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ABSTRACT

The African Greater Cane rat (AGC) (Thryonomys Swinderiunus) is a wild rodent species
that belongs to the Family Thryonomydae and is historically endemic to Africa. The
species is widely distributed in different parts of Africa and is considered a delicacy in
some societies inhabiting the continent. Despite its food value, the rodent species is also
a pest of crops and a potential host of bacteria and worms that can impair human health.
There is a growing body of literature about cane rat species (Thronomys spp.) but most of
the published work is patchy. Currently, the spatial population distribution across suitable
habitats within its range areas in Africa, and the species' biology, particularly in the wild,
are unknown. These gaps limit broader species use for example, for commercial game
farming, for developing the potential strategies for controlling the s p e ¢ idestsuétive
impacts on crops, and the measures to advocate for the species conservation in the wild.
This Ph.D. study was conceived to fill in these gaps and to advance knowledge on the
genetics of this species that is critical to the management and conservation of the cane rat
population in the wild. The research aimed specifically to answer four objectives; first, to
review the state of knowledge that is currently available about the cane rat species,
second; to assess the genetic diversity and population demography of the cane rat
populations inhabiting two mountains within the Eastern Arc Mountains range, third, to
assess the morphometrics of the cane rat skull to improve evolutionally knowledge of the
cane rat species and fourth, to assess the genetic relatedness of the cane rat populations
inhabiting the East and West African regions.To understand the breadth of knowledge
about the cane rat species, | conducted a systematic review of 56 years (1964 - 2020) of
cane rat research published in various outlets including theses and peer-reviewed journal
articles accessed from credible literature archives such as Web of Science, Scopus and
Google scholar. | found that the available literature on the cane rat was mostly biased
towards the West African region, and no single study published from East and Southern
Africa was available. | also found that most of the published literature was based on
captive cane rat individuals and that substantial knowledge gaps were remaining in
various topics including genetics and species biogeography, food biology, and
conservation. The knowledge generated in this systematic assessment, helped me to
focus on the identified gaps in the next chapters. Further, to answer the question of
genetic diversity and population demography of the cane rat species in the Eastern Arc
Mountains, | conducted field surveys to collect cane rat samples from traps set in four
localities in the Udzungwa south, Udzungwa north, Uluguru rural, and Uluguru urban
areas all located in the Udzungwa and Uluguru mountains respectively. | used DNA

sequencing of the D-loop region of MtDNA (515 bp) from 46 cane rat samples and various



molecular techniques to analyze these data. | found that there were high genetic
differences between than within these four populations. | also found that these four AGC
populations in Eastern Arc Mountains (EAMs) have experienced a recent population
expansion, especially among the urban population due perhaps to the influence of the
urbanization process that may have favored and/or assisted species movements across
the rural-urban landscapes. To understand the evolutionary information on the greater
cane rats in the Eastern and Southern African regions, | studied T. swinderiunus
populations in Tanzania to link molecular and geometric-morphological evidence to
characterize t hes e uspm@tpaud sampieoamdsaullsdlifound that bothy
molecular and geomorphometric evidence were aligning T. swinderiunus into three clades
based on the location where samples were collected. This suggested that genetic and
morphometric methods could complement each other in understanding the evolutionary
biology and within-species diversity of vertebrate species that do not exhibit strong intra-
species differentiation.Further, to assess the maternal origin of the African Greater cane
rats populations found in the spatially isolated localities in Africa, | compared mt-DNA D-
loop sequences from samples collected from two Eastern Arc Mountains, Tanzania, and
three agro-ecological zones in Ghana. | found a high genetic differentiation between AGC
populations from Tanzania and Ghana with high variation coming from between while low
variation was within the AGC populations. | also found that the populations from Tanzania
had higher haplotype diversity indicating that they are healthier demographically than
those of Ghana. | also found that the populations from Ghana do not share common
maternal lineage with those of Tanzania suggesting that the species has evolved as
distant populations that lacked connectivity.This study has important implications for the
conservation, taxonomy, farming and ranching of African Greater Canerats (AGCs) in
Tanzania. The genotype data can help to inform policy and decision-makers on
conservation priorities and potential conservation measures including the need for the
establishment of germ-plasm banks in vivo and in vitro for maintaining the genetic pool
through selection processes. Also, the results can be useful in selecting parental stocks
for establishing cane rat farming and ranching to provide farmers with viable stocks. The
study will enable the resolution of taxonomic uncertainties which is mandatory for
understanding species biology. The study has provided genetic sequences which have
been deposited in the NCBI gene bank and are available for public use. The species is
presently not endangered but if the needs arises these data can be accessed without

going back to the field and used for further research.
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DHAHANIA

Ndezi (Thryonomys Swinderionus) ni aina ya panya pori ambao wako kwenye Familia ya
Thryonomydae na wameeenea barani Afrika. Ndezi wamesambaa sana katika sehemu
tofauti za Afrika na wana nyama yenye ladha nzuri na wanaliwa na jamii tofauti katika
bara la Africa. Licha ya thamani yake kama chakula, aina hii ya panya pia ni waharibifu
wa mazao na wanabeba bakteria na minyoo ambayo inaweza kuathiri afya ya binadamu.
Kuna mwongezeko wa fasihi za kisayansi juu ya aina za Ndezi (Thryonomys spp.) lakini
kazi nyingi zilizochapishwa zimetawanyika. Hivi sasa, hakuna ufahamu kamili kuhusu
maeneo yanayofaa kukaliwa na hawa panya katika nchi wanapopatikana barani Afrika na
pia hakuna ufahamu kamili wa biolojia ya hawa panya, haswa maporini. Mapungufu haya
hupunguza matumizi mapana ya hawa panya. Kwa mfano, ufugaji wa kibiashara, pamoja
na kutafuta mikakati ya kudhibiti uharibifu wanaosababisha kwenye mazao, na kuchukua
hatua za uhifadhi wa hawa panya porini. Utafiti huu wa shahada ya Uzamivu (Ph.D.)
ulifanyika ili kujaza mapengo haya na kuendeleza maarifa juu ya vinasaba vya aina hii ya
panya, elimu ambayo ni muhimu kwenye usimamizi na uhifadhi wa Ndezi. Utafiti huu
ulikuwa na malengo manne; kwanza, kukagua hali ya maarifa ambayo yapo na
yamechapisha kwa sasa juu ya Ndezi, pili; kutathmini utofauti wa vinasaba na demografia
ya Ndezi wanaoishi katika milima miwili ndani ya Milima ya Tao la Mashariki (MTM), ya
tatu, kutathmini maumbile (jiometriki-mofolojia) ya fuvu la Ndezi ili kuboresha maarifa ya
mabadiliko ya kievolushenari ya spishi hii na nne, kutathmini uhusiano wa jenetikia ya
Ndezi wanaoishi katika maeneo ya Afrika Mashariki, Afrika Magharibi na Afrika Kusini.
Kuelewa upana wa maarifa juu ya Ndezi, nilifanya mapitio ya majarida yote
yaliyochapishwa ndani ya miaka 56 (1964 - 2020) ya utafiti wa hawa panya na
kuchapishwa katika majarida mbali mbali ikijjumuisha maandiko tasnifu (thesis) na
majarida ya kisayansi yanayotathiminiwa kitaalamu kabla ya chapisho, na yanayopatikana
kutoka kwenye kumbukumbu za fasihi za kuaminika kama vile Wavuti ya Sayansi (Web of
Science), Scopus na Google Wasomi (Google Scholar). Niligundua kuwa fasihi zilizopo
kuhusu Ndezi zinapatikana kwa wingi zaidi kwenye nchi za Afrika Magharibi, na hakuna
utafiti wa Ndezi wowote uliochapishwa kutoka Mashariki na Kusini mwa Afrika
uliopatikana. Niligundua pia kuwa fasihi nyingi zilizochapishwa zilitokana na Ndezi
wanaofugwa na kwamba kuna mapungufu makubwa ya maarifa hasa kwenye mada mbali
mbali za Ndezi wanaopatikana porini ikijumuisha jenetikia na biojieografia yao , biolojia ya
chakula anachokula, na uhifadhi. Ujuzi uliotokana na tathmini hii ya kimfumo, ulinisaidia
kuzingatia mapungufu yaliyotambuliwa katika sura zifuatazo. lli kuelewa zaidi na kujibu

swali la utofauti wa jenetikia na jiometriki-mofolojia ya spishi hii ya Ndezi katika milima ya



Tao la Mashariki, nilifanya utafiti wa Ndezi waliopo porini na kukusanya sampuli kwa
kutumia mitego iliyotegwa katika maeneo manne ya milima. Mitego ilitegwa Udzungwa
wavinasaba kutoka sampuli 46 za Ndezi na mbinu mbali mbali za Masi kuchambua data
hizi. Niligundua kuwa kulikuwa na tofauti kubwa za vinasaba kati ya Ndezi kutoka maeneo
manne yaliyotajwa hapo juu. Niligundua pia kuwa kumekuwa ongezeko la idadi ya Ndezi
kutoka maeneo hayo manne ya MTM hasa yanayotokana na upanuzi wa miji ambao
sababu ya kuwepo maeneo yanayowafaa kwa makazi na upatikanaji wa chakula. lli
kuelewa zaidi kuhusu mabadiliko ya Kiivolutionary juu ya Ndezi katika maeneo ya
Mashariki na Kusini mwa Afrika, nilitafiti Ndezi kutoka nchini Tanzania ili kuunganisha
ushahidi wa Masi na jiometri-mofologia ili kuonyesha utofauti kwa kutumia sampuli za
tishu na fuvu. Niligundua kuwa ushahidi wote wa Masi na jiometria-mofolojia ulikuwa
unagawanyisha Ndezi kwenye makundi matatu kulingana na eneo ambalo sampuli
zilikusanywa. Hii inapendekeza kwamba jenetikia na mofolojia zinaweza kuambatana
katika kuelewa biolojia ya mabadiliko na utofauti wa spishi ambazo hazionyeshi utofauti
wa maumbile ya nje kati yao. Nilitathmini uasilia wa mama wa Ndezi wanaopatikana
katika maeneo tofauti yaliyotenganishwa kwa umbali barani Afrika kwa kulinganisha
mlolongo wa vinasaba vinavyopatikana kwenye mitokondria kutoka sampuli
zilizokusanywa kutoka Milima miwili ya Tao ya Mashariki, Tanzania, maeneo matatu
tofauti ki-ikolojia nchini Ghana (Afrika ya Magharibi) na maeneo manne tofauti kusoka
Afrika ya kusini. Niligundua utofauti mkubwa wa vinasaba kati ya Ndezi kutoka
Tanzania,Ghana na Afika kusini. Niligundua pia kuwa Ndezi kutoka Tanzania walikuwa na
utofauti wa hali ya juu unaonyesha kuwa wana ubora kijenetikia kuliko wale wa Ghana na
Afrika kusini. Niligundua pia kuwa Ndezi kutoka Ghana na wale kutoka Tanzania na Afrika
kusini hawakutokana na ukoo mmoja wa mama kiuasili hii ikimaanisha waligawanyika
kuwa tofaouti muda mrefu.Utafiti huu una umuhimu kwa uhifadhi, uainishaji wa kisayansi
(takisonomia), kilimo na ufugaji wa Ndezi nchini Tanzania. Takwimu za aina jeni
zinaweza kusaidia kuwajulisha watunga sera na watoa maamuzi juu ya vipaumbele vya
uhifadhi na hatua zinazowezekana za uhifadhi ikiwa ni pamoja na mabhitaji ya uanzishwaji
wa benki za chembe za vinasaba kwenye maabara na kwenye mazingira asilia kwa
kudumisha hifadhi ya vinasaba kwa kuchagua mbegu bora. Pia, matokeo haya yanaweza
kuwa muhimu katika kuchagua wazazi bora kwa kuanzisha kilimo cha Ndezi na ufugaiji ili
kuwapa wakulima panya wazazi anzilishi wanaofaa. Utafiti huu utaondoa utatanishi wa
taksionomia, jambo ambalo ni muhimu kwenye kuelewa biolojia ya Ndezi. Utafiti huu

umegundua na kutayarisha mlolongo wa vinasaba ambao umehifadhiwa katika benki ya
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vinasaba ya NCBI na unapatikana kwa matumizi ya umma. Ndezi kwa sasa
hawajahatarishwa lakini ikiwa mabhitaji yanatokea data hizi zinaweza kupatikana bila

kurudi porini kukusanya sampuli kwa upya na unaweza kutumika kwa utafiti zaidi.

Maneno muhimu: Ndezi (Thryonomys swinderiunus), Milima ya Tao la Mashariki,

jiometriki-mofolojia, utofauti wa maumbile, ukoo wa mama asilia,
uhifadhi
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ORGANIZATION OF THE THESIS

This thesis is organized in seven chapters. The first chapter deals with background
information, problem statement and justification. The second chapter is the review on
available cane rat literature. The third chapter is on the genetic diversity of AGC in the
spatially isolated Eastern Arc Mountains. The fourth chapter deals with studying the
variation of AGC using both molecular and morphometric methods and the fifth chapter is
on comparison of the martenal lineage of AGC population found in Tanzania and Ghana.
The chapter six is the general discussion of all chapters. and lastly in the conclusions and
recommendations.

Each data chapter is presented as a stand-alone manuscript that is ready for sending out
to a journal for publication. For the objectives whose manuscripts have been published, a

typical published article is included rather than a manuscript.



CHAPTER ONE

1.0 Introduction

Cane rats belong to the sub-order Hystricomorpha. The name & a n e , diffar$ fdfom
location to location depending on the habitat and food they prefer (Adu et al., 2017). In
West Africa, they are known as grasscutters because they prefer grasses while in
Southern Africa they are called cane rats because they prefer cane fields (Adenyo et al.,
2013). Cane rat is the second largest rodent species in Africa after porcupines, which
belongs to the genus Thryonomys (Lopez-Antonanzas et al., 2004). This genus consists
of two species; the greater cane rat (Thryonomys swinderianus) and smaller cane rat
(Thryonomys gregorianus) (Sacramental et al., 2012). These two species vary in body

size, thus their names.

Rodent distribution like that of other mammals is influenced by various factors such as
soil, vegetation type and altitude (Mulungu et al., 2008). Cane rats are widely distributed in
the sub-Sharan regions of Africa ranging as far from Senegal to South Africa (Jori et al.,
1995; Opara, 2010; Olatidoye et al., 2019) and mostly occupy habitats with dense grasses
(Delany and Happold 1979; Aluko et al., 2015). The greater cane rat is much more
widespread in Africa than the lesser cane rat; it occupies almost all African countries west
of the Sahara (Skinner and Chimimba, 2005). The lesser cane rat can be found in a
narrow belt from northern Cameroon to East Africa, where they are common and
widespread, and further south as far as Zimbabwe and parts of Mozambique (Aluko et al.,
2015). Although there are overlaps in their distribution, they occupy different ecological
niches (Aluko et al., 2015).

In Tanzania, these species are widely distributed in different areas including EAM
(Stainley et al., 1998), although a detailed account of their population is lacking. Cane rats
are found in cultivated areas that they have invaded especially in sugar cane plantations,
rice fields, maize, groundnut farms; or tubers like cassava and sweet potatoes. These
species are sometimes considered serious pests of crops (Owen et al., 2012; Uloko et al.,
2017). Further, cane rats inhabit the borders of humid zones and marshes with vegetation
composed of savanna, sparse forests and of rocky areas (Adu et al., 2003). However, as
Lopez-Antonanzas et al., (2004) reported, cane rats can utilize both lowlands habitats
during the dry season and upland habitats in the wet season. These areas are used
dependent on the availability of habitats and cover. Despite care rats mostly preferring
good grass cover, they also reside in rock crevices, under rocks, or in abandoned holes of

springhare (Aluko et al., 2015). Further, cane rats maintain major trails connecting their



areas of abode and foraging areas when food and cover resources are scarce. This
behavior makes them vulnerable to hunting by experienced hunters who know their trails
(Mensah et al., 2007; Akinola et al., 2015).

The Eastern Arc Mountains (EAMSs) are habitats for several wild animal species (Stanley
et al., 1998). Species inhabiting the EAMs are threatened by pressures from human
population increase (Burgess et al., 2004). The threats include clearing of the forest for
different human activities, wildfires and illegal hunting of animal species including rodents
(Stanley et al., 1998). Habitat clearing over time has led to decline of forests and habitat
fragmentation (Burges et al., 2004). A government report recently suggested that more
than 70% of forest cover in EAMs has been lost to habitat clearing (MNRT, 2010). Further,
habitat fragmentation has been shown to reduce genetic diversity in mammals (Frankham,
2003; Newmark et al.,2017; Newmark et al.,2018), increase inbreeding depression
(Herbert et al., 2003; Shirk et al.,2010) and lead to accumulation of deleterious mutation
(Keyghobadi, 2007; Sjélund et al., 2019). It also reduces species diversity and abundance
in mammal species (Ofori et al., 2013; Chen et al., 2019) due to the shrinking of home
range sizes, dispersal routes and movement rates (Gehring and Swihart, 2004; Newmark
et al.,2018; Sjolund et al., 2019). Effective management of species faced with such threats
may require more information on the speciesébiology, genetics, and or ecology (Seiler et
al., 2014).

Cane rats are aggressively hunted illegally in different parts of Africa including Nigeria,
Togo, Benin, Ghana and Cote d voire because it is a delicacy (Annor et al., 2011; Adenyo
et al., 2017). There have been efforts over the years to domesticate this species to make
it more easily available for the people in West Africa and subsequently in other parts of
the continent because of existing hunting pressure to rescue the wild population (Asibey,
1981; Jori et al., 1995; Addo et al., 2002; Mensah and Okeyo, 2006; Annor et al., 2008).
The method used in hunting cane rats involves the use of poisonous baits, dogs and fire
to the peril of wildlife habitats, the environment and consumers (Adenyo et al., 2013). The
use of fire most often gets out of hand leading to bushfires that destroy the habitats of
many wildlife species, thereby raising serious biodiversity and environmental concerns
(Adenyo et al., 2017). Even though there are concerns about the techniques used for
hunting cane rats in the wild, the cane rats game meat trade continues to flourish, making
significant contributions to the economies of African countries where this meat is
consumed (Ntiamoa-Baidu, 1997). The meat is eaten by all classes of people with no

religious prohibitions (Opara, 2010b), and is also exported to continental Europe and the



United States (Adu et al., 1999). Therefore, cane rat domestication is important so that it
can contribute even more to those economies without jeopardizing wildlife diversity and
the environment. In West African countries cane rat domestication started in the 1970s
mainly aimed to reduce poaching but have since given little success (Adenyo et al., 2013).
Rearing attempts suffered from high mortality due to the aggressive nature of the species,
(Adu et al., 1999). In any domestication process, selection for desirable traits is of great
importance to ensure ease of handling and for profitable production in the case of the
cane rat, which is being developed as a mini-livestock in Sub-Saharan Africa to alleviate
poverty and to cater for the protein needs of the people (Jori et a., 1995). Various aspects
of cane rat biology have been studied in order to better manage the species under
domestic conditions. These include reproduction (Henry, 2011), nutrition (Karikari, and
Nyameasem, 2009), parasites and diseases (Kankam et al., 2009) and genetics (Adenyo

et al., 2013, Adenyo et al., 2017). However, in Tanzania, such studies are lacking.

The genetic structure, diversity and phylogenetic relationships of greater cane rats have
been of focus for research in recent years. For example, Adenyo et al., (2012) developed
microsatellite markers which acted as a baseline for individual identification in studying the
genetic structure and diversity and phylogeny relationships of cane rats. Correspondingly,
Adenyo et al., (2017) conducted the study to apply novel microsatellite markers they
developed in determining the genetic structure and diversity of cane rats populations in
four spatially isolated agro-ecological zones (guinea Savanna, forest, coastal Savanna
and Volta region). They found that populations of cane rats in Ghana are genetically
differentiated according to agro ecological zones and the Volta Lake could be serving as a
barrier to gene flow. Furthermore, Adenyo et al., (2013) investigated the genetic diversity
of greater cane rats from agro-ecological zones (Guinea Savanna, Forest and Coastal
Savanna) in Ghana using mitochondrial D-loop. They found that the Ghanaian populations
of cane rats are highly diverse but are less distinctive. Additionally, Lopez-Antonanzas et
al., (2004) did a cladistics analysis by using skulls to review the systematics and
phylogeny of the Thryonomyids species in different parts of the world including West
Africa. They found that this genus consists of two species which are restricted in Africa
there are some species in that genus spread out of Africa during the Miocene age
eastward to southern Asia (Pakistan), making the family Thryonomidae have 20 species.
Given this diversity, it is not clear whether cane rats inhibiting east African regions follow

suit, yet no study has attempted to investigate this question in Tanzania.



The morphometric characteristics of cane rats have been studied extensively by various
scientists in different parts of Africa. For example in Kenya, Winkler (2003) and Kingdon,
(2012) described T. gregorianus as the smaller sized cane rats, weighing between 2.6
and 7.5 kg, with a short tail (6.5 -14 cm), bulbous nose, and very deeply grooved incisors.
In contrast, T. swinderianus was described as relatively larger in size, weighing between
4.5 and 8.8 kg, with a longer tail (17 - 26 cm), less protuberant nose and restricted fine
grooving of the incisors. In another study, Isabelle et al., (2012) used morphometric
characteristics such as body length, tail length, ear length, hind leg length without claws,
neck perimeter, head perimeter, chest perimeter and body weight to determine the age of
cane rats in Benin. Whereas, in Nigeria Adu et al., (2003) reported the importance of
using the ano-genital distance in sex determination of the cane rats. Additionally, Olude et
al., (2014) were able to determine the sexual dimorphism that exists within the greater

cane rats by using morphometric characteristics of the skull in Nigeria.

1.1 Problem Statement and Justification

The long-term survival of wild species in isolated or fragmented habitats depends on
habitat connectivity which ensures gene flow between adjacent landscapes. Physical
barriers such as water bodies, altitudinal variation, topography, fragmented habitats and
anthropogenic features (e.g. roads) have been observed to limit animal dispersal,
affecting genetic diversity/variation and structures of populations (Riley et al. 2006;
Gauffre et al., 2008; Shirk et al., 2010). Habitat fragmentation in particular confines
populations in a smaller area and overtime may influence evolutionary processes i.e.
changes in genetic traits (Keyghobadi, 2007; Kuussaatri et al., 2009) and may make them
vulnerable to extinction due to failure to cross large gaps (Burgess et al.,, 2004). The
EAMs flora and fauna are threatened by habitat fragmentation due to the clearing of
forests for different human activities (Burges et al., 2004). The impact of habitat
fragmentation on species may further be compounded by increased animal exploitation
due to activities such as poaching. (Burges et al., 2004; Newmark et al., 2017; Newmark
et al., 2018). Collectively, the impacts of these threats (fragmentation and poaching) may
be even more severe for little-known species such as cane rats. Most studies on cane rats
have been conducted in West Africa, particularly the genetic structure and diversity, diet
and reproduction; this knowledge has improved our understanding of these species (Adu
et al.,, 2003; Adenyo et al., 2013; Adenyo et al., 2017a; Adenyo et al., 2017b). Despite
this, it is not clear whether this knowledge may be representative of the cane rats found in
a different geographic region, in this case, the East Africa region. The subtle differences

between the West and East African regions in terms of the rainfall regimes, vegetation



types, existing threats on potential habitats and local culture may shape the landscapes
used by Thryonomys spp., potentially influencing species evolutionally divergence
(Schluter, 2015). For example, the species names reflect the habitats they utilize between
the West (grass cutter) and East (Cane rats), yet the biological and or ecological
information about these species inhabiting the East African region is still not known and
presumed to be different from their West African counterparts (Caumul and Polly, 2005;
Cardini et al., 2010). In Tanzania there is no published information about any of the
species of cane rats despite that habitats used by these species across the EAMs
(Udzungwa, Uluguru and Eastern Usambara) are increasingly threatened by human
activities. Further, the few studies available (Stanley et al. 1998; Kilwanila et al., 2021)
suggest poaching of cane rats for bush meat is common, there is the danger that these
species may experience drastic population decline and potentially face local extinction
without our knowledge. Information on the genetic structure and phylogenetic relationship
of the greater cane rat species, their diet ecology, population size, species morphometric
differentiation and level of exploitation by humans for bush meat are necessary to improve
our understanding of this species in Tanzania. This study intends to generate new
knowledge on the greater cane rat in Tanzania by studying the population genetics and
ecology of this species in two spatially isolated mountains faced with fragmentation and
poaching pressure (Newmark, 2002; Burgess et al., 2007). The new knowledge generated
from this study will provide baseline data on the greater r cane rats in Tanzania and East
Africa region. The new information on the poaching levels of these species will be useful
for improving conservation planning of this potential game species particularly in informing
the game farming and ranching policy currently being implemented by the Tanzania
Wildlife Authority (TAWA) in the Ministry of Natural Resources and Tourism (MNRT).

1.2 Objectives
This study was aimed at improving knowledge of the genetic structure and ecology of the
greater cane rat, T. swinderianus, in two spatially isolated mountains within the Eastern

Arc biodiversity hotspot area as well as other range areas across Africa.

1.2.1 Specific Objectives

i) To assess the state of knowledge of the greater cane rat based on information
already published elsewhere.

i)  To estimate the genetic diversity and population demography of the greater cane

rat population inhabiting two mountain blocks within the Eastern Arc mountain



i) To examine morphometric traits of the greater cane rat skulls from the two
mountains areas to improve evolutionary knowledge about this species

iv)  To assess the genetic relatedness of the greater cane rat population inhabiting the
east, west and south African regions.
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There is a growing body of literature about cane rat species but most of the published
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years | 1964 - 2020} of cane rat research to understand existing research gaps, to analyze
the spatiotemporal and thematic patterns, and investigated factors that influence the pub-
lication of the cane rat research in widely recognized journal outlets. We found 308 pub-
lications on the cane rat species from 14 countries authored by 39 nationalities globally.
The publications increased significantly over the study period, with 97.7% of these biased
geographically and thematically towards the west and central African region. Further, the
published research mostly covered one species, the greater cane rat, and none had covered
the biogeography, food biclogy, and conservation of any of the two cane rat species in situ.
Also, the author's nationality had the strongest influence on publizshing the research in
journals with or without impact factor. These results sugmest that the financial limitation
and quality of the research influenced most cane rat research published in local national
or regional journals which mostly had limited accessibility for widespread research use to
improve applied conservation programs. Expanding coverage of the cane rat research in
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wild mammal populations particularly in the African savannas where illegal hunting for
bushmeat consumption is a growing problem.
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Introduction

Cane rats are wild rodent species that belong to the Thryonomydae family. historically endemic to Africa and widely
distributed in eastern Cameroon, Central African Republic, Sudan, Kenya, Tanzania, Uganda, The Democratic Republic of
Congo, Zambia, Malawi, Mozambique, and Zimbabwe [42]. Two recognized species, the smaller [Thryonomys gregoriunus)
and greater cane rat (Thryonomys swinderiunus) occupy different habitats including swampy lowland along riverbanks and
streams and higher altitudes in drier and rocky areas [13]. These small mammals are important both to man and the en-
vironment through maintaining food webs and chains [23]. They consume plant material and enhance the mineralization
of organic matter making them an essential component of the ecosystem |2G]. They are also agricultural pests, feeding
on different plants ranging from leguminous fodder, tubers (e.g. cassava (Manihot esculenta) and sweet potatoes (Ipomoea
bararas)), fruits (e.g. pawpaw (Carica papaya). pineapple (Ananas comosus ), and mango (Mangifera indica)) to food crops such
as rice (Oryza sativa) and maize (fea mays) [1]. Also, they harbor parasites that transmit diseases to human beings and other
animals, for example, salmonellosis, trypanosomosis, gastrointestinal parasites, and ticks [17,20].

Further, in some African countries, cane rats body parts such as pancrease and hairs are used in traditional medicine for
healing wounds, restoring fertility in women, and diabetes treatment [14]. The species are increasingly regarded as impor-
tant game animals of high-quality meat and delicacy across many countries in Africa and for this reason, they are hunted
aggressively in their range areas |G). Furthermore, meat from the cane rats is considered to be in high demand partly be-
cause its consumption has no religious, gender, age, and ethnic prohibitions at least in some countries [3,32], making cane
rats a potentially suitable game species for commercial wild meat industries in Africa. As a result, there have been efforts
and attempis to domesticate them to curb the potential over exploitation of wild populations especially in the west and
central African countries [E]. Domestication provides an alternative source of income for farmers and increases farmers” ac-
cess to and utilization of animal protein for dietary needs [31]. According to Ajayi et al. 5], cane rats have a great turn-over
rate for meat production within a short period. thus making it a prospective good source of generating income. Coupled
with this, their potential as a source of ecotourism to entertain interested viewers in zoological gardens has substantially
increased efforts to domesticate cane rats in recent decades in these countries [32]. Accordingly, cane rat farming could be
promoted in other African countries where the growing demand for wild meat (henceforth named as bushmeat) is fueling
wildlife poaching crisis for bushmeat across the African savannas [48], causing wild mammal population decline in many
targeted protected areas [38]. Domestication of cane rats in form of wildlife farms, zoos, or ranches would promote conser-
vation of wild mammals in protected areas and livelihood of lecal communities, especially where cane rats are considered
as commercial game animals for farming or ranching programs.

Although advocating for cane rat farming looks intuitive. however, its wider acceptance and implementation among many
societies in east and southern African regions may be particularly challenging. This is because most cane rat information
is based in the west and central African countries, and available knowledge is scattered and patchy. rendering wide use
difficult. To date. only one study, by Mustapha et al. [27] has artempted to collate the available literature on cane rats.
However, that study covered only one species, the greater cane rat, searched very few databases, ignored theses, and did
not analyze important information such as the methods used in the published research, types of data collected, and where
the research was published to facilitate the wider application of the research work in other regions.

Further, the approach used by Mustapha et al, [27] underreported the studies currently available and may limit the use
of the research for advancing science and for guiding conservation and livelihood programs such as cane rats farming or
ranching. A study that pulls together all the information available from all sources would be useful in informing future di-
rection on the cane rat research and application. This study aimed to conduct a systematic assessment of the literature about
cane rat species to understand the state of knowledge and to explore the future research options and the potential use of
the cane rat species for wider conservation and livelihood programs in sub-Saharan Africa. Specifically. this study addressed
four questions; what are the existing knowledge gaps both spatiotemporal and themartically. whart are the research method-
ologies used, what outlets have been used by the current research to publish results, and what factors influence publication
in the chosen journal outlets? This paper provides recommendations on the future research options and application of the
cane rat knowledge in tackling conservation and development challenges in the African savanna regions.

Methodology
Performing search

A quantitative systematic review of available cane rat research was conducted following four steps that included planning
(i.e. the formulation of the topic, review protocol and keywords), searching (ie. selection of relevant data and assessment
of publications). data extraction and database creation, and data synthesis [34.36]. All searches were conducted in the 151
Web of Science, Scopus, Google, and Google Scholar to access a comprehensive database of published informarion about
cane rats from 19th March to Bth June 2020 and additional searches conducted from 20th October to 25th November 2020
(Table SM1). The search terms used were “cane rats”™ and “grasscutter”. These search terms were used together with the
established themes covering broader fields as ecology, conservation, genetics, production, reproduction, anatomy, nutrition,
and diseases. The first search used a single search term together with any of the themes above. The second search was
conducted using both search terms separated by either the OR operator or AND operator followed by the theme (see all
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search terms in Table SM1). The same procedures were repeated until all themes were covered. All searches were done
from Sokoine University of Agriculture {SUA) library, Tanzania to access journals which SUA library has subscribed to. Most
journals where the retrieved papers were published were free access. For the journals that required paying, the papers were
requested from individuals in other institutions that had access. We included all original articles, reviews, book chapters.
published conference or symposium proceedings, and theses and excluded grey literature. No time frame limit was used
in the search to allow for the retrieval of as much publication as possible [38]. If an article was available in non-English
languages. the article was translated by a proficient speaker of that language based in the Language department at SUA.
Search results were reported following the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA)
protocol [25].

Paper screening

Retrieved papers from online databases were screened using a two-stage process [38,4E). First, titles and abstracts of the
papers were read to look for relevance, and secondly, for any relevant paper identified based on the selection criteria below,
the whole paper was read in-depth to extract the needed information (see extracted data in the following section-literature
database). Only papers based on empirical studies and reviews of cane rats were included. To check for the validity of the
screening process, two data sets of an equal number of papers were worked on by two independent reviewers working
against the set exclusion criteria i.e. search terms not in the title, abstract. or mentioned few times in the whole paper and
not an empirical study [48]. Both reviewers found 96.6% of all papers were relevant for inclusion in the review.

Building published [terature database

The database of the cane rat literature required to answer the research questions addressed above included author name.
title of the paper. publication year. research theme and subtheme, author naticnality, study country, research collaborating
nationalities, geographic location of the study (only country names were recorded as most studies did not indicate exact
coordinate points where data collection were conducted), study methodology used, research type, outletr journal and impact
factor {based on the journal online page and Clarivate Web of Science), journal coverage (i.e. whether local, regional or
international based on description given on online journal page). species studied (greater or smaller cane rats or both) and
number of studies (see Supplementary raw data 1. Because most publications did not report the exact coordinate location
of their study sites, we used Q-GIS version 3.103 to spatially locate the number of studies conducted in each country
mentioned in the publication. The four stages followed when conducting systematic review are presented in Fig SM1.

Dara analysis

Prior to conducting formal analysis, data cleaning and manipulation were conducted with the ‘dplyr’ package in the sta-
tistical software R version 3.6.3. We chedked for distribution shapes of continuous variables using the histogram and created
a visual display of most variables as most of the research objectives required simple analyses. To understand the predom-
inant research topics and sub-topics, the research themes and subthemes were grouped and plotted as barplots and word
cloud using ‘ggplot2” and ‘wordcloud’ packages respectively. The trend of publications was examined using the Cox and Stu-
art trend test [9] and, the geographic distribution of research, and the research methods used in the cane rat research were
assessed using descriptive statistics as most data were count. Most of the cane rat research works were published in online
journals with or without impact factor. To assess what factors influence publishing in a journal with or without impact fac-
tors, we used generalized linear mixed models {GLMMs) with a binomial error term and logit link function implemented in
the R-package’lmed’ [7]. Before running the model cells with NAs (i.e. Not Applicable which represented non-journal article
publications e.g. conference paper and book chapters) from a response variable- Journal impact factor (JIF) i.e. whether a
paper was published in a journal with (scored as 1) or without impact factor (scored as 0) were excluded. We also, ex-
cluded countries with very few data points (n<8) in the model analysis. ie. Cameroon, Zimbabwe, USA. Japan, Germany.
Gabon, Senegal, France, Benin, and Kenya to remove moise. To analyze these data, we fitted the mixed model with the
‘glmer’ function implemented in the ‘lmed’ package where four fixed factors: author nationality, number of co-authoring
couniries, geographical location, and number of authors were used. As different publications were covering similar research
topics and research areas, we included a research theme and country of study as random effects in the model. We examined
the relative contribution of each fixed effect by using step-wise deletion of non-significant variables using "dropl” function
and tested the model significance with the Chi-square test [7]. We obtained model confidence intervals around variables
showing statistical significance in the minimum adequate model using the Wald-method [7]. To select the most parsimo-
nious madel, we compared two competing models using the Akaike information criterion (AIC), where the model with the
smallest AIC value was selected. Furthermore, we built a prediction model of the significant fixed effect using a prediction
package to understand how best the independent variable predicted the response variable in the model. The prediction was
plotted wsing the "zgplot2?’ function. Finally, we calculated the squared correlation between the response variable and the
predicted values to understand the model variance explained by the fixed effect [16].
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Results
Sparial coverage. themaric partern and research methods used

We analysed 308 papers over a period of 56 years mostly distributed in West and Central Africa (Fig 1). The cane rat
studies were reported from 14 countries in four continents namely Africa, Europe, America, and Asia. Most published re-
search studies were biased on study species, methods, and themes. Most papers (9935% n = 293) focused on a single
species- the greater cane rat. mostly used captive individuals (87.99% n = 271). and fewer were based on field surveys
(17.21%, n = 53). Only twenty studies researched field-derived and captive animals (6.49% n = 20) together (Fig SM2). The
publications covered 29 themes and 36 subthemes with the popular theme and subtheme being ecology and reproduction
respectively (Fig 2). Most studies (96.76%) had their main goal to improve the domestication of the cane rats in these regions
with only five studies (3.24%) targeting to improve cane rat conservation in the wild.

Research trend, colleborations among countries and journal outlet

The publications on cane rats research have increased significantly over the study period (z = 3.6056. n = 38, p = 0.0003,
Fig 3). The first topic to be published was on biodiversity followed by physiclogy in the same decade. About one-third of all
the published papers were conducted in the first four decades (1964-2008) followed by a sharp publication spurt in the last
decade (2002-2020) with almost two-thirds of the publications documented within this period. About 85.37% (n = 263) of
the cane rat studies were conducted by researchers from the same country particularly from the west and central Africa and
14.61% (n = 45) was conducted by several collaborating countries from Africa and Furope, Asia and America (Fig. 4). About
259% (n = 8) of the papers was conducted by authors from non-African countries. The reviewed papers were published
in 217 different outlets including 181 journals, 11 theses, 6 proceedings, 1 symposium, and 2 books. Most of the journals
claimed to be international in coverage (G68.06%) and few were regional or national (31.94%).

Factors influencing choice of a journal outlet for the cane rat research

Author nationality was found to have the strongest influence on the choice of the journal (Table SM2). Authors from
South Africa had significantly higher probability of publishing in the journal with high impact factor (24079 + 11441,

4
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z = 2105, p = 0.0353) and while authors from Nigeria had lower probability (mean = -1.0016 + 0.4943, z= -2.026,
p = 00428, Fig. 5). There was no apparent effect of other factors included in the model such as the geographic location
of research, research collaborator (co-couniry) and. number of authors in publishing in a journal with or without impact
factor.

Discussion

This research aimed to understand the current breadth of cane rat research and to explore research gaps and examine
factors that influence the publication of the cane rat research in the chosen journal. We found that publications on cane rats
have increased significantly in the last 56 years, particularly in journals without impact factor. Most research focused on
domesticating cane rats and were mostly in West and Ceniral Africa. More studies focused on ecological themes particularly
reproduction to improve cane rat domestication and no empirical studies conducted on the biogeography of the cane rats
across its geographical range in Africa or on the species feeding ecology in the wild. Further, the available literature was also
biased in favor of ex-situ rather than in situ conservation of the cane rat species. Furthermore, we found author nationality
significantly influenced publication of the cane rat research in journals with an impact factor. Authors from South Africa
were most likely to publish in high impact factor journals than authors from countries in west and central Africa where
most of the cane rat research was conducted.

The geographical bias in cane rat research observed in this study is surprising given that both cane rat species have a
much wider distribution in Africa [43). The concentration of studies in west and central Africa could be attributed to in-
creasing efforts to domesticate cane rats for bushmeat consumption cultures embedded among the residents and its impact
on the wild population in these regions. Several studies on bushmear harvesting across west and central Africa have re-
ported severe declines in harvested wild species [B.12]. For example, 40% of primate species in West and Central Africa are
now threatened with extinction due to hunting for bushmeat and habitat destruction through deforestation [11.19], several
other non-primate wild mammals continue to experience severe range contraction and population declines in these regions
due to hunting for commercial bushmeat trade and subsistence consumption [10.38]. Persistent harvesting of wild species

5
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is likely to disadvantage smaller and highly reproducing mammals such as cane rats in these regions [40]. This may have
prompted more studies to improve alternative avenues for sourcing wild meat protein through domestication of wild cane
rats [2.4.15].

Further, the quest to provide wild meat protein may have increased studies on reproduction, nutrition, production, and
disease associated with animal husbandry observed in this study. Cane rat meat is considered a delicacy among several West
African communities [2]. The species high reproductive potential together with the small area and relatively low financial
capital needed to establish indoor husbandry [4] may have attracted wider domestication in the west and central Africa
[15]. This is supported by the observed large number of publications on cane rat from Migeria and Ghana which have many
commercial cane rat farms [14,50). The increased rate of publications on the cane rats, particularly in the last ten years
(2002-2020) provides more evidence to the increasing interest in generating information to improving the cane rat farming
programs in these west African couniries.

The scant research on cane rat in east and southern Africa, on another hand, could probably be because the species
has not fetched priority among the wildlife species normally consumed for bushmeat despite the species being a potential
game animal for commercial wildlife zoos and ranches. Most illegal hunters in East Africa prefer larger mammals than
smaller ones which provide them with bulky meat and high economic gains and there is a tendency for disregarding small
mammals in poaching trips especially in communities where poaching for commercial gain is common [28,39). Despite this.
however, poaching of cane rats for subsistence is still common in several communities across the African savannah [2938]
suggesting the species importance on the dietary protein menu of the local communities in the continent. An alternative
explanation could be that there is still low awareness among the local human population on the protein and economic
potential of the cane rats which may have been due to limited knowledge about the species in East and southern Africa.
We argue that the cane rat species could be utilized through game ranches and zoo farming in sub-5aharan savanna regions
alike to alleviate the increasing wild meat demands especially in the rural communities where poaching for bushmeat is
a growing conservation problem [37,48]. Notwithstanding this, however, there is a growing urge in countries in east and
southern Africa such as Tanzania, Zimbabwe. and South Africa to improving the economic development of the local people
through investing in wildlife businesses such as game farming and ranching. In Tanzania for example, this urge has been
emphasized by his Excellence President Magufuli at several public addresses in 2019 and recently at the inauguration of the
12th Parliament held on 13th November 2020 (pg 47-49) in Dodoma that local Tanzania citizens should proactively engage
in commercial wildlife ranching and farming to ensure the economic benefit from the wildlife resources [35). Consequently,
this has been mainstreamed within the government sector particularly through the Tanzania Wildlife Authority ([TAWA) by
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formulating game ranching/farming policy and enacting laws and regulations that will guide the implementation of wildlife
farming and ranching in Tanzania [47]. It remains unclear, however, how the cane rat species will out-compete other wild
species in such programs to remain sound and priority animal species among the local wildlife farmers and ranchers. This
is particularly concerning given none of the two cane rat species has been studied in Tanzania or any dry savanna country
to help guide the potential farming and ranching business.

There was a high number of cane rat research publications from countries in west and central Africa in local national, re-
gional, and internationally-claimed journals. This may be attributed to three reasons. Firstly, the publication in local national
journals could have been contributed by the financial limitations by the authors of the papers to publish in high-quality
international journals that charge publication fees, a common impediment among many developing couniry researchers
[18,21]. For instance, many papers from these regions were authored by the nationals of Nigeria and other West African
countries both as single or multiple lecal authors and without collaboration with authors from outside these countries or
regions. This has the potential of limiting wide readership and citations as most of such papers may only be accessed and
utilized lecally [42). Secondly. the publishing in the local national journals could be because the results being communicated
were less competitive in terms of their guality to be published in supposedly good international journals where publication
space is often limited and that only good quality papers get through the usually stringent screening and review process of
such journals [21,42). Due to the lack of rigorous review, such local journals do not choose what they publish. For example,
previous review research by [27] reported some duplicates in publications by authors from different countries repeatedly
publishing similar research, a problem potentially caused by limited online accessibility by these local journals. Thirdly, al-
though publishing in local journals does not necessarily imply low-quality research as some publish important and practical
information that would be declined in the international journals [21]. the perceived bias in some reviewers and editors in
an international journal published in developed countries in judging articles from developing countries [22.45] could have
increased the authors' propensity in publishing the cane rat research in the local national journals.

The strong influence of the author's nationality in publishing the cane rat research in high impact factor journals echoes
the importance of collaberation with international authors from outside in furthering science. Although our mixed model
analysis removed papers published from the developed countries such as the USA, Spain, and Japan due to low numbers
of data points, however, the papers collaboratively authored by West African nationals and these developed countries were
published in international journals with impact factors - a proxy of good quality [46]. Also, papers published by authors
from South Africa had the highest probability of being published in high impact factor journals than papers authored by

7



20

51 Kibwanilg, GM. Msalpg, CM. Lyimo er al Scenrific Africmn 12 (2021 ) s00FES

1.00

0.75

0.50

0.25

Prob of publishing in IF journal

0.00 e T o

Céte d'lvaire Ghana Nigeria South Africa
Nationality of first author

Fig. 5. Probability of publishing cane rar papers in impac faoor joarnal. South Afrsca showed high probability of publishing in the journal with impact
facror while Nigeria showed the Iowest prohability of publishing the paper in the journal with impact factor.

Nigeria and Cameroon nationals alone. The guality of research and journal attributes (i.e. strong editorial board and review
process, impact factors. etc.) are currently acknowledged to influence the choice of a journal when publishing research [4G],
this study has added author nationality on the list of factors that influence the publication of the cane rat research im a
Jjournal with or without impact factors. The author nationality has nothing to do with race [41]. but underscores the quality
of the research and its cutput [44] that are sirongly related to the wealth of the nations of the authors [18,49]. Furthermore,
an alternative explanation to the authors from South Africa publishing in journal with impact factor could be caused by local
instituticnal requirements and or regulations that compel them to do so. Such requirements could probably be non-existing
in some institutions in West and Central Africa.

Most of the published articles were based on the greater cane rat in captivity but also focused on observational study
or surveys. Further, many of the survey studies also relied on the direct questioning of the cane farmers to document the
economic gain associated with animal husbandry. The biases on only one species and captive breeding programs may limit
the wider potential utilization of both cane rat species in other regions of Africa. The observational studies on the captive
cane rat provide limited information, particularly when considering in situ conservation and the implementation of the
game ranching or farming in the savanna regions in east and southern Africa. This is because findings from such studies
can hardly be generalized for all the cane rat species across their geographical range due to local variability in habitats and
weather conditions that may have substantial impact on the reproduction and local population dynamics [20.24].

Conclusion and future directions

This study has revealed important insights into the available and accessible literature on the cane rat that is presently
available. The study research indicates strong geographic, thematic, and species biases which most research outputs have
been published in local national, or regional outlets where wider readership and thus utilization of the research findings are
suggestively limited or low. There was generally an increasing trend in the publication of the cane rat research over the last
56 years and this trend looks set to increase as the species get widely accepted as a source of meat protein in many societies
in the west and central Africa. However. to gain wide use as a commercial game species in other countries particularly of
the dry savanna regions, there still a few issues to be addressed for this species to compete with the wild ungulates in the
game/ranching programs across the southern African region. First, new research should focus to understanding the biclogical
and ecological aspects of both cane rat species in the wild to inform any potential ranching/farming program in East and
Southern Africa regions. Currently, there is a lack of understanding of the local species biogeography across its range states.
the food spectrum of the lesser cane rat species [43], and the genetic information of isolated populations within a country
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are yet unknown. Secondly, there appears to be a potential cultural barrier in meat consumption among tribes in the region
(e.g. [28]L A study focusing to understand how the cultural norms among the local societies in the east and southern Africa
shape the consumption patterns of the cane rat bushmeat will be a useful contribution w the development of the cane rat
farming/ranching industry in these regions. Such research will also provide information on where the markets and demands
for the cane rat bushmeat are. Strong scientific information generated in the region will improve the conservation of the
cane rat species insitu and expedite the wide use for improving the food security and cash income among many societies in
Africa. Also, a well-grounded cane rat ranching/farming industry will directly reduce the bushmeat poaching pressures on
the protected areas in the savanna regions.

Declaration of Competing Interest
There is no competing interest.
CRediT authorship contribution statement

Shadia I. Kilwanila: Conceptualization, Data curtion, Formal analysis, Validation, Writing - original draft, Writing - re-
view & editing. George M. Msalya: Writing - review & editing. Charles M. Lyimo: Writing - review & editing. Alfan A. Rija:
Conceptualization, Formal analysis, Validation, Writing - review & editing.

Acknowledgements

The authors would like to thank anonymous reviewers for the comments on this manuscript. Shadia . Kilwanila thanks
African Centre of Excellence for Innovative Rodent Pest Management & Biosensor Technology Development (IRPME&BTD) for
PhD scholarship at the Sokoine University of Agriculture.

Supplementary materials
Supplementary material associated with this article can be found. in the online version. at doi: 10.1016/j.sciaf. 2021.e00785.
References

[1] 0. Adebayo, A. Akinloye, A. Inumwo, B, Oke, The oagulating gland in the male greater cane & (Thymomys swinderians) morphological and im-
munohisrochemical features, Folia Morphol. (Wars,) 74 (1) [2015) 25-32.
[2] C. Adenyo, A. Hayana, E. Inowe, B.E. Kayang, M. Inoue-Murayama, Development of microsarellite markers for grasscurcer {Thiyonomys swinderimus,
Eodentia) using next-generation sequendng rechnology, Conserv. Gener. Resour. 4 (4) (20012] 1011- 1004
[3] E. Adu, W. Alhassan, F. Melson, Smallholder Tarming of the greater cane rar, Thryonomys swinderianus, Temminck, in seurhern Ghana: a baseline sunvey
of Management practices, Trop. ANim. Health Prod. 31 (4) (1999) 223-232.
[4] E Agu. K. Aning, P. Wallace, T. Oclo, REProQUCTion and MOality in 3 colofy of capiive Zreater cane rars, Thryonamys swindermus, Temminck, Trop.
Anim. Health Prod. 32 (1) (2000) 11-17.
[5] LE. Ajayi, |.C. Shawulu, W.D. Malarnda, Organ body weight relationship of some organs in the male AfTican grasscurer (Thryonomys swinderiams), J.
Adv. Ver. Res. 2 (2) (2012) 86-90.
[6] L Akinyemi, M. Ukpe, 5. 1k, ASSeSSMEnD Of male agEressivensss and female receprability in grasscurter dOmMesticarsn in badan, Migeria, Inc. J. Agric.
For. Fish. 3 (2} (2015) 70.
[7] BM. Bolker, MLE. Brooks, CJ. Clark, SW. Geange, | K. Poulsen, MHH. Stevens, | -55 White, Generalized linear mixed modeks: a practical gusde for
ecolegy and evolution, Trends Ecol. Evol. 24 (3) (2008) 127-135 horp:)jdx doiorg IUHE)jiree 2008, 10.008,
[8] }5. Brashares, . Arcese, M.K. Sam, PB. Coppolili, ARE. Sinclair, A Balmford, Bushmeat hunting, wildlile declines, and fsh supply in West Africa,
Science 306 (5690) (2004) 1180-11E3.
[8] DR Cox, A. Stuam, Some quick sign tests for mend in bcarson and dispersion, Biomermika 42 (1)2) (1955) B0-95, doi: 1023072313424
[10] LD. Craigie, |.EM. Baillie, A. Balmford, C. Carbone, B. Collen, RE. Green, | M Humon, Large mammal population dedines in Aftica’s proweaed areas, Biol,
Consery. 143 (9) (2010) 2221-2228 doi: NITp: [ dx.doi.0ng) 101016/, biocon 2010,06.007.
[11] A. Estrada. PA. Garber, A.B. Rylands, C. Roos, E. Fernandez-Duque, A. Di Fore, ... B. Li, IMpending extincticn criss of me world's primates: Wiy
primates marter, S Adv. 3 (1) (2017 ) 1600946, doi: 10,1126 sciadv. 1600945
[12] JE. Fa, D. Brown, Impacts of hunting on mammals in ATrican mopical meist forests: a review and synthesis, Mammal Rev. 39 [2009) 231-264, doic10.
1111/j.1365- 2907.2009.00140.x.
[13] J. Fayenuwea, M. Akande, The eConomic iMPomance and controd of cane-rar (TRryonomys swinderianus Temminck), in: Paper presened ar te Procesd-
ings of the Verebrare Pest Conference, 2002
[14] 0. mhimoye, 0. Kolejo, G. Akinyemi, Burgeoning and domestication of grassomer [Thryonomys swinderionus] in a post-ebola era: a reassessment of irs
prospects and challenges in Nigeria, World 5ci. News 130 {2018 216-237.
[15] E. Jogi, P Chardonnet, Cane rat fanming in Gabon SLanus and perspeciive, in: Faper presented ar the Proceedings of the SthoIntermarional Wildlie
Ranching Symposiam, 2001,
[16] Kamil B. (2018). MuMin: Mult- model inference. R package version 142 1
|7] T. Kankam, EK Adu, B. Awumbila, Gasirointestinal parasites of the grassoummer (Thrponomys swinderimus, Temminck 1827) on the Accra Flains of
Ghana, Afr. J. Ecol. 47 (3) (2009) 416-421.
[18] D.A. King, The SCientiflc impact of nations, Marure 430 (6997] (2004) 311-316, doi: 10.1038/4303114.
[18] DF Mallom, M. Hoftmanmn, M. Grainger, F. Hiberr, N. van Viier, PLK MoGowan, An 1UCN Siruarion Analysis of Terrestrial and Freshwarer Fauna in West
and Central Africa. Docasional Paper of the IUCN Species Survival Commissson Moo 54, 100N, Gland, Swizerland and Cambridge, UK, 2005 x 4 162pp.
|20] AW, Massawe, LS. Mulungu, RH. Makundi, N. Dlamini, 5. Eiseb, F. Kirsten, ... 5.K. Belmain, Spatial and temporal population dynamics of rodents in
three gecgraphically diferent regeons in AMECa: implication Tor ecologically-based rodent MANIZement. A, Zoa. 46 (2) (2011) 393405, 40i:10. 1080/
15627020 201111407 513.
[21] E. Meneghini, Emerging journals: the benefis of and challenges for publishing scientific joumals in and by emerging countries, EMBO Rep. 13 (2)
{2012) 106~ 108,



22

1. Kitwanily, GM. Msalya, CM. Lyimo er al Scientific Arican 12 (2021 eDO7ES

|22 R. Meneghini, A.L Packer, L Nassi-Cabo, Articles by Latin American authars in prestigsous journals have Tewer citations, PLoS One 3 (11) (2008) e3804,

23] A. Menz, A means m alleviate the bushmear crisis? The feasibility of esablishing sustainable grasscurter Tams in Kenya, Consilience (13) (2015)
130-163.

[24] ECM. Mivashimbi, B. Vanden Broecke, ). Marién, D.M. Kimaro, AP Tarima, .S, Machang', ... LS Mulngu, Soil type influences population dynamics
and survival of the MulliMammare Tar {MJsIemys Natiensis) in semi-arid areas in Tanzania, Crop Proc 124 (2019) 104829, o0i: 10.1016/j.cropro 2018,
05.023.

[25] D. Moher, A. Liberar, | Teldf, DG Altman, F. Group, Preferred reporming items fof sysIEmaric reviews and merd-analyses: the PRISMA sarement,
PLOS Med. & (7] (2009) 2100097,

[26] LC. Moorhead, L Seaza, CW. Habeck, RL Lindrom, AT, Classen, Small mammal acTvity aliers plang community COMPOsition and mMirobial J0viey in
an old-Aeld ecogyseem, Ecosphere 8 (5) (2017) e0I777.

[Z7] OuA. Mustapha, EE. Teriba, 0.5, Exekiel, A M. Oiude, A K. Akinloye, ).0. Odopade, A study of sciengfic publications on the greater cane rat (ThIyonomys
swinderianus, TeEmminck 1627, Anim. Models Exp. Med. 3 (1) (2020) 40-46.

|28] v.G. Mdibalema, AN, Songorwa, lllegal mear DUNTING in SeTengetic dynamics in consumpeion and preferences, AIT. |. Ecol. 46 (3) (2008) 311-318,
oo 10 1111j.15365- 2028 2007 DOB36

[29] M. Nielsen, H. Meily, C. Smith-Hall, How could the bushmeat trade in the Kilombero Valley of Tanzania be regulated? Insights Irom the il value
Chain, Onyx 50 (2004) 1- 10, doi: T 107 300306053 18000090,

|30] 5.1 Oboegbulem, L. Dkoronkwo, Salmonellae in the Alrican grear cane rat (Thiponamys swinderianus), |. WildL Dis. 26 (1) {1990) 118-121.

[31] K. Owkorafor, |. Okere, A. Andem, | Eleng, Assessment of grasscumers|Thymomys swinderianus) sellers and huneer's conservarion knowledge, rare of
hunting and methods of hunting in Oyo State, Migeria, Eur. ]. Zool. Res. 1 (4) (2012) B6-92.

[32] M. Olaticoye, A. Kehinde, T. Alimi, FOTecastng the Tirure Tarm site in grasscurter Production in OSun Stae, Nigeria: a markov chain approach, Asian J.
Res. Agric. For. (2018] 1-10.

[33] M. Opara, The Grasscuster |- a livestock of omomow, Res. ], For. 4 (3) (2000) 118-135.

|34] C. Pickering, ]. Byrne, The benefits of publishing systemaric quanitative literanure reviews for PhD candidares and ocher earty-career researchers,
Higner Equc. Res. Dev. 33 () (2014) 534-548.

[35] PMA. (20200 FPresidemt Magwiuli Address (PMA) at opening of 1Zth paliament, Dodoma Tanzania: hiop:/wwe parliament go zjnews)
hiotuba-y3- mhe- rais- wakar- wa- kufungua-rasmi- bunge- 13- 12. Accessed on 14th Nov 2020

[36] AS. Pullin, G.B, SIEWAIT, GUSdelines 107 SYSIemaric review in CONSEMVaIED and environmental management, Consery, Biol. 20 (6) (2006) 1647- 1656,

[#7] AA. Rija, Sparial Pavern of Miegal ACTVILies and the IMPact on Wildlife PopULAtions in PROCECTED Areas in the Serengeti ECosystem PRD Thesis, Univer-
sity of York, 2017

|38] AA. Rija, K. Cricchiow, C.D. Thomas, CM. Beale, Global exrent and drivers of mammal population declines in protected areas under illegal hunzing
pressure, PL0S One 15 (B) (2020) e0227163.

[35] AA. Rija, |.E. Kideghesho, Poachers Srategies [ SuMMOouUNt anti-poaching effors in western serengeti, Tz ania, inc .0, Durrang, EH. Mamin, K. Meluba,
ER. Jensen, LA. Hadfeld, P|. Hardin, L ‘Weisler (Eds.}, Procected Areas in Nomhern Tanzania: Local Communities, Land Use Change, and Managemsent
Challenges, Springer Internarsonal Publishing, Cham, 2020, pp. 91- 112

[40] W.. Ripple, K. Abermeriy, M.G. Betrs, G. Chapron, B Dirzo, M. Galeri, ... H. Young, Bushmear hunting and extnomen risk m the wand's mammals, &
Soc Open 50 3 (10) (20065) 160498, doi: 10, 10951505, 160438,

[41] AD. Rizhaupr, C.0. Sessums, M.C. johnson, Where shoulkd educational technologists publish their research? An examination of peer-reviewed joumals
within the fleld of educarional technology and Tactors influencing publicavion chosce, Educ. Technol. (2012) 47-56.

[42] F. Salager-Meyer, Scienginc publishing in eveloping countmies: challenges for the furure, |. Eng. Acad. Purp. 7 (2) (2008) 121-132.

[43] JD. skinner, CT. Chimimba, Suborder Hysmicognathi, inc CT. Chimimba, J.0. Skinner (Eds.), The Mammals of the Southern African Sub-region, 3 ed.,
Cambridge University Press, Camiwidge, 2005, pp. 79- 209,

[44] K. Sereide, D. Alderson, A. Bergenfelz, |. Beynan, 5. Connot, D.L Deckelbaum, ... R.O. Perez, SITALegses 10 improve clinéCal researcn in surgery through
inrernavional collaboration, Lancer Norch Ame. Ed 3832 [9898) (2013) 1140-1151.

[45] A. Sumarhipala, 5. Siribaddana, V. Parel, Underrepresentation of developing couniries in the reseanch liveramune: ethical issues arising from a survey
of ve leading medical joumnals, BMC Mex. Ethics 5 (1) (2004) 5.

[45] C. Temopir, E Dalton, A. Fish, L Christian, M. [ones, M. Smich, Whatr momv ates authors of scholarly amticles? The importance of journal anmibures and
posenrial andience on publication chosce, Publicarions 4 (3) (2016) 22.

[47] URT. {2020). The wildlife conservation (Came Mear Selling) regulations 2020, government notice NO.84 published on 7)2/2020.

[48] J. van vemten, K Wilson, D. Biggs, The evidence for the DUshmMeat oisis in ATTCIN SVannas; 3 5ysemaric quantiraive [ieramre review, Biol. Consen.
171 (2018) 345-356.

48] wWEWorld Bank Development Indicators 2006, World Bank Publications, Washingron, DC, 2006.

|50] &. Yeboah, E. Adu, Gestarion and prenatal kosses in the cane rar; Thryonomys swinderimus Temm (Rodentia: Thryonomidae) in Ghana, Ghana |. Sci. 40
{1) (2000) 33-3E.



23

CHAPTER THREE?

3.0 Mitochondrial genetic diversity of the Greater Cane rat (Thryonomys
swinderianus) populations from the Eastern Arc Mountains ecosystem,

Tanzania

Molecular Biology Reports
https://doi.org/10.1007/5s11033-022-07823-1

ORIGINAL ARTICLE

Check for
Updates.

Mitochondrial genetic diversity of the Greater Cane rat (Thryonomys
swinderianus) populations from the Eastern Arc Mountains ecosystem,
Tanzania

Shadia I. Kilwanila'2>3® . Charles M. Lyimo*® - Alfan A. Rija’

Received: 14 February 2022 / Accepted: 26 July 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

Background Management of most herbivorous small mammal species considered to be pests in Africa is still challenging
partly because of the paucity of information on their biological traits that would help to manage their destructive impacts.
This gap also precludes the potential for tapping species with potential food-value to improving the economy of rural com-
munities through, for example, sustainable game farming programs in Africa. This study investigates the genetic diversity
and population demography of the African Greater Cane rat (AGC), a rodent pest of crops and game species inhabiting two
isolated blocks of the Eastemn Arc Mountains (EAMs), Tanzania to contribute to the species management and conservation.
Methodology and results We used non-invasive sampling techniques and DNA sequencing of the D-loop region of MtDNA
(515bp) from 46 cane rats (Thryonomys swinderianus) samples to characterize the genetic diversity and structure of the
species and potential population threats faced in natural habitats. We found 25 haplotypes:15 from Uluguru and 9 from
Udzungwa mountains populations, containing 49 polymorphic regions (32 parsimoniously informative and 17 singleton
sites). Haplotype diversity (range: 0.849-0.995) did not differ substantially across populations but the median haplotype
diversity for Udzungwa South was overall lower than for other populations. Nucleotide diversity averaged 0.00641, 0.01528,
0.0111 and 0.01313, respectively for Udzungwa South, Udzungwa North, Uluguru Rural and Uluguru Urban, suggesting
high genetic diversity within the four populations. Analysis of molecular variance (AMOVA) indicated significantly high
genetic differences between the four populations (FST=0.16, p=0.00098) whereas neutrality test (FU’s Fs) values were
negative, indicating historical population expansion. Similarly, the Bayesian skyline analysis indicated a recent demographic
expansion suggesting limited bottlenecks in the recent past in this population.

Conclusions Our results show the AGC population in EAMs consists of four distinct populations which have experienced
a recent population expansion, especially among the urban population due perhaps to influence of urbanization process that
may have favored assisted species movements across the rural-urban landscapes. Future research should focus on under-
standing impact of geographical isolation on the genetic structure and diversity of this species.
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Introduction

Control of rodent pests in the world remains challeng-
ing to date due to several issues associated with intrinsic
population expansion of pest species and the climate change
impacts that demand constant adaptation of pest manage-
ment strategies [4, 9, and 22]. The challenge is also com-
pounded by limited knowledge on important biological and
ecological traits of some pest species. Despite this, rodent
pests have remained a substantial threat to food security and
pose significant health risks to humans across the globe [38,
39]. The African Greater cane rat-AGC (Thrvonomys swind-
eriunus) is considered to be an agricultural crop pest species
across its range areas in Africa [17] but management of the
pest impacts in most rural areas in Africa remains elusive
and less well-documented partly because of the difficult in
establishing species population size in the wild as well as
other important biological information that would inform
the potential control strategies. Most available knowledge
on the biology and ecology of this species is strongly biased
in the wet regions of West Africa and mostly from captive
individuals [17]. However, similar information is currently
lacking in most savanna and montane regions with heteroge-
neous landscape topography in eastern and southern Africa
where the species also widely distributes [36] . Understand-
ing the species genetic diversity and population trends may
be useful for planning the management and conservation of
the species in the wild.

The Eastern Arc Mountains (EAMs) in East Africa: one
of the global biodiversity hotspots harbors African Greater
Cane rat populations across various habitats ranging from
lowland savanna to montane forests. Despite its pest nature,
the habitats of this species across its range areas are fraught
with pressure from various human activities such as land
clearance for agriculture [1], logging [7] and wildfires [16].
Further, the AGC populations in these habitats are also
under pressure of trapping for bushmeat consumption [17,
26]. Also, human development activities within biodiversity
hotpots pose additional pressure on the cane rat popula-
tion, mainly through potential population fragmentation and
assisted species movements across urbanization landscapes.
Such threats have the potential to influence on the species
genetic traits and population dynamics. For example, veg-
etation structural simplification and exploitation by humans
may lead to decreased small mammal diversity [27], genetic
diversity [13, 14and 24] and change in population size and
community structure of animals and plants [29, 30]. Despite
this, our understanding of how these threats may have
shaped the genetic diversity and structure of the AGC spe-
cies in Eastern Africa remains low, limiting potential spe-
cies management and utilization initiatives to improving the

@ Springer

local economies through game farming or ranching prac-
tices [17].

The AGC populations within the EAM blocks are natu-
rally isolated due to large spatial geographic distance (at
least 100km apart) between them [7] potentially affecting
species dispersal patterns and therefore, gene flow [11, 34,
and 41]. Given greater spatial isolation, we expect the AGC
populations from different blocks to show greater differ-
entiation (i.e., spatial genetic divergence) due to drift and
dispersal limitations. Further, selection by environment is
expected to limit gene flow in the AGC populations within
individual mountain block that inhabit similar or different
environment (e.g., at different elevation gradients), a pat-
tern observed on other mammals elsewhere [10, 20, 34].
Furthermore, selection by environment may happen due to
anthropogenic activities (e.g., farming that fragment habi-
tats) and urbanization (i.e., loss of or reduced habitat qual-
ity). Thus, urbanization is expected to cause greater genetic
differentiation between the AGC populations inhabiting
rural and relatively urbanized landscapes within the Uluguru
mountain block. However, a different pattern of gene flow
may occur in the Uluguru Mountains between the rural and
urban population due to accidental introduction of animals
caught from elsewhere brought in the urban for food. The
combined effect of the urbanization and hunting pressure
on the AGC population genetic structure is yet unknown but
could be greater as has been observed in several other spe-
cies elsewhere [3, 24, 33].

Here we use the mtDNA D-Loop to characterize the
genetic structure of the AGC population inhabiting spatially
isolated habitats (i.e., Udzungwa, Uluguru Rural and Ulug-
uru Urban) that are also faced with local hunting and urban-
ization pressure.In this study we use Uluguru Rural and
Uluguru Urban to refer to areas sorrounding Northern side
of the Uluguru Mountains in Morogoro Rural and Urban
Districts respectively. We aimed to answer three questions;
(i) what is the distribution pattern of haplotypes in AGC
populations in Udzungwa and Uluguru Mountains? (ii)
Which AGC habitat shows a higher level of polymorphism?
and (iii) How far are the sampled populations different
genetically and is there evidence for population expansion
or bottlenecks in the AGC populations due to the existing
threats? These data provide insights into the biology of the
AGC and the potential impacts of the existing threats on its
population.
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Materials and methods

Study area description

This study was conducted in two mountain blocks: Ulug-
uru (37°65°E, 07°10°S) and Udzungwa (36 53°E, 07°50'S)
within the Eastern Arc Mountains (Fig.1). The Uluguru
Mountains cover approximately 256.2 km® with altitudinal
range of 600-2,700m above sea level [25]. Rainfall and
temperature in the mountains vary with altitude and aspect.
The western side of the mountains receives rainfall ranging
from 650 to 1200mm to 800—1700mm at altitudes of 600
and 1600m a.s.l., respectively. In contrast, the eastern side
receives higher rainfall ranging from 1600 to 3000mm and
2700-2900mm at altitudes of 600 and 1600m a.s.l., respec-
tively. The mean temperature is about 24.3°C with maxi-
mum of 34°C in December and a minimum of 21°C in July
[25].

Udzungwa Mountains on the other hand cover approxi-
mately 10,000 km? in South central Tanzania between 200
and 2600m altitude and consist of three protected areas:
Kilombero Nature Reserve, Udzungwa Mountains National
Park and Udzungwa Scarp Nature Reserve. The Udzungwa
Mountains have a unimodal rainfall pattern, with the wet
season between November and May. Although cane rats
are also widely distributed in tropical savannahs, there is
no current evidence to suggest that they can move between
the different blocks of the EAMS, unless they are assisted by
humans through accidental introduction for bushmeat con-
sumption. Cane rats prefer non-forested habitats of mostly
grass distributed along rivers and lakes and also occupy
moist savannas. Cane rats in the Udzungwa and Uluguru
Mountains are more likely to be found in human disturbed
habitats where forests have been cleared.

Data Collection

Data collection in the Udzungwa was conducted in localities
lying at altitudes between 300 and 2600m.a.s.L. In the Ulu-
guru Mountains, samples were collected at altitudes ranging
from 300 to 1800m.a.s.l. Areas above 1800m.a.s.l. in the
Uluguru Mountains are protected natural forests, which are
uninhabitable for cane rats. We relied on local expert knowl-
edge on the distribution of cane rats in the study sites to col-
lect these data because there is no documented study on the
AGC in Tanzania or Eastern and Southern Africa. We used
four local hunters who use nets to catch the animals for food
to get the samples for this analysis. For the purpose of this
study, the hunters were first trained on how to handle the

animals when caught in nets to ensure that the samples were
collected in the most appropriate way without causing harm
to the animals. Each captured animal was carefully removed
from the net and placed in a separate cotton bag to defecate.
The fecal samples were picked with forceps and placed in
1.5 ml falcon tubes containing 80% ethanol and were trans-
ported to the lab at Sokoine University of Agriculture for
further analysis. In total, 50 fecal samples of individual cane
rats were collected from Uluguru (n=30) and Udzungwa
Mountains (n=20) between 2019 and 2021. In the Ulug-
uru Mountains, the samples were collected within human-
dominated landscapes (i.e., urban areas- ULU (n=20)) and
in the rural areas henceforth, Uluguru rural (10) while in
Udzungwa samples were collected from Udzungwa South
(n=10) and Udzungwa North(n=10). The caught animals
were later released at the point of capture. There were no
accidental fatal cases among the animals associated with the
capture process.

DNA extraction from fecal samples, PCR
amplification and sequencing

In the laboratory, the collected samples were stored at —20°C.
DNA from each sample was extracted from 5g of fecal
samples using Zymo research kit following manufacturer’s
protocol and quantified using Nano Drop Spectrophotom-
eter (Thermo Scientific, USA). Mitochondrial displace-
ment loop (D-loop) was amplified in a Polymerase Chain
Reaction (PCR) using both forward (5-CCAACTCCC-
AAAGCTGATGT-3") and reverse (5°GGCACCAACAT-
CATCACAAA-3’) primers following procedures described
in [2]. The PCR mixture contained 0.75 U of LA4-Tag DNA
polymerase (TaKaRa, Shiga, Japan), PCR buffer, 400 pM
of each dNTP, 0.4 uM each of forward and reverse prim-
ers, and 20 ng of template DNA in a total volume of 15ul
PCR cycling conditions consisted of an initial denaturation
at 95°C for 2min, followed by 35 cycles at 95°C for 30s,
55°C for 30s, 74°C for 1min and a final extension of 74°C
for 10min. To check amplification efficiency aliquots of 5ul
of the PCR products were electrophoresed on 1.5% agarose
gel. DNA bands were visualized after Ethidium Bromide
staining under UV light. The expected size was determined
in relation to a DNA size standard. The PCR products were
Sanger sequenced by Macrogen (Europe) using standard
protocols involving chain termination method as described
in [35].

Data analysis

Forward and reverse sequences were first edited manu-
ally and later aligned to get the consensus sequences using

@ Springer
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Fig. 1 Spatial distribution of haplotypes of African Greater Cane rat populations in the Eastern Arc Mountains in Tanzania and sites (red stars)
where cane rat samples used in this study were collected. Pie charts indicate haplotype distribution across three clades: Clade A (green) represent-
ing unique haplotype found in Udzungwa South, Clade B (blue) indicating haplotypes shared between Uluguru rural and Urban and Clade C (red)
showing haplotypes commonly found in Udzungwa North, Uluguru urban and rural Uluguru

BioEdit program version 7.0.9.0. After quality control pro-  were deposited in NCBI gene bank with accession number
cedures, 46 sequences of mt-DNA remained for analysisand =~ OM475549-OM475594. To establish the genetic diversity

a Springer



27

Molecular Biology Reports

Table 1 Genetic diversity indices Population Haplo-  Haplotype Nucleotide Tajima’s D Fu’s Fs

of population 11§1m'§1ity across. type (h)  Diversity (Hd)  diversity (Pi) statistics

cane rat population in four sites Udzungwa South 4 0.900+0.051 0.00641 -0.99083 +0.10 -0.176 (0.343)
Udzungwa North 5 0.933+0.015 0.01528 0.35109+0.10 0.419 (0.396)
Uluguru Rural 7 0.933+0.062 0.01118 0.74663+0.10 -0.403 (0.234)
Uluguru Urban 9 0.937+0.029 0.01313 -0.44699+0.10 -2.867 (0.033)

of AGC, indices including position and number of polymor-
phic sites, number of haplotypes, haplotype diversity and
nucleotide diversity were estimated using DnaSP program
version 6.12.03 [31].

The evolutionary history of AGC was inferred by Neigh-
bor-Joining (NJ) phylogenetic tree using MEGA program
version 6.0. Neighbor-Joining (NJ) phylogenetic tree was
constructed using T92+G substitution model which was
identified as the model with the lowest Bayesian Informa-
tion Criterion (BIC) i.e., 3180.62 and gamma distribution
(G) of 0.07 [18]. The G-value was used to compute the NJ.

‘We checked robustness of the nodes of the phylogenetic
trees and the variation among sites using bootstrap model-
ling with 100,000 replicates. To produce haplotype Media
Joining network to depict the phylogenetic and geographi-
cal relationships of haplotypes, we used outputs from DNA
alignment version 1.3.3.2 that were imported in Network
software version 4.6. The haplotype network was computed
under haplotype pairwise differences, giving the number of
mutation steps between haplotypes. Furthermore, to deter-
mine the population structure of the AGC, we used Arlequin
program version 3.5.2 to calculate the Pairwise FST and
Analysis of Molecular Variance (AMOVA) using haplotype
frequencies to examine the differences among the studied
sites. AMOVA was calculated to quantify the partitioning
of genetic variation present within and between populations
using 1000 permutations.

The level of genetic differentiation was determined using
Weir and Cockerham’s (1984) estimation of Wright’s (1951)
fixation index- pairwise FST. Computation of the genetic
distance for each population was calculated at P<0.05 with
the algorithm suggested by [12], in Arlequin program vers.
352

Based on the genetic structure found, demographic his-
tory of the African Greater Cane rat was examined as each
site presents a single genetic population. The demographic
history was inferred by Tajima’s D and Fu’s Fs indexes
and their corresponding p-values to detect departures from
neutrality using DNASP [31]. The demographic history of
AGC was further examined by Bayesian Skyline Plot (BSP)
implemented in BEAST2 [5] to check potential recent
population expansion or bottlenecks. The BSP analyses
were run using HKY +G model which is closest to T92+G
model in MEGA. We ran two independent runs of 10 itera-
tions of the Marcov Chain Montel Carol (MCMC) process,

sampling every 100,000 generations. All other settings were
left as default. Two independent runs with effective sample
size >200 were combined using Log Combiner with a 10%
burn in. The Bayesian skyline plots were generated in Tracer
[28] to visualize pattern of population trajectory.

RESULTS

Diversity indices of cane rat populations

We found 515bp of the Mt-DNA D-loop from 46 individual
greater cane rats from the sampled populations. Forty-nine
polymorphic sites were identified translating to 25 haplo-
types (Table S1). The most frequently shared haplotypes in
Uluguru urban and rural populations were the haplotype 12
(24.4%), followed by haplotype 13 and haplotype 14 each
constituting 20%. Two other haplotypes were shared by at
least two populations from Uluguru Urban and Udzungwa
North. Four haplotypes (16%) were unique to Udzungwa
South population.

High mean haplotypes diversity (0.937+0.029) of the
cane rat population was observed in Uluguru urban while
low mean haplotype diversity (0.900+0.051) was observed
in Udzungwa South (Tablel). Nucleotide diversity was
high (0.01313) in Udzungwa North and low (0.00641) in
Udzungwa South population (Table1). There were substan-
tial variations in the haplotype diversity across the studied
populations where the Udzungwa South population had
lower diversity than other populations (Table2; Fig.2). Fur-
ther, results from AMOVA based on haplotype frequencies
revealed 59.70% of the genetic variation occurred within
populations whereas only 40.30% of the genetic variation
occurred between populations (Table2). Fixation index
(FST) suggested evidence of significant genetic diver-
gence of the populations in the four localities: Udzungwa
North, South, Uluguru Urban and Rural (FST=0.40297,
P<0.00001; Table2).

@ Springer



28

Molecular Biology Reports

Table 2 Molecular Variance (AMOVA) of African Greater Cane rat population from the three study sites indicating significant difference between

samples sourced from various localities

Source of Variation df Sum of Squares

Variance Components Percentage of FST

P Value
Variations

71.452
133.287
204.739

Between Populations
Within Population 42
Total 45

2.14201 Va
3.17349 Vb
4.86248

40.30 0.00001

59.70

0.40297

Fig.2 Patterns of haplotype
diversity of four cane rat popula-
tions based on field samples
collected from the study area.
Boxplot shows median diversity
of each surveyed population
from Eastern Marc Mountains,
Tanzania

1.001

0.951

Haplotype Diversity

9
©
=}

0.851

Udzun'gwa_N

Phylogenetic structure, demography and
evolutionary relationship of the AGC

The neighbor joining phylogenetic tree showed the evolu-
tionary history of AGC had three clusters composing popu-
lations from four localities (Fig.3). The haplotypes clustered
into three clades (or haplogroups) depending on the geo-
graphical location where the samples were sourced. Clade
A (n=4, 16%) constituted individuals from Udzungwa
South alone. Clade B, the second largest haplogroup (n=6,
24%) had individuals from both Uluguru Rural and Uluguru
Urban. Clade C, the largest haplogroup (n=15, 60%) had
individuals pooled from Uluguru Urban, Uluguru Rural and
Udzungwa North. The structuring of the AGC population
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Udzungwa S  Uluguru_R Uluguru_U

Cane rat sampling sites

into three clades also coincided with the Median joining
network that revealed similar grouping of the populations
(Fig.4). Further, examining the number of mutations across
the population structure, we found Clade A was separated
by 1-8 mutations, Clade B separated by 1-13 mutations
whereas in Clade C the number of mutations between the
haplotypes ranged from 1 to 21 contributing highest propor-
tion of mutations (i.e.,1-12 mutations).

The estimated fixation index (FST) for each population
showed significant genetic divergences between Udzungwa
South and Uluguru Rural populations (FST=0.72284,
p=0.0001), Udzungwa South and Udzungwa North
(FST=0.70524, p=00238) and Udzungwa South and Ulug-
uru Urban populations (FST=0.67988, p=0.0001, Table3).
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Fig.3 Neighbour joining phylogenetic tree of
mitochondrial D-loop nucleotide sequences based

on 25 haplotypes indicating evolutionary history of
the greater cane rat populations in three clusters. The
numeral at each branch indicates the bootstrap value of
replications
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Fig. 4 Median-joining network of 25 mt-DNA D-loop haplotypes observed in AGC populations inhabiting Udzungwa and Uluguru urban and
rural areas. The network is based on the polymorphic sites of the mitochondrial DNA D-loop region. Size of circle is proportional to the haplotype
frequencies. Blue dot circles represent median vectors connecting indirectly-related haplotypes. The numbers on the line correspond to mutational

positions connecting haplotypes. Different shades of the circles correspond to distinct populations

Table 3 FST values of four populations from Udzungwa and Uluguru
Mountains. Two stars (**) indicate very strong and significant genetic
divergence between populations while single star(*) shows strong and
significant genetic divergence within populations

POPULATIONS Uluguru  Uluguru  Udzungwa Udzungwa
Urban Rural South North

Uluguru Urban 0 -0.018 0.679 0.088

(0.52094)  (0.0001)"°  (0.08346)

Uluguru Rural ~ -0.018 0 0.723 0.101
(0.52094) (0.0001)”  (0.10009)

Udzungwa South 0.679 0.723 0 0.705
(0.0001)** (0.0001)** (0.00238)°

Udzungwa North  0.088 0.101- 0.705 0
(0.08346  (0.10009) (0.00238)*

Furthermore, the neutrality test revealed a significant Fu’s
Fs at P<0.05 on the Uluguru Urban population alone. Also,
examining population trend based on BSP analysis we found
evidence of population expansion of the cane rat starting
from mid 2019 (Fig.5).
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Discussion

Our study indicates variations in genetic diversity and struc-
ture of the cane rat populations inhabiting two spatially
isolated Eastern Arc Mountains (Uluguru and Udzungwa),
Tanzania. We found higher diversity of haplotypes in the
Uluguru Urban but, higher nucleotide diversity in the
Udzungwa North population. There was higher genetic
variation within than between populations. Three clades
were revealed by the median and neighbour joining trees,
whereas individual population FST revealed high genetic
distance between Udzungwa and Uluguru populations.
Our findings also indicate recent expansion of the cane rat
populations.

The high haplotype and nucleotide diversity observed
in this study is comparable to the haplotype (0.853-0.978)
and nucleotide diversity (0.007-0.012) reported for cane rat
populations in Ghana [2]. The high haplotype and nucleotide
diversity observed in the present study may be attributed to
high mutation rates usually found in organisms with shorter
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Fig. 5 Bayesian skyline plot showing population expansion of AGC
that occurred in mid 2019

generation time [19] such as rodents [8] that are also influ-
enced by demographic processes such as high reproduction
rate and high mortality. Such demographic processes deter-
mine the strength of genetic drift [33] thereby shape genetic
variation within and among populations [6].

Our results revealed high haplotype diversity in the Ulu-
guru than the Udzungwa cane rat population. This could
be due to relatively smaller and restricted grassland habi-
tats used by the species available in montane forests within
the Udzungwa ecosystem, than is available in the Uluguru
urban ecosystem dominated by vast grasslands due to urban
landscape modification created by urbanization activities.
This is because habitat specificity, habitat fragmentation and
historical population decline are known to greatly influence
genetic diversity in rodent species (Georychus capensis)
[40], a situation that may have influenced the cane popula-
tion in our study area.

On another hand, the high haplotype and low nucleotide
diversity observed in the Udzungwa South AGC popula-
tion, could be reflective of a recent population expansion as
supported by Tajima’s D and FU’s indicating excess recent
mutations. This pattern may be linked to the conservation

history in this site. Prior to being a national park in 1992,
Udzungwa ecosystem was under threats of forest clearing,
fragmentation and hunting, factors that may have reduced
effective population size of AGC, thus affecting its genetic
diversity as has been observed in other rodents species; the
southern plains wood rat (Neotoma micropus) in Southern
Texas, USA [23]. Further, our findings are comparable to
the high haplotype and low nucleotide diversity of AGC
population reported by [2] in Guinean forest and Coastal
Savanna in West Africa where the authors reported genetic
drift to have contributed to the splitting of the AGC ancestral
lineage due to habitat fragmentation. Furthermore, Uluguru
Urban AGC population was found to have high nucleotide
diversity while Uluguru Rural had low nucleotide diversity.
This could suggest that the Uluguru Urban AGC was more
polymorphic than the Uluguru Rural population, indicative
of a restricted gene flow among small isolated populations
in rural than urban areas. The rural area population is more
prone to several threats such as cultivation and hunting that
altogether may have increased genetic loss while the urban
population may have benefited from assisted migration
from rural areas by cane rat hunters [32].

There was evidence of population divergence of
Udzungwa South population from the rest suggesting
high genetic differentiation within these populations. The
AMOVA results confirmed great genetic variation in the
spatially isolated AGC populations particularly within than
between populations. Indeed, the Eastern Arc Mountains
are over 100million years old with the different blocks bio-
geographically isolated thus long making species distribu-
tion on them more similar to true islands than to mainland
regions [15]. Due to pressures of habitat fragmentation
and loss on these isolated blocks, the level of differentia-
tion within was higher than between meta-populations. We
therefore suggest apparent restricted gene flow between the
isolated small size populations within the meta-populations
of Udzungwa and Uluguru Mountain blocks to have con-
tributed to greater genetic divergence. These observations
are consistent with studies on AGC in West Africa which
also indicated a high genetic variation within than between
populations from different agro-ecological zones [2].

Furthermore, a strong geographical pattern represent-
ing Udzungwa South, Udzungwa North, Uluguru Rural
and Uluguru Urban AGC populations was also revealed
by the MIN and neighbour joining phylogenetic tree. The
gene flow was high between Uluguru urban and Uluguru
rural as revealed by the maximum likelihood phylogenetic,
MIN analyses and low FST values and suggests haplo-
types were not equally distributed in the populations. In a
random distribution we would expect the haplotypes to be
equally distributed in study populations [21]. However, our
results showed a large overlap between different haplotypes
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occurring in the Uluguru Mountains. We also observed
shared haplotypes between Uluguru Rural, Uluguru Urban
and Udzungwa North populations which may be a result
of past ancestral DNA signatures. Sharing of haplotypes
between isolated populations would not have been expected
if they had no ancestral relatedness. Comparison between
unrelated families has however shown multiple shared
haplotypes in other studies [21]. The shared haplotypes
may also indicate the relatedness in the three populations
possibly attributed to new introductions which could have
occurred due to immigration (Uluguru Rural vs. Uluguru
urban) or human mediated animal introduction as a result of
hunting for food (Uluguru vs. Udzungwa North). The AGC
population in Uluguru Urban could be a recent coloniza-
tion from Uluguru Rural and therefore making the genetic
distance between them to be closer than for the Udzungwa
North populations.

Finally, the neutrality test revealed a negative but non-
significant Fus Fs values for Uluguru rural and Udzungwa
South populations while Uluguru urban had a negative and
significant Fus Fs value, suggesting evidence of recent pop-
ulation expansion in these populations. This also is observed
in Bayesian skyline plot which indicated AGC population
expanded around the mid of 2019. The pattern of population
expansion is similar to previous studies on AGC in Ghana
[2]and in Kangaroo rat [37]. In the current study, population
expansion of the three AGC populations may be explained
by the creation of new habitats with potentially more food
resources associated with agriculture such as opening new
farms that encourage grass vegetation that potentially attract
AGC population. Also, our results showed low levels of
sequence divergence and high frequency of unique muta-
tions particularly for Clades B (Uluguru Urban and Uluguru
rural population) and C (individuals from Udzungwa North
and Uluguru) which can also be interpreted as a signature of
rapid population expansion [32].

Implications for conservation

This is the first study on the genetic diversity of 7. swind-
erianus populations in Eastern and Southern African region,
providing comparable literature to previous studies in West
Africa. Our results provide important insights into the popu-
lation trend and diversity in the spatially isolated mountain
blocks as well as potential impacts of urbanization threats
on the cane rat populations. These data may be useful in
informing future management strategies of this pest species
and on the conservation planning especially on how the spe-
cies could be tapped locally to improving the local econo-
mies of rural human populations though the game farming
practices. Future research into this species should focus on
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the genetic structure and dispersal patterns using different
markers such as microsatellites and single nucleotide poly-
morphism (SNPs) to further define the genetic variations
across its range areas in eastern and southern Africa. This
will enable informed conservation of each genetic variant
and to monitor the continued evolution of the species in the
presently changing environment.

Table S1

Distribution of haplotypes in three sampled cane rat populations

Haplotypes Uli- Ulu- Udzungwa Udzungwa Total
guri  guru  South North
urban  rural
1 1 1
2 4 5
3 4 2 6
4 | 1
5 1 2 3
6 2 1 3
7 4 1 5
8 1 1
9 1 1
10 1 1 2
11 1 1
12 1 1
13 1 1
14 1 1
15 1 1
16 2 2
17 2 2
18 1 1
19 1 1
20 1 1
21 1 2
22 1 1
23 1 1
24 1 1
25 1 1
Total 25 10 6 4 46
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