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Abstract Streptocarpus ionanthus (Gesneriaceae) is endemic to Tanzania and Kenya, distributed in Tanga, Morogoro,
and Kiliﬁ regions. The species houses nine subspecies characterized by complex morphotypes and poorly understood
evolutionary relationships, and thus is an ideal model for investigating evolutionary dynamics over time. Using multiple
methods, we sought to test our hypothesis that the infraspeciﬁc taxa in Str. ionanthus are slightly variable and evolving
populations. We ﬁrst examined the genetic diversity, population diﬀerentiation, and phylogeographic structure among
the populations of Str. ionanthus using both chloroplast and nuclear markers. We then estimated the divergence time of
Str. ionanthus lineages and modeled past and future distribution. Despite Str. ionanthus exhibiting bottleneck events
across its range, the populations maintain relatively high genetic diversity attributed to historical population admixture
or local adaptation arising from habitat heterogeneity. The phylogeographic and genetic structure revealed a high
connection among the Usambara mountains populations, while molecular dating suggested most diversiﬁcation of
haplotypes began ~1.32–0.18 million years ago and intensiﬁed toward the present, a conclusion of recent diversiﬁcation.
Phylogenetic relationship of Str. ionanthus cpDNA haplotypes revealed ﬁve main lineages with unique haplotypes that
could be suggestive of past isolated refugia during the Pleistocene climate shifts. According to niche modeling, the
stability of suitable areas during the Last Glacial Maximum (LGM) oﬀered protective micro‐habitats that have preserved
the genetic diversity of Str. ionanthus to date. In conclusion, our ﬁndings suggest a complex Str. ionanthus with slightly
variable lineages or populations attributed to multiple refugia and on the verge of divergence.
Key words: diversiﬁcation and evolution, genetic diversity, genetic structure, phylogeography, Streptocarpus ionanthus.

1 Introduction
Streptocarpus section Saintpaulia (Nishii et al., 2015), formerly
genus Saintpaulia H.Wendl, is endemic to some Eastern Arc
Mountains and coastal lowland forests of Tanzania and
Kenya (Kolehmainen et al., 2009). The section comprises
tropical forest understory plants that occur in dense forests,
with the exception of Str. ionanthus (H.Wendl.) Christenh.,
which habits rather exposed areas in coastal remnant forests
of Kenya and Tanzania (Dimitrov et al., 2012). The section is a
representation of taxonomic complexity in which varied
classiﬁcations have been reported. Molecular phylogenetic
studies in Str. sect. Saintpaulia appeared in the late 1990s,
with one of the initial studies suggesting the origin of
Saintpaulia from within Streptocarpus Lindley (Möller &
Cronk, 1997b). Further research observed that all Usambara
mountains Saintpaulia taxa, except Str. shumensis (B.L.Burtt)
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Christenh. could not be diﬀerentiated, leading to the birth of
the term “ionanthus complex” (Möller & Cronk, 1997a).
Likewise, non‐transcribed spacer (5S‐NTS) data (Lindqvist &
Albert, 1999, 2001) did not get a clear phylogenetic structure
within the “ionanthus complex” and highlighted the need for
population‐level investigations. A ﬂoristic investigation in
2006 (Darbyshire, 2006) recognized six species and the
majority of the other Saintpaulia taxa were treated as
subspecies of Sa. ionantha Wendl. (presently Str. ionanthus).
Collectively, these studies reveal a weak phylogenetic
structure within Str. ionanthus that needs further investigation to infer its evolution.
Africa's tropical forests have attracted research attention
aimed at understanding the evolutionary processes behind
their exceptionally high biodiversity (Ntie et al., 2017). For
instance, extensive research in the Eastern Arc Mountains
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have seen the description of new species and the revelation
of species’ distribution patterns. However, the extent of
interaction between the montane populations and adjacent
lowland populations remains to be determined (Fuchs
et al., 2011). Furthermore, the driving forces leading to
diverse morphological and genetic patterns reported in
species distributed across the two habitat systems are
unknown. The present geographical distribution of genetic
variation provides insightful ideas on the history of a species
(Petit et al., 2003). In addition, a large proportion of present‐
day intraspeciﬁc biodiversity is thought to be harbored in
glacial refugia. This hypothesis has been previously conﬁrmed through phylogeographic approaches aimed at
understanding the processes behind intraspeciﬁc variation
patterns (Petit et al., 2003; Iloh et al., 2017) and one of the
presumed reasons is Pleistocene forest refugia (Ntie
et al., 2017).
The evolutionary complexity of Str. ionanthus is a research
gap that needs to be investigated in order to understand the
species’ diversiﬁcation. In similar scenarios involving other
species, phylogeographic analyses, population genetics, and
ecological niche modeling approaches have provided
insightful ideas (Zinck & Rajora, 2016; Iloh et al., 2017).
However, for Str. ionanthus in particular, taxa variation and
the underlying genetic diversity among the populations is
less explored. The genetic basis of four morphotypes
(previously named; Sa. confusa, Sa. diﬃcilis, Sa. grotei and
an intermediate Sa. confusa × Sa. grotei) from East Usambara
was investigated using ISSRs (Kolehmainen & Korpelainen,
2008), recognizing two groups in line with growth habit
(rosulates: S. confusa and S. diﬃcilis; trailer: S. grotei).
Furthermore, relatively high genetic diversity and signiﬁcant
inbreeding levels among these morphotypes have been
reported using one microsatellite marker (Kolehmainen
et al., 2009). Thus, it is important to add more markers and
wider sampling to improve the precision of the estimates of
genetic diversity within Str. ionanthus.
With Str. ionanthus exhibiting a peculiar distribution
pattern by occurring across the altitudinal gradient, a
phylogeographic approach would provide information
pertaining to its historical diversiﬁcation. A previous study
(Dimitrov et al., 2012), using nuclear sequences, reported that
Str. ionanthus began to expand its range toward the end of
the Pliocene period. Furthermore, the ﬁndings exhibited
massive diversiﬁcation of Str. ionanthus during the Pleistocene. In conclusion, the authors hypothesized that the
climatically stable tops of the Eastern Arc Mountains acted as
refugia amid high fragmentation during glacial maxima. As
the invasion of new habitats happens through seed dispersal,
investigations of historical demographic changes, and
distribution of a species can best be achieved using the
maternally inherited chloroplast DNA markers (Raspé, 2001;
Petit et al., 2003).
Despite previous attempts to understand the evolution of
Str. ionanthus, several questions remain unanswered: What is
the reason for the observed morphological variations with
low genetic variation? Why does phylogenetic analyses
display mixed and inconsistent signals? Based on the
previous studies, we hypothesize that the infraspeciﬁc taxa
within Str. ionanthus complex could be slightly variable
populations undergoing active evolution. To test this

J. Syst. Evol. 00 (0): 1–16, 2020

hypothesis, we examined the population genetics and
phylogeography of Str. ionanthus using nuclear and
chloroplast microsatellites and chloroplast DNA (cpDNA)
sequences. We further estimated the divergence time of the
cpDNA haplotypes and modeled the historical, present, and
future distribution patterns of Str. ionanthus.

2 Material and Methods
2.1 Study species and sampling
Str. ionanthus complex currently comprises nine subspecies
(Nishii et al., 2015), one in coastal Kenya (Kiliﬁ: Str. ionanthus
subsp. rupicola (B.L.Burtt) Christenh.) and eight in Tanzania. In
Tanzania, the Usambara mountains form the distribution
hotspot of this complex by having all eight subspecies (West:
Str. ionanthus subsp. maﬁensis (I. Darbysh. & Pócs) Christenh.,
subsp. velutinus (B.L.Burtt) Christenh., subsp. orbicularis
(B.L.Burtt) Christenh., subsp. grandifolius (B.L.Burtt) Christenh., subsp. occidentalis (B.L.Burtt) Christenh.; East: Str.
ionanthus subsp. grotei (Engl.) Christenh., subsp. ionanthus
(B.L.Burtt) Christenh., and subsp. pendulus (B.L.Burtt)
Christenh.). This study sampled 21 populations for seven
subspecies (subsp. occidentalis and maﬁensis could not be
located in the ﬁeld) representing the entire distribution range
of Str. ionanthus (Fig. 1; Table S1). Previously linked species:
Str. nitidus (B.L.Burtt) Mich.Möller & Haston (Mkingu Nature
Forest Reserve, Nguru Mountains) and Str. brevipilosus
(B.L.Burtt) (Nguru Mountains, Kanga Mountain) were
represented by two populations in this study.
2.2 DNA extraction
Total genomic DNA was isolated from silica‐dried leaves
using the Sangon Biotech Plant Extraction kit (Sangon
Biotech, Shanghai, China), following the manufacturer's
instructions. Quantitative and qualitative tests of the DNA
were performed on agarose gel electrophoresis and a
NanoDrop 2000c spectrophotometer (Thermo Scientiﬁc,
Madison, USA).
2.3 Molecular markers
2.3.1 Nuclear simple sequence repeats (nSSRs) and
chloroplast (cpSSRs)
Microsatellite markers previously developed for Streptocarpus teitensis (B.L.Burtt) Christenh. (unpublished) were
ﬁrst tested in this study, settling on only three polymorphic
markers. We used the MIcroSAtellite identiﬁcation tool
(MISA) (http://pgrc.ipk-gatersleben.de/misa/) to design
more nSSRs from the genome sequence of Str. ionanthus
subsp. grandifolius (sequenced in this study) (Table S2).
Initially, 20 primer pairs were randomly selected using the
Primer 3.0 program (Rozen & Skaletsky, 2000). The general
primer picking conditions were: the size of 20–27 base pairs
(bp), primer annealing temperature (50–60 °C) and amplicon
size (100–300 bp). Preliminary screening was conducted
through the ampliﬁcation of ﬁve populations, ﬁve samples
each. We selected three highly polymorphic microsatellites
and combined them with the initial three microsatellites from
Str. teitensis for genetic diversity studies.
Seven cpSSRs (Table S3) were designed from the complete
chloroplast genome of Str. ionanthus subsp. grandifolius in
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Fig. 1. Sampling points and distribution of Str. ionanthus cpDNA haplotypes. The diﬀerent colored shapes represent diﬀerent
haplotypes. The black arrows indicate the separation of West and East Usambara mountains blocks. The map was prepared
using ArcMap ver. 10.5.

MIcroSAtellite identiﬁcation tool (MISA) (http://pgrc.ipkgatersleben.de/misa/). The cpSSRs speciﬁcations were:
length (mononucleotide repeats; at least 10 copies, other
repeats; at least six copies) and characterized by good
ﬂanking primer sites. These regions were then used to design
primer pairs, as described for nSSRs above. Polymerase chain
reaction (PCR) and genotyping followed the method of He
et al. (2012), with a change in primer annealing temperature.
2.3.2 Chloroplast DNA markers
Preliminary screening for polymorphic cpDNA regions was
conducted on eight non‐coding regions; atpB‐rbcL, trnL‐trnF,
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trnH‐psbA, rpl20‐rps12, rpl32‐ndhF, trnS‐trnG, trnL‐rpl32, and
petL‐psbE using seven samples (one per subspecies). Four
regions (trnH‐psbA, trnS‐trnG, trnL‐rpl32, and rpl32‐ndhF)
were sequenced successfully but exhibited very low
polymorphism among the subspecies, and were therefore
less informative. We sequenced ﬁve subspecies and aligned
the chloroplast genomes to identify variable regions from
which internal primers were developed (Table S4). The four
regions include: trnQ‐rps16 (trnQ‐rps16 (partial IGS), rps16
(partial)), petB‐petD (petB‐petD (partial IGS), petD (partial)),
trnK‐matK (trnK‐matK (partial IGS), matK (partial)) and rpoB‐
petN IGS.
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Polymerase chain reaction ampliﬁcations were performed
using a 20‐μL mixture made of 0.5 μL of each primer, 10 μL of
Taq Master mix, 0.5 μL of BSA, 1.0 μL of DNA, and 7.5 μL
water. The settings of the run were: 5 min at 94 °C; 35 cycles
of 94 °C for 1 min, primer annealing of 1 min at 51 °C, an
extension of 72 °C for 1.5 min and a ﬁnal extension at 72 °C for
10 min. The PCR products were then checked on a 2% agarose
gel and sequenced by the Tsingke Company, Wuhan, China.
The sequences were edited in Sequencher ver. 4.8 (Gene
Codes Corporation: https://www.genecodes.com/) and BioEdit (Hall, 1999) and aligned in MUSCLE, executed in
Geneious ver. 6.1.7 (Kearse et al., 2012). The sequences
were then concatenated into a single matrix using
SequenceMatrix ver. 1.8 (Vaidya et al., 2011) for further
analyses.
2.4 Genetic diversity
Genetic variation within Str. ionanthus was characterized
using both SSR markers by the parameters: number of alleles
(Na), number of eﬀective alleles (Ne), Shannon's Information
Index (I), observed heterozygosity (Ho), expected heterozygosity (He) and ﬁxation index (F) in GenAlEx ver. 6.5.0
(Peakall & Smouse, 2012) and allelic richness (AR) using FSTAT
ver. 2.9.3.2 (Goudet, 2001). Inbreeding coeﬃcients (Fis) were
estimated in FSTAT, null alleles were conﬁrmed in Micro‐
checker ver. 2.2 (Van Oosterhout et al., 2004) and
Polymorphic Information Content (PIC) calculated in Cervus
ver. 3.0 (Kalinowski et al., 2007). Deviation from
Hardy–Weinberg Equilibrium (HWE) was tested for all
populations using Genpop online ver. 4.2 (Raymond &
Rousset, 1995) using the exact tests with Markov Chain
parameters set as follows: dememorizations (10 000),
batches (100) and the number of runs per batch (1000).
Arlequin ver. 3.5 (Excoﬃer & Lischer, 2010) checked the
analysis of molecular variance (AMOVA) to evaluate the
hierarchical distribution of molecular variance.
2.5 Population structuring
The correlation between geography and genetic diﬀerentiation was tested using a Mantel test in GenAlEx ver.
6.5.0 (Peakall & Smouse, 2012). Genetic obstacles can cause
higher diﬀerentiation among populations separated by small
geographic distances (Zinck & Rajora, 2016). BARRIER ver. 2.2
(Manni et al., 2004) was used to detect the presence of
genetic barriers using Fst matrices of both SSR markers. A
test for bottleneck events among the populations of Str.
ionanthus was conducted using BOTTLENECK ver. 1.2.02 (Piry
et al., 1999).
Population structure was computed in STRUCTURE ver.
2.3.4 (Pritchard et al., 2000), TESS ver. 2.3.1 (Chen et al., 2007)
and multivariate analysis (DAPC). An admixture model and
correlated allele frequencies within populations were
assumed for STRUCTURE analysis. The simulations were
conducted with a burn‐in of 200 000 generations followed by
Markov Chain Monte Carlo (MCMC) of 1 500 000 iterations.
The K value was set to run from 1 to 20, each with 10
replications for reliability. The optimal number of clusters
was estimated using the Evanno method (Evanno et al., 2005)
in Structure Harvester (Earl & VonHoldt, 2011).
TESS was run using the admixture model (Durand
et al., 2009) with 60 000 sweeps, a burn‐in of 10 000 sweeps
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and the interaction parameter set to 0.6. The number of
clusters varied from two to 20 (Kmax = 2–20), each with 10
independent runs. Deviance Information Criterion (DIC)
(Spiegelhalter et al., 2002) values were averaged for the 10
runs in each Kmax to get the best description of our data.
DAPC, executed in the Adegenet package (Jombart
et al., 2010) of R software ver. 3.5.3 (R‐Core‐Team, 2013),
operates free of assumptions involving Linkage Disequilibrium and HWE in the clusters (Jombart et al., 2010), and is
therefore diﬀerent from Bayesian algorithms. We ran the
analysis and used Bayesian Information Criterion (BIC) to
estimate the number of clusters.
2.6 Phylogeography & molecular divergence estimate
DnaSP ver. 6.12.03 (Rozas et al., 2017) was used to compute
the nucleotide variations for each cpDNA region and identify
haplotypes from the InDels and nucleotide substitutions of
the concatenated cpDNA sequences. In addition, the
maximum‐parsimony approach in PAUP ver. 4.0 (Swoﬀord,
2001) was used to construct a phylogenetic relationship
among the haplotypes, including a heuristic search with 1000
replicates of 100 additional sequences combined with tree
bisection reconnection (TBR) branch swapping on all
resultant trees. The bootstrap analysis of 10 000 replicates
was used to estimate the branch support values. Furthermore, the evolutionary relationships among the haplotypes
was estimated using the median‐joining approach implemented in NETWORK ver. 5.0 (Bandelt et al., 1999) (http://
www.ﬂuxus-engineering.com). As cpSSRs have been reported to be more polymorphic than other cpDNA markers,
we further detected haplotypes among the 23 populations in
Arlequin ver. 3.5 (Excoﬃer & Lischer, 2010) using cpSSRs data
of ﬁve randomly selected samples per population.
The divergence of the cpDNA haplotypes among the
subspecies was dated using a Bayesian approach in BEAST
ver. 2.6.0 (Bouckaert et al., 2019). The settings used include: a
yule tree prior, HKY substitution model selected by jModelTest
ver. 2.1.3 (Darriba et al., 2012) and a strict clock model. As no
fossil or substitution rates exist for Gesneriaceae, we opted
for a range of previously calculated plastid substitution rates.
Varied average plastid substitution rates in plant lineages have
been documented: 1.0–3.0 × 10−9 substitutions/site/year (s/s/y)
(Zurawski et al., 1984; Wolfe et al., 1987), 5.0 × 10−4
substitutions/site/million years (s/s/My) (Palmer, 1991; Huttunen et al., 2008; Aigoin et al., 2009; Pokorny et al., 2011;
Patiño et al., 2013), and 5.6 × 10−4 s/s/My (Shaw et al., 2010).
Here, we explored these diﬀerent substitution rates and
compared the results. The MCMC chains were run for 30
million generations, with parameter sampling done every
3000th generation following a burn‐in of the initial 10% cycles.
Tracer ver. 1.7 (Rambaut et al., 2018) was used to estimate the
adequacy of the chains using an eﬀective sample size (ESS)
parameter (ESS > 200) (Drummond & Rambaut, 2007).
A combination of the trees was done in TreeAnnotator ver.
1.7.5 (part of the BEAST software package) and the resultant
maximum clade credibility trees were visualized in FigTree ver.
1.4.2 (Rambaut, 2014).
2.7 Past, present, and future distribution of Str. ionanthus
Ecological niche modeling (ENM) was conducted to predict
the likely distribution of Str. ionanthus during the Last Inter‐
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(0.849–1.535); PIC = 0.77 (0.656–0.897)). The populations
Segoma 2 and velu_Sakarre had the highest genetic diversity
(AR = 5.694, I = 1.535, He = 0.74) and (AR = 5.77, I = 1.516,
He = 0.725) respectively (Table 1). In total, 107 alleles were
detected ranging from 13 (STC‐37) to 26 (C‐4A_12). Generally,
a signiﬁcant deviation from HWE (P < 0.05) was witnessed in
most of the populations except Kachororoni, Cha Simba,
nitidus_Nguru and brevi_Kanga (Table 1). The mean Ho was
(0.625), ranging from (0.454 to 0.958) while He had a mean
of (0.627), ranging from (0.430 to 0.740).

Glacial period (LIG ~120 000 to 140 000 years ago (ya)), Last
Glacial Maximum (LGM ~22 000 ya), present (~1950 to 2000)
and projected future (2070) using maximum entropy model
in Maxent 3.4.1 (Phillips et al., 2006). In total, 128 records
extending the entire distribution range of Str. ionanthus were
obtained from the online database (https://www.gbif.org/)
and our ﬁeld collections (2017–2018). Climate data were
downloaded from the WorldClim ver. 1.4 database (www.
worldclim.org), with a 2.5 arc‐min resolution. The grid layers
were cut in DIVA‐GIS to cover most areas of the
Kenya–Tanzania regions. Preliminary tests were conducted
using all 19 bioclimatic variables (Hijmans et al., 2005) to
determine the most inﬂuential variables (AUC > 0.70) to the
distribution of Str. ionanthus. Cross‐validation was performed
using 10 replications and the settings at default with the
following modiﬁcations: regularization multiplier of 1.5,
random seed application, and removal of duplicate presence
records. Evaluation of the area under the receiver operating
characteristic curve (AUC) was used for the analysis, and the
resultant models were illustrated in DIVA‐GIS (https://www.
diva-gis.org/).

3.1.2 Chloroplast SSRs
Similar to nSSRs, no evidence of null alleles was detected in
Micro‐checker. The cpSSRs data produced 64 alleles across
all loci, ranging from four (CPssr_82) to 16 (CPssr_8) and
were moderately polymorphic (I = 0.615 (0.339–0.785), PIC =
0.64 (0.507–0.846)). Most populations exhibited signiﬁcant
deviations from HWE (P < 0.05) with Ho being higher than
He, except for two populations (velu_Sakarre, and nitidus_Nguru) (Table 2). Ho ranged from (Ho = 0.018: Mwarakaya) to
(Ho = 0.549: velu_Sakarre) with an average of (Ho = 0.31)
while He varied from (He = 0.214: brevi_Kanga) to
(He = 0.535: Ngomeni) with an average of (He = 0.376).
Relatively moderate levels of genetic diversity were observed
(AR = 2.393: 1.714–3.528; I = 0.615: 0.339–0.957 and
He = 0.376: 0.214–0.535) (Table 2). The highest genetic
diversity was observed in Ngomeni (AR = 3.528, I = 0.957,
He = 0.535) and grandi_Lutindi (AR = 2.646, I = 0.805,
He = 0.499).

3 Results
3.1 Genetic diversity
3.1.1 Nuclear SSRs
Micro‐checker did not ﬁnd any evidence of scoring errors and
substantial frequency of null alleles and all nSSRs exhibited
high polymorphism (AR = 4.71 (3.579–5.77); I = 1.238

Table 1 Genetic diversity parameters estimated among 23 populations using six nSSRs
Population
Lutindi Trail 1
Lutindi Trail 2
Lutindi Trail 3
Tuvui 1
Tuvui 2
Mivik_Dodwe
Kwamkoro 1
Kwamkoro 2
Monga
Kwabulu 1
Kwabulu 2
Ngomeni
grandi_Lutindi
grandi_Mashindei
velu_Sakarre
Segoma 1
Segoma 2
pendu_Mtai
Mwarakaya
Kachororoni
Cha Simba
nitidus_Nguru
brevi_Kanga
Mean

N

Na

Ne

I

Ho

He

AR

F

Private alleles

Fis

18.000
20.000
19.000
20.000
18.000
18.000
20.000
20.000
20.000
18.000
19.833
17.000
20.000
19.000
20.000
19.000
19.667
18.000
24.000
20.000
20.000
12.000
12.000
18.761

5.167
5.333
6.000
5.167
5.000
5.000
5.500
5.000
5.833
5.333
6.167
4.833
5.667
5.167
6.667
5.500
6.333
4.833
4.833
3.833
3.833
4.000
4.667
5.203

2.931
2.974
3.162
3.428
2.869
3.094
3.202
2.989
3.654
3.438
3.434
2.361
3.324
3.457
3.920
3.470
4.032
3.183
2.643
2.493
2.421
2.531
3.047
3.133

1.220
1.251
1.324
1.300
1.186
1.254
1.264
1.241
1.441
1.300
1.342
1.091
1.337
1.324
1.516
1.322
1.535
1.241
0.971
0.849
0.974
0.980
1.216
1.238

0.602
0.567
0.553
0.567
0.620
0.630
0.650
0.458
0.725
0.454
0.721
0.520
0.758
0.719
0.733
0.491
0.745
0.500
0.563
0.558
0.592
0.694
0.958
0.625

0.637
0.639
0.653
0.670
0.623
0.649
0.633
0.644
0.714
0.653
0.646
0.571
0.661
0.676
0.725
0.676
0.740
0.645
0.484
0.430
0.527
0.511
0.626
0.627

4.674
4.727
5.256
4.805
4.463
4.651
4.877
4.573
5.185
4.94
5.345
4.412
4.943
4.753
5.77
4.885
5.694
4.523
3.971
3.579
3.629
4
4.667
4.710

0.086
0.157
0.207
0.229
0.072
0.089
0.004
0.325
−0.022
0.301
−0.108
0.112
−0.144
−0.049
−0.004
0.315
−0.019
0.256
0.139
−0.153
0.026
−0.371
−0.609
0.036

0.000
0.000
2.000
1.000
2.000
2.000
0.000
1.000
1.000
4.000
1.000
1.000
3.000
1.000
2.000
1.000
2.000
1.000
3.000
0.000
2.000
2.000
2.000
1.478

0.127
0.157
0.206
0.203
0.164
0.187
0.278
0.426
0.149
0.398
0.161
0.256
0.24
0.216
0.117
0.362
0.214
0.379
−0.1
−0.04
−0.066
0.011
−0.133
0.17

AR, allelic richness; F, ﬁxation index; Fis, inbreeding coeﬃcient; I, Shannon information index; Ho, observed heterozygosity; He,
expected heterozygosity; N, sample size; Na, number of alleles; Ne, number of eﬀective alleles; number of alleles = 107.
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Table 2 Genetic diversity parameters estimated among 23 populations using seven cpSSRs
Population
Lutindi Trail 1
Lutindi Trail 2
Lutindi Trail 3
Tuvui 1
Tuvui 2
Mivik_Dodwe
Kwamkoro 1
Kwamkoro 2
Monga
Kwabulu 1
Kwabulu 2
Ngomeni
grandi_Lutindi
grandi_Mashindei
velu_Sakarre
Segoma 1
Segoma 2
pendu_Mtai
Mwarakaya
Kachororoni
Cha Simba
nitidus_Nguru
brevi_Kanga
Mean

N

Na

Ne

I

Ho

He

AR

F

Private Alleles

Fis

18.000
20.000
18.000
20.000
20.000
20.000
18.000
20.000
19.000
19.000
20.000
19.000
20.000
20.000
19.000
20.000
19.000
20.000
24.000
20.000
20.000
12.000
12.000
19.000

2.000
2.714
2.714
1.857
1.857
2.429
2.857
3.143
2.429
2.714
2.143
3.857
2.714
2.571
2.571
2.857
2.714
2.571
2.286
2.143
2.714
2.571
1.714
2.528

1.454
1.657
1.524
1.621
1.630
1.656
1.973
1.959
1.857
1.776
1.750
2.400
2.205
1.909
2.015
1.978
1.956
1.733
1.387
1.527
1.632
1.919
1.351
1.777

0.393
0.566
0.531
0.481
0.507
0.563
0.726
0.785
0.676
0.640
0.576
0.957
0.805
0.692
0.737
0.781
0.716
0.609
0.396
0.417
0.571
0.691
0.339
0.615

0.214
0.314
0.262
0.243
0.257
0.300
0.349
0.357
0.256
0.353
0.279
0.519
0.457
0.414
0.549
0.307
0.406
0.300
0.018
0.057
0.350
0.429
0.143
0.310

0.254
0.347
0.302
0.322
0.349
0.355
0.434
0.460
0.438
0.373
0.369
0.535
0.499
0.439
0.468
0.464
0.439
0.363
0.232
0.243
0.329
0.411
0.214
0.376

1.873
2.417
2.518
1.849
1.714
2.316
2.716
2.967
2.355
2.58
1.998
3.528
2.646
2.432
2.507
2.766
2.572
2.48
2.076
2.039
2.41
2.571
1.714
2.393

0.202
0.249
0.324
0.326
0.389
0.235
0.208
0.350
0.452
0.325
0.426
0.151
0.201
0.266
0.012
0.371
0.157
0.401
0.911
0.839
0.168
0.065
0.341
0.311

0.000
0.000
0.000
0.000
0.000
1.000
0.000
1.000
2.000
1.000
0.000
6.000
0.000
0.000
1.000
0.000
0.000
1.000
0.000
4.000
2.000
1.000
0.000
0.870

0.193
0.14
0.16
0.265
0.201
0.259
0.349
0.254
0.488
0.158
0.321
0.107
0.088
0.099
−0.159
0.374
0.136
0.294
0.951
0.804
0.015
0
0.585
0.264

AR, allelic richness; F, ﬁxation index; Fis, inbreeding coeﬃcient; I, Shannon information index; Ho, observed heterozygosity; He,
expected heterozygosity; N, sample size; Na, number of alleles; Ne, number of eﬀective alleles; Number of alleles = 64.

AMOVA by nSSRs exhibited the highest variation within
populations (80.45%) while variation among populations
accounted for 19.55% (Table 3), similar to cpSSRs, whereas
within populations accounted for 54.65% of the total
variation, while 45.35% occurred among populations. Additionally, 12.62% represented variation among subspecies and
87.38% within the subspecies using nSSRs, while cpSSRs
exhibited a variation of 24.97% among subspecies and 75.03%
within subspecies (Table 3). Population diﬀerentiation (Fst)
was high for cpSSRs (0.4535 vs 0.2497) compared with nSSRs
(0.1955 vs 0.1262) at both population and subspecies levels,
respectively (Table 3). Signiﬁcant isolation by distance (IBD).
was witnessed in both markers (nSSRs: R2 = 0.7911; cpSSRs:
R2 = 0.4948) (Fig. S1).

3.2 Genetic clustering
STRUCTURE identiﬁed two peaks for K = 10 and K = 17 using
cpSSRs data (Figs. 2C, 2D, S2C, S2D). TESS detected eight and
nine clusters for nSSRs and cpSSRs, respectively, as the DIC
plots began to plateau at Kmax = 8 and 9 for the diﬀerent
data types (Fig. S2A, B). The Kmax values before and after
the optimum values were plotted for consistency (Fig. 2A,
2B). The populations were further categorized into six blocks
(A–F) based on conserved order of clustering with successive
Kmax values (A = populations 1–5; B = populations 6–8;
C = populations 9–15; D = populations 16–18; E = populations
19–21 and F = populations 22 and 23). The genetic structure
plots showed consistency for both TESS and STRUCTURE,
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indicating the suitability of both programs in estimating
genetic clustering.
Morogoro populations (block F), Kiliﬁ (block E) and Nilo
Nature Forest Reserve (NNFR; block A) exhibited distinct
genetic structures in both markers (Fig. 2). However, poor
genetic structuring was witnessed in the Usambara
mountains (Fig. 2: blocks B, C, and D). Notably, cpSSRs
displayed clusters almost aligned to the subspecies
boundaries compared with nSSRs. However, block C lacked
clear cluster boundaries as expected, despite comprising
three subspecies (orbicularis, populations 10–12; grandifolius, populations 13 and 14; and velutinus, population 15). For
nSSRs, clustering in block D did not correspond to
subspecies boundaries as no discrete separation was
observed between subsp. ionanthus (populations 16 and
17) and subsp. pendulus (population 18).
DAPC detected a plateau of BIC at (K = 8) in both markers,
indicating the presence of eight clusters. However, the
clusters were spatially admixed and largely overlapped, except
populations from Morogoro (Red: populations 22 and 23), Kiliﬁ
(Light red: populations 19, 20 and 21) and NNFR (Blue:
populations 1–5) (Fig. 3). The Red and Light red clusters were
diﬀerentiated by the ﬁrst and second principal components,
respectively, while the Blue cluster was diﬀerentiated by the
third principal component. The other clusters overlapped,
indicative of poor genetic structuring. Barrier analysis
detected major genetic barriers isolating Kiliﬁ and Morogoro
from the Usambara populations (Fig. 4), results, consistent
with the genetic structuring observed in Fig. 2.
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Table 3 Summary for the analysis of molecular variance (AMOVA) for Str. ionanthus using both nSSRs and cpSSRs
Loci

Source of variation

Sum of squares

Variance components

Percentage variation

nSSRs

Among populations
Within populations
Among subspecies
Within subspecies
Among populations
Within populations
Among subspecies
Within subspecies

431.436
1629.14
225.73
1834.16
955.462
1136.889
447.828
1644.524

0.46103Va
1.93715Vb
0.30983Va
2.14588Vb
1.10858Va
1.33594Vb
0.63267Va
1.90118Vb

19.55366
80.44634
12.61661
87.38339
45.34948
54.65052
24.96866
75.03134

cpSSRs

Fst
0.1955
0.1262
0.4535
0.2497

Fst, population diﬀerentiation.

3.3 Demography statistics
Sign test and Wilcoxon‐signed rank tests run on both
stepwise mutation model (SMM) and two‐phase models
(TPM) using nSSRs revealed recent reduction and bottleneck
events in the majority of the populations (P < 0.05), except
populations: Lutindi Trail 3, Tuvui 2, Kwamkoro 2, Monga,
grandi_Lutindi, Cha Simba and nitidus_Nguru, in which the
mode shift indicated normal L‐shaped distribution (Table 4).
However, the cpSSRs data revealed recent bottleneck events
and reduced populations in all populations (Table S5).

3.4 Chloroplast DNA diversity and molecular divergence
estimate
The cpSSRs alleles detected a total of 149 haplotypes, with
only eight haplotypes occurring in more than one population
(Table S6), while the majority of haplotypes were unique.
Furthermore, only H51 was shared among two subspecies
(subsp. grotei and subsp. orbicularis). In total, 3186 bp from
34 sequences were analyzed among the four cpDNA regions.
Inter‐subspecies genetic variation was observed as exhibited
by: 47 polymorphic sites, 39 parsimony informative sites, and

Fig. 2. Population structuring in Str. ionanthus. A, B, Structuring inferred from TESS for nSSRs and cpSSRs, respectively. C, D,
Structuring for cpSSRs inferred from STRUCTURE. The numbers 1–23 represent the studied populations and the taxa names
are written below the bar plots.
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Fig. 3. Discriminant Analysis of Principal Components (DAPC) of Str. ionanthus and scatter plot results for K = 8. A, Scatter plot
of the populations using nSSRs and B, Scatter plot of the populations using cpSSRs. Diﬀerent colors denote diﬀerent clusters,
while points indicate individuals.
127 InDels (Table S7). Nineteen haplotypes (Hap_1–Hap_19)
were detected across the cpDNA sequences used and, unlike
cpSSRs, no haplotype was shared among diﬀerent taxa. Five
main cpDNA haplotype lineages (I–V) are observed in the
phylogeny (Fig. 5A). The haplotype network revealed distinct
Kiliﬁ and Morogoro populations and an admixed Usambara
mountains group (Fig. 5B). The region trnQ‐rps16 displayed
the highest number of haplotypes (11), while rpoB‐petN had
the lowest (5).
InDels mutations contributed to the observed variation,
whereby trnQ‐rps16, trnK‐matK, and rpoB‐petN had 33 InDel
sites each. Substitution mutations also contributed to
sequence polymorphism with trnK‐matK, trnQ‐rps16 and
petB‐petD having 18, 12, and 11 substitution sites, respectively,
while rpoB‐petN had 6 (Table S7). The haplotype diversity
(Hd) extended from 0.604 in rpoB‐petN to 0.9127 in trnQ‐
rps16, while nucleotide diversity (pi) extended from 0.00144
in rpoB‐petN to 0.00478 in trnK‐matK. Str. ionanthus cpDNA
haplotype divergence from the outgroups is as old as 1.5
million years ago (Mya) and as recent as 0.21 Mya, based on
values for 5.6 × 10−4 s/s/My and 3.0 × 10−9 s/s/y substitution
rates, while the diversiﬁcation within the group began c.
1.32–0.18 Mya and intensiﬁed toward the present (Fig. 6); age

estimates of the late Pleistocene epoch of the Quaternary
are given.
3.5 Past, present, and future distribution of Str. ionanthus
The ﬁnal ENM, each averaged across 10 Maxent runs,
returned AUC test values higher than 0.8 (LIG: 0.877; LGM:
0.884; Current: 0.867; Future: 0.9), indicating good model
performances. The known distribution records of Str.
ionanthus (Fig. 1) matched the modeled suitable areas across
the four periods (Fig. 7). The model exhibited a contracted,
but continuous, habitat under LGM (Fig. 7B), contrary to LIG
(Fig. 7A) in which the habitat was expanded but slightly
fragmented. Interestingly, despite the ongoing anthropogenic forest disturbances in the area, the current prediction
presents a slightly contracted, and a somewhat continuous,
habitat (Fig. 7C). Furthermore, 2070 predictions (Fig. 7D)
expected increased fragmentation and more reduced
suitable areas, leaving only the Tanga region with the
likelihood to survive. Although the predictions represented
the known distribution of Str. ionanthus, other suitable areas
without records were observed (North Tanzania: North and
South Pare mountains; South Tanzania: Nguu mountains).

Fig. 4. Major genetic barriers separating Str. ionanthus populations. A, Barriers detected from cpSSR markers and B, barriers
detected from nSSR markers. The red lines and green numbers represent detected barriers.
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Table 4 BOTTLENECK results of Str. ionanthus populations estimated using nSSRs
Population

TPM
Sign test

Wilcoxon test

SMM
Sign test

Wilcoxon test

Mode shift

Lutindi Trail 1
Lutindi Trail 2
Lutindi Trail 3
Tuvui 1
Tuvui 2
Mivik_Dodwe
Kwamkoro 1
Kwamkoro 2
Monga
Kwabulu 1
Kwabulu 2
Ngomeni
grandi_Lutindi
grandi_Mashindei
V.Sakarre
Segoma 1
Segoma 2
pendu_Mtai
Mwarakaya
Kachororoni
Cha Simba
nitidus_Nguru
brevi_Kanga

0.239966
0.046169
0.565838
0.2387
0.174473
0.040314
0.046189
0.205275
0.133164
0.048855
0.108281
0.045469
0.158486
0.053141
0.04396
0.041482
0.016981
0.043677
0.169834
0.034701
0.207865
0.183892
0.140337

0.03125
0.015625
0.078125
0.03125
0.21875
0.015625
0.015625
0.21875
0.054688
0.015625
0.023438
0.015625
0.21875
0.015625
0.015625
0.015625
0.007813
0.015625
0.03125
0.015625
0.078125
0.054688
0.039063

0.259966
0.050676
0.603257
0.254166
0.216149
0.056612
0.049631
0.235848
0.154496
0.069752
0.102238
0.056024
0.449293
0.064964
0.283711
0.055488
0.022008
0.059335
0.188074
0.227103
0.23194
0.17317
0.143256

0.046875
0.015625
0.3125
0.03125
0.21875
0.015625
0.015625
0.21875
0.054688
0.015625
0.023438
0.015625
0.34375
0.015625
0.03125
0.015625
0.007813
0.015625
0.046875
0.03125
0.078125
0.21875
0.039063

Shifted
Shifted
Shifted
Shifted
Normal L‐ shaped
Shifted
Shifted
Normal L‐ shaped
Shifted
Shifted
Shifted
Shifted
Normal L‐ shaped
Shifted
Shifted
Shifted
Shifted
Shifted
Shifted
Shifted
Shifted
Shifted
Shifted

The bold indicate populations which did not display reduced size in both models; P < 0.05.

4 Discussion
4.1 Genetic diversity in Streptocarpus ionanthus
This is the ﬁrst study to estimate genetic diversity in
Saintpaulia using a comprehensive sampling and a combination of both nSSRs and cpSSRs. The lower levels of genetic
diversity in cpSSRs (AR = 2.393; I = 0.615; He = 0.376) compared with nSSRs (AR = 4.71; I = 1.238; He = 0.627) supported
previous reports of the cpDNA evolving at half the rate of
nDNA (Wolfe et al., 1987). Previous studies in Gesneriaceae;
Primulina tabacum Hance using AFLPs (He = 0.220; I = 0.321)
(Ni et al., 2006), Ramonda myconii (L.) Rchb. using RAPDs
(I = 0.282) (Dubreuil et al., 2008), Haberlea Friv. using ISSRs
(I = 0.268) (Petrova et al., 2013), and Paraisometrum mileense
W.T.Wang using AFLPs (He = 0.118) (Chen et al., 2014) have
demonstrated varying levels of genetic diversity. Shannon's
Information Index (I) and PIC values have been used to
evaluate the eﬀectiveness of SSR loci in detecting genetic
variation (Perdereau et al., 2014), with PIC > 0.59 (Babaei
et al., 2012) and I > 0.58 (Jasim Aljumaili et al., 2018)
indicating highly informative markers. Therefore, the high
values of the two parameters in our study (PIC: nSSRs = 0.77;
cpSSRs = 0.64 and I: nSSRs = 1.238; cpSSRs = 0.615) indicated
that the markers were highly informative.
In rare plants, such as Str. ionanthus, factors such as recent
bottleneck events and genetic drift lead to reduced genetic
diversity (Pakkad et al., 2008). However, improved connectivity among populations is reported to recover the
eﬀects of a bottleneck (Jangjoo et al., 2016). Therefore,
despite Str. ionanthus exhibiting bottleneck events across its
range, the populations maintained high genetic diversity,
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which can be attributed to historical population admixture
(Lewis & Crawford, 1995) and local adaptation arising from
various micro‐habitats (Babbel & Selander, 1974). The
relatively small‐sized populations, minimally spaced individuals, and anthropogenic disturbances (personal observation)
can be attributed to the lower genetic diversity and higher
inbreeding values in some populations such as Mwarakaya
and Kachororoni. In contrast, other populations occurring
outside protected areas in West Usambara are large and less
disturbed, and thus capable of harboring substantial genetic
diversity. Furthermore, the occurrence of these populations
at the forest edges allows pollinators (Amegilla bees) to
forage freely, thus preserving higher genetic diversities,
contrary to the populations occurring in deep protected
areas of East Usambara where the pollinators and seed
dispersal have to traverse dense forests. Therefore, the
relatively limited ﬂying distance of insects (Pasquet
et al., 2008) explains the observed IBD in Str. ionanthus.
4.2 Genetic structuring
The divergence of taxa and delimitation of boundaries can be
evaluated by morphological characteristics, phylogenetic
inferences, and genetic clustering using allele frequencies.
Previous evaluation of the genetic composition of four
morphotypes of Str. ionanthus subsp. grotei reported genetic
isolation of the rosulates (Sa. diﬃcilis and Sa. confusa) from
the trailer (Sa. grotei) (Kolehmainen & Korpelainen, 2008). In
our expanded sampling, the higher population diﬀerentiation
observed in cpSSRs compared with nSSRs could be
attributed to the maternal inheritance of cpDNA in most

J. Syst. Evol. 00 (0): 1–16, 2020

10

Kyalo et al.

Fig. 5. A, Str. ionanthus cpDNA haplotype phylogeny with only bootstrap probabilities above 50 shown. B, Network of the 19
haplotypes detected among diﬀerent taxa. The size of the circles is proportional to the haplotype frequency. The lines connect
diﬀerent haplotypes, while the short crosses indicate mutation positions.
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Fig. 6. Divergence time estimate of cpDNA haplotype lineages within Str. ionanthus based on four loci and varying plastid
substitution rates (in Material and Methods). Node bars indicate 95% highest posterior density (HPD) intervals of time
estimates. The time is million years ago (Mya).

angiosperms involving gene ﬂow, solely based on seed
movement and contrary to nDNA in which gene ﬂow occurs
via seeds or pollen movement (McCauley, 1994; Setsuko
et al., 2007; Iloh et al., 2017). While our results cannot exclude
probable low levels of chloroplast spread via pollen dispersal
in any plant group, they conﬁrmed that maternal inheritance
is the model for Str. ionanthus.
Estimation of possible genetic barriers across Str. ionanthus
agreed with the Mantel test results, which exhibited a
substantial correlation between genetic and geographic
distance. The major genetic barriers separated the Usambara
populations from Kiliﬁ and Morogoro populations, attributing
geographic distance to the limited gene ﬂow among these
regions. Although the Usambara populations were observed to
have weak genetic barriers, leading to weak genetic structures,
the detection of the high number of clusters implied diﬀerent
historical populations. As Str. ionanthus has been observed to
diversify during Pleistocene, the repeated population expansions
during the interglacial phases could have erased signatures of
genetic structure in the nSSRs (Ntie et al., 2017), especially in the
Usambara mountains. In contrast, the observed less overlap in
cpSSRs clusters might represent historical scenarios in diverse
micro‐habitats, known here as glacial refugia. The distinct
clusters of Kiliﬁ and Morogoro populations conﬁrmed their
monophyly, as previously reported (Möller & Cronk, 1997a;
Lindqvist & Albert, 2001; Nishii et al., 2015).
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4.3 Diversiﬁcation of Str. ionanthus
The most likely scenario triggering the lack of explicit
phylogeographic structure in Str. ionanthus could be the
existence of multiple ancestral refugia during glaciation.
Divergence estimates using both nuclear (Dimitrov et al., 2012)
and chloroplast data (present study) revealed the diversiﬁcation of Str. ionanthus lineages to have begun in the
Pleistocene epoch of the Quaternary glaciation period
toward the present. In East and Southern Africa, it has
been suggested that Pleistocene cycles of alternating wetter
and drier seasons promoted habitat expansion and contraction, leading to diverse refugia in isolated and
fragmented micro‐habitats (Lorenzen et al., 2010). This
evidence supported the observed intraspeciﬁc divergence
of species during the Pleistocene (Pin˜eiro et al., 2017). The
spatial interpolation of the highly suitable habitat in the
interchanging glacial and interglacial periods might have
caused Saintpaulia to ﬁnd refuge in the isolated fragments.
The identiﬁcation of glacial refugia is also complex, as no
proper criteria have been outlined. Phylogeographic analyses
can identify refugia with areas of multiple lineages or high
genetic diversity (Hewitt, 1996; Waltari et al., 2007). Genetic
diversity could not identify refugia in Str. ionanthus, as it was
relatively high across all populations. Our exploration of
cpDNA haplotypes across Str. ionanthus distribution range
revealed ﬁve main lineages (I: West Usambara; II: Mixed East
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Fig. 7. Ecological Niche Modeling (ENM) for Str. ionanthus. Predictions for A, Last Inter‐Glacial climatic conditions (LIG
~120 000 years ago), B, Last Glacial Maximum (LGM ~21 000 years ago), C, Present conditions (1960–1990) and D, Future
projections for the year 2070.
Usambara/Kiliﬁ; III: Mixed West/East Usambara; IV: Kiliﬁ and
V: Kiliﬁ), which could be suggestive of past isolated refugia.
The high numbers of unique and closely connected
haplotypes in the Usambara mountains, East (cpDNA: 5;
cpSSRs: 88) and West (cpDNA: 7; cpSSRs: 45), as compared
with Kiliﬁ (cpDNA: 5; cpSSRs: 10) further support these
mountains as possible refugia in relation to Str. ionanthus. A
similar close network in the Usambara was previously
reported in a nuclear study (Dimitrov et al., 2012) and
another study investigating avifauna diversiﬁcation (Fjeldsa &
Bowie, 2008). However, this hypothesis should be tested
further with more samples and a representation of all
populations for the cpDNA phylogeography analysis.
Climate modeling deﬁnes a species’ refugia as regions
harboring favorable conditions absent in the surrounding areas
(Baumgartner et al., 2018). During the LGM, the highly suitable
areas of West and East Usambara did not undergo a large
contraction, thus creating a possible connection for admixture,
before beginning some interpolation observed in the current
model. Generally, our niche modeling indicates that the stability
of suitable areas existing in almost entire distribution ranges
across all time periods, except for Kiliﬁ, which is expected to
disappear by 2070 (Dimitrov et al., 2012). These areas have
oﬀered protective micro‐habitats that have preserved the
genetic diversity of Str. ionanthus, and thus qualify as potential
climate refugia. In conclusion, assuming we attribute the
Pleistocene climate cycles to the genetic signatures observed in
this study, we can argue that the genetic patterns have built up
over the repeated glacial cycles, although the interglacial
phases could have been long enough to counter genetic
diﬀerentiation through admixture in the Usambara mountains.
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Our results support the previous hypothesis that the
Usambara mountains Saintpaulia might constitute a large
historical metapopulation with highly diﬀerentiated subpopulations (Kolehmainen & Mutikainen, 2006). The diﬀerent
subpopulations could have been brought by refuge in diverse
micro‐habitats during the glacial periods. However, due to
the geographical proximity of both the Usambara sides, the
subsequent expansions in the interglacial phases could have
been enough to allow some level of admixture among the
diﬀerent micro‐habitats (Dimitrov et al., 2012), as evidenced
by poor genetic structuring and the close haplotype network.
As haplotypes can no longer mix when the taxa have
completely undergone reproductive isolation (Middleton
et al., 2014), the high haplotype connection in the Usambara
mountains implies an actively evolving Str. ionanthus. The
Eastern Arc Mountains have been reported to be a center of
species endemism (Lovett, 1998), a characteristic that
deﬁnes the possible existence of various Pleistocene refugia
in an area (Wilson & Pitts, 2012). Identiﬁcation of particular
areas that can be designated as historical refugia is key for
conservation. Our study of Str. ionanthus suggests possible
refugia in the West Usambara, East Usambara, and Kiliﬁ
areas. We provide the baseline for other studies that could
investigate further using a wider sampling to solidify the
locations of Pleistocene refugia.
Modern concepts deﬁne subspecies as potentially interbreeding populations that are phylogenetically distinct but
reproductively compatible. In Str. ionanthus, subspecies
delimitation is only based on slight morphological diﬀerences. Molecular studies on phylogeny, phylogeography and
population genetics (present study) report inconsistent taxa
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boundaries. We, therefore, highlight some insights from our
data and choose not to force taxa boundaries. Selection has
been reported to inﬂuence diﬀerential gene expression
leading to phenotypic variation without directly aﬀecting
genetic variation (Garland & Kelly, 2006). It is also known
that phenotypic plasticity and genetic polymorphism are
diﬀerent entities and that the dynamics surrounding their
evolution diﬀer (Saito et al., 2013). Thus, we presume the few
phenotypic variations among the populations of Str.
ionanthus to be adaptive traits in diﬀerent micro‐habitats.
In conclusion, we hypothesize that the subspecies are slightly
variable lineages or populations of a complex Str. ionanthus,
which are on the verge of divergence and propose the
application of large data, such as complete chloroplast
genomes, for future studies focusing on ﬁnding answers to
the evolution of this species.
4.4 Highlights on Str. ionanthus conservation
Poorly resolved taxonomic boundaries might result in
broadly divided species (Bohonak, 1999), creating confusion
in both taxonomy and conservation. In the present
changing environmental conditions, the evolutionary viability ensures a species’ persistence (Zaghloul et al., 2006).
The long‐term conservation and management of a species
require an understanding of the distribution, demographic
status, quantiﬁcation of genetic diversity (Zhao et al., 2019),
genetic structuring, and evolutionary pattern. In Str.
ionanthus, the three distribution hotspots that harbor
diverse and un‐shared haplotypes deserve overall conservation. However, the admixture pattern observed in the
Usambara mountains demonstrates the evolutionary signiﬁcance of this region and thus commands prioritization in
conservation. Str. ionanthus is characterized by unique
habitats, small‐sized and highly disturbed populations,
geographical discontinuity, and high diﬀerentiation among
populations and thus comprehensive preservation of all
populations is important for substantial conservation of the
entire gene pool.
The recent loss of the Mwache forest population due to
limestone mining activities and the continued decline of the
Kenyan populations explains the urgency of public
awareness on the matters of conservation. Nevertheless,
populations outside protected areas in Kenya and West
Usambara deserve special consideration as they are
exposed to farming and road construction activities
(personal observation). This could be done through
gazettement of the forest patches and/or working closely
with the local communities to initiate conservation plans.
Future predictions have hinted at the complete loss of
suitable habitats for lowland populations, particularly in
Kiliﬁ, due to the perceived increased exposure to dry and
hotter environments. Thus, urgent in situ and ex situ
measures should be prioritized in this area. Although the
observed bottleneck events and reduction in population
sizes may not have aﬀected genetic diversity greatly,
mitigation eﬀorts against continued reduction should be
prioritized. Seeds could also be preserved in seed banks and
representatives cultivated ex situ in botanical gardens, al
though this requires careful strategies to avoid the mix‐up
of genetic entities.
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5 Conclusion
The distribution of Streptocarpus ionanthus features three
major regions: Kiliﬁ, Tanga, and Morogoro. The isolation of
populations from Kiliﬁ and Morogoro was evident, unlike the
Usambara mountains where weak genetic structuring was
witnessed, thus presenting the Usambara mountains as the
center of diversity for Str. ionanthus. Our results also
revealed a pattern of contemporary evolutionary interaction
in the Usambara populations as evidenced by the recent
diversiﬁcation of chloroplast haplotypes, high mutation
rates, and the admixture of genetic clusters. This diversiﬁcation can be attributed to the repeated climate shifts in the
Pleistocene that led to multiple refugia at both high and low
altitudes during the glacial and interglacial cycles. Furthermore, the taxa could be undergoing hybridization due to
population contact zones during interglacial expansion. The
poor phylogeographic structure brings into doubt the
recognition of nine subspecies, thus suggesting a complex
evolutionary history of Str. ionanthus.
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Fig. S1. Mantel test showing signiﬁcant correlation between
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Fig. S2. Detection of number of genetic clusters for Str.
ionanthus. (A) DIC as a function of Kmax for nSSRs and (B)
DIC as a function of Kmax for cpSSRs. Each dot corresponds
to the DIC value averaged over 10 lowest DIC values. The
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