1 alleles per locus. This value is higher than
those reported by Rodrigues et al. (2015) (A =8.1) who char-
acterized 34 SSR loci using 35 individuals of H. speciosa and
Collevatti et al. (2018) (A = 9.6), who evaluated 777 individ-
uals from 28 subpopulations using seven SSR loci. The high
levels of the expected heterozygosity (H,) observed per locus
(Table S2) and per variety (Table 2) indicate considerable
molecular diversity conserved in the germplasm collection.
The variety gardneri presented the highest H. (0.843)
(Table 2), being the variety with the largest number of popu-
lations (Table S1). This value is higher than that found by

Table 3

Collevatti et al. (2018) (H.=0.70) for the same variety with
a much larger number of individuals per population.

Although the Bayesian clustering analysis indicated the
formation of three clusters, the allocation of individuals into
each cluster was not clear. These results indicate historical
gene flow between varieties of H. speciosa. However, clusters
were distributed in all of the sampled areas, although in dif-
ferent proportions. The greater proportion of individuals oc-
curred in the cluster purple, representing the H. speciosa var.
gardneri (Fig. 2).

The low values of F o1 and high values of F sg found for
the molecular data initially appeared to be unexpected. They
were not surprising, however, if we consider that each botan-
ical variety can be considered to be a large population that is
subdivided into smaller subpopulations. Therefore, the sto-
chastic process of drift may greatly affect differentiation
among local finite populations but cause little change in the
gene frequencies of the entire variety, which in practice rep-
resents an infinite population in the absence of bottleneck
events. If the gene flow among the subpopulations is

Estimates of F statistics based on SSR data from 29 subpopulations within the four botanical varieties of Hancornia speciosa Gomes in the

Brazilian Cerrado. The 95% confidence intervals were determined based on 10,000 bootstraps over loci

Parameter Estimate Confidence interval (95%)1:
Lower limit Upper limit
Two-level model®
Fer 0.0327 -0.0157 0.0956
Fsc 0.2293 0.1513 0.3234
Fis 0.1442 0.0194 0.2949
One level model® F ;T
All varieties 0.0726 0.0292 0.1361
pubescens vs gardneri 0.0441 0.0222 0.0661
pubescens vs speciosa 0.0321 —0.0154 0.0767
pubescens vs cuyabensis 0.1289 0.0536 0.2606
gardneri vs speciosa 0.0310 —0.0062 0.0706
gardneri vs cuyabensis 0.1267 0.0444 0.2569
speciosa Vs cuyabensis 0.0955 0.0469 0.1612

*Two-level model: two levels of population structure (varieties and subpopulations within varieties). One level model: contains only varieties and

ignores structures within varieties

® Confidence intervals containing zero indicates non-significance for parameters
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Table 4 Estimates of the variance components among varieties (32GT,
among subpopulations within varieties (3§G ), among families within
subpopulations ((AJ'?:S ), among individuals within families (8; ), the
heritability coefficient for families within subpopulations (A ),
residual coefficient of variation (CV%), the general means and means

per botanical variety for the stem diameter (NSD) and plant height
(NPH) traits in the nursery environment; and for the final stem diameter
(FSD), final plant height (FPH), diameter growth rate (GRD) and height
growth rate (GRH) in the field environment

Parameter estimates Variables
NSD (mm) NPH (cm) FSD (mm) FPH (cm) GRD (mm/month) GRH (cm/month)

Gor 0.1109" 8.506"™ 44.344™ 768.97" 0.0971"" 1.8610"
G 0.0303™ 25.617" 9.272™ 242.67™ 0.0045™ 0.1057™
Grg 0.1755™ 10.062" 15.538"™ 248.90™ 0.0461" 0.9754"
G 1.2500 42.936 100.322 1951.12 0.2492 6.0907
Gaw 0.7019 40.248 62.153 995.58 0.1842 3.9018
R 0.5502 0.6713 0.3498 0.3071 0.3909 0.3574
CV(%) 29.96 32.25 29.55 32.60 32.04 40.08
Mean

All varieties 3731 20.257 33.900 135.494 1.558 6.158

pubescens 3.704 14.433 27.506 106.733 1.245 4.909

gardneri 3.920 22.582 37.119 148.460 1.694 6.686

speciosa 2.989 17.702 19.851 78.267 0.924 3.224

cuyabensis 3.620 19.424 36.505 149.194 1.732 7.081

** Significant according to the approximate F-test at the 1% probability level * Significant according to the approximate F-test at the 5% probability level

ns, non-significant

restricted, the differences caused by drift may remain and
thereby result in significant values for the inter-population
fixation index.

The pair-wise estimates of 'y showed that the pubescens,
gardneri and speciosa varieties tend to be more similar, while
the cuyabensis variety was shown to be more differentiated
from the others. This variety apparently occupies a more

Table 5 Quantitative divergence among the botanical varieties (Qg7),
the subpopulations within varieties (Osg) and the contrast values (Qgr—
Ferand Qsg—Fsc) for the following traits: stem diameter in the nursery

restricted geographical area within the western portion of the
biome (Fig. 1) and, consequently, may be more isolated from
the other three varieties that were studied. Another hypothesis
for the higher degree of differentiation may be that a founder
effect or bottleneck affected this variety more than the others.
The contrasts for pubescens vs speciosa and gardneri vs
speciosa varieties were non-significant at the 5% probability

(NSD), plant height in the nursery (NPH), final stem diameter in the field
(FSD), final plant height in the field (FPH), stem diameter growth rate
(GRD), and plant height growth rate (GRH)

Quantitative trait Sample estimates

Contrast values

@GT @SG @GT_ﬁGT @SG_}}SG
NSD 0.0811 0.0241 0.0484" -0.2052"
NPH 0.0814 0.2669 0.0487" 0.0376™
FSD 0.2733 0.0786 0.2406" —0.1506"
FPH 0.2794 0.1224 0.2467* -0.1069"™
GRD 0.2291 0.0137 0.1964% -0.2156"
GRH 02118 0.0153 0.1791* —-0.2140™
Molecular data F GT F SG - -

0.0327 0.2293 - -

* Significant at the 5% probability level based on 10,000 parametric bootstraps
#Significant at the 10% probability level based on 10,000 parametric bootstraps

ns, non-significant at 10% probability level
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level. The pubescens and gardneri varieties occur in the cen-
tral region of the biome and are sympatric in some areas, but
gardneri occupies a more extensive area. They are botanically
differentiated by a single discontinuous morphological trait:
the presence of pubescence in leaves and young branches of
the former variety (Monachino 1945). Some subpopulations
of both varieties are neighbors of speciosa subpopulations.
Botanical differentiation among the other three varieties is
based on the continuously varied traits leaf size and leaf pet-
iole length, in addition to some flower traits. This has led to
uncertainty in the characterization of three subpopulations that
were not included in the analysis, two of which are located at
the border of the areas of distribution of the gardneri and
cuyabensis varieties and one of which was collected at the
border of areas occurring gardneri and speciosa varieties.
The presence of these intermediate plants suggests the occur-
rence of gene flow among botanical varieties in overlapping
areas.

The significance of the parameter Fig obtained from the
analysis based on the two levels model suggests the occur-
rence of inbreeding due to deviations from panmixia within
the subpopulations. Studies of the reproduction system in a
population from a coastal area in the northeast region of Brazil
(H. speciosa var. speciosa) revealed the occurrence of self-
incompatibility (Darrault and Schlindwein 2005). A pollen
dispersal study carried out in the same collection used in this
work demonstrated that there was no reproductive barrier be-
tween the botanical varieties and that there was an absence of
self-pollinated seedlings (Collevatti et al. 2016), which cor-
roborated the existence of self-incompatibility at the specie
level. Therefore, the occurrence of intra-population inbreeding
suggests that non-random mating occurs in natural areas and
leads to biparental inbreeding. Evidence of biparental inbreed-
ing has been reported in other studies of H. speciosa
(Collevatti et al. 2016; Costa et al. 2017).

Quantitative analysis

In contrast with the molecular analysis, the analysis of vari-
ance of the quantitative traits showed a clear genetic differen-
tiation among the botanical varieties for five out the six quan-
titative traits and a low degree of differentiation among the
subpopulations within varieties. This fact suggests that differ-
ent evolutionary forces have shaped the actual structure of the
variation of the quantitative traits. The only significant varia-
tion among the subpopulations within varieties, which was
found for the plant height in the nursery (NPH), can be inflated
by differences in seed vigor among populations within the
same variety that can results in variations in seedling develop-
ment. In this case, some of the differences likely occur due to
maternal effects that tend to decrease with plant growth.

The high values for the residual coefficients of variation
(29.6 to 40.1%) reflect great variation among plants within

families, which was expected since the variance at this level
is the result of the accumulation of the environmental variance
among plots, 3/4 of the additive genetic variance and the total
dominance variance within the subpopulations. The use of
only one plant per plot makes it difficult to control this source
of variation in the experiment. Since the germplasm collection
can be used as a seed orchard in future, the use of single plant
in each plot has the function of preventing the crossbreeding
between plants of the same family.

In general, the cuyabensis and gardneri varieties exhibited
higher means for the evaluated traits. From an agronomic
point of view, these botanical varieties can be recommended
as the most promising under the conditions of this experimen-
tal area (Ganga et al. 2009; Almeida et al. 2019).

Quantitative vs. molecular divergence

Based on the hypothesis that Fgr measures the neutral varia-
tion among the botanical varieties, the high estimates of Qgr
observed here for most traits suggest that natural selection
plays a role in molding the structural pattern of quantitative
genetic variation among the varieties in terms of juvenile
growth traits. The geographical distribution of the sampled
subpopulations shows that the botanical varieties occur from
west/southwest to northeast of the biome approximately in the
following order: cuyabensis, gardneri, pubescens, and
speciosa. During collection mission, we observed that
cuyabensis occurs predominantly in latosols, which comprise
a class of deep soils with fertility that is greater than average
soils of the Cerrado biome, while gardneri is the most com-
mon variety in the southwest and central region of the biome
and occurs in different classes of soils. Pubescens also occurs
in the central region of the Cerrado, but at a low frequency,
and occurs predominantly in plinthosols and cambisols, which
are soil classes that are more limited in their fertility and water
retention. The speciosa variety occurs predominantly in sandy
soils at the northeast region of the biome. The rainfall intensity
decreases from the west/southwest to the northeast, which
affects the mean growth of the varieties in common garden
conditions, which is consistent with the environment of origin
of each variety.

The non-significance of the Ogt— Fgr contrast for the
nursery variables (NSD and NPH) indicates that there is no
evidence that selection forces shaped the divergence among
the varieties in terms of seedling growth traits. Seedlings from
trees from the Cerrado biome in general, and H. speciosa in
particular, direct more energy to the development of the
root system than that to aerial structures (Rosa et al.
2005). This is important for seedling establishment dur-
ing the rainy season and survival during the next dry
season, which is typical of the biome. Therefore, there
is no apparent reason for the occurrence of divergent
selection at this stage.
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The positive and high magnitude differences between the
Ot and Fgr estimates for the field variables suggest that
divergent selection is shaping the variation among the varie-
ties. The use of the 10% level of significance in addition to the
usual 5% level is justified by the low power of the statistic test
used due to the intrinsic nature of the errors that is associated
with the estimates. In this case, the components of variance
used as numerator of the estimation formula, for both Qg and
Fgt, were estimated from the mean squares associated with
three degrees of freedom only. For a more detailed description
of the QOg1/Fst comparison, see Whitlock (2008) and
Whitlock and Guillaume (2009). Our results reinforce the
need for caution when designing conservation strategies based
only on the use of molecular neutral markers, particularly
when the subpopulations exhibit low levels of differentiation.
When the Fgy value is low, virtually any value can be obtained
for QOst estimate (Leinonen et al. 2008).

In contrast with the inter-variety level, the non-significance
for the difference QOsg — Fsg for most traits reflects a pattern of
variation that is compatible with differentiation caused by ge-
netic drift and no evidence of divergent selection among the
subpopulations within varieties. The negative estimates for the
contrast Osg — Fsg, which were shown to be significant at the
5% level for one trait and at 10% for an additional trait, sug-
gest that the hypothesis of uniform selection within each
variety for some traits is coherent. The estimates of the
O statistics are affected downward by dominance ef-
fects. Therefore, lower values of QOgg must be consid-
ered with caution when making inferences about selec-
tion (Cubry et al. 2017).

Initial development is an important aspect of plant estab-
lishment in the field. Therefore, the presence of uniform se-
lection within the more uniform areas of occurrence in each
species appears to be congruent with expected for adaptive
juvenile traits. Similar results for the comparison Qg — Fst
have been verified for Eugenia dysenterica DC., which is
another fruit tree that is native to the Brazilian Cerrado
(Boaventura-Novaes et al. 2018).

In nested models used to study natural populations, random
effects are usually assumed to stem from infinite populations
at each hierarchical level. In some instances, however, the
number of groups or subpopulations would be finite. This is
the case for the botanical varieties in the present study, which
are clearly finite in nature. A general method for transforming
the mean squares expectation from that used for infinite to that
used for finite models was described by Searle and Fawcett
(1970). In the case of a nested model, the variance component
at each level is affected by the finiteness of the level nested
immediately within it. Therefore, when only the higher level
of the hierarchical model is finite, as in this case, the expecta-
tions of the mean squares are the same as those used in infinite
models. This principle applies to the estimation of both Fgr

and QGT'

@ Springer

In conclusion, our results suggest that divergent selection is
a factor that shapes differentiation among botanical varieties
of H. speciosa for some juvenile growing traits, while differ-
entiation among the subpopulations within varieties is shaped
mostly by genetic drift or uniform selection.
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