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ABSTRACT

In this study, DNA barcodes were generated for 40 species belonging to 32 genera under 10 families of
Ephemeroptera from South India. Nucleotide sequence divergences were calculated using the Kimura
two-parameter distance model and a neighbour-joining analysis was performed to provide a graphic
display of the patterns of divergence among the species. This study demonstrates that COI barcoding is
effective in discriminating among the mayfly species of South India, and provides a reference library for

their future molecular identification.

Mayflies are an archaic lineage of insects, dating back to the
late Carboniferous or early Permian periods, some 290 mya
(Brittain & Sartori 2003). They occupy freshwater and brackish
water habitats across the world, with the exception of
Antarctica. They constitute an important part of the food
chain, mainly consuming primary producers such as algae
and plants, and as a food source for vertebrate predators like
fish. They are excellent biological indicators of water quality
and habitat quality (Sivaramakrishnan et al. 1996; Buffagni
1997; Selvakumar et al. 2014). They are ideal objects for inte-
grated phylogenetic, biogeographic and phylogeographic
studies, being endowed with several archaic traits in all life
stages along with rather weak dispersal powers. Many of the
montane mayflies, both nymphs and imagos are equally cha-
rismatic. Nymphs are important for freshwater ecological and
biomonitoring studies, but difficulties in their species identifi-
cation level impede research.

DNA barcoding can contribute to speeding up local bio-
diversity assessments to prioritise conservation areas or to
evaluate the success of conservation actions and provide
information about evolutionary histories (Krishnamurthy &
Francis 2012). The application of DNA barcoding to fresh-
water biomonitoring has generated much interest for several
reasons (Hajibabaei et al. 2011; Pilgrim et al. 2011; Sweeney
et al. 2011). DNA barcodes have also implied in studying the
systematics, diversity, ecology, biogeography, and conserva-
tion of aquatic insects (Sivaramakrishnan et al. 2014;
Gattolliat et al. 2015). A comprehensive barcode library has
been established for mayflies from Canada, Mexico, and the
United States (Ball et al. 2005; Zhou et al. 2009, 2010; Webb
et al. 2012; Gattolliat et al. 2015). To our knowledge, no
molecular work of this kind was undertaken on mayflies in
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India so far. The emerging trends in molecular systematics
and molecular phylogeny of mayflies are quite evident from
the review by Sivaramakrishnan et al. (2011). Our general aim
is to develop a strategy for rapid construction of regional bar-
code libraries, and specific aim is to examine the efficiency of
DNA barcoding for differentiating morphospecies. Present
study deals with nymphs of mayflies due to their importance
in freshwater ecology and for their biomonitoring value.

Mayfly nymphs were collected from stream and river
basins of South India. The collected specimens were identi-
fied using scattered Indian mayfly taxonomic literature, under
a stereo-zoom microscope. Samples used in this study
included 44 specimens representing 40 species belonging to
32 genera and 10 families of Ephemeroptera from South
India. Thirty-eight species were represented by single speci-
mens, and 2 species characterized by more than one speci-
mens (Table 1). DNA was extracted using DNeasy Blood and
Tissue kit (Qiagen, Hilden, Germany). The mtCOl gene was
amplified using universal primer LC01490 and HC02198
(Folmer et al. 1994). Sequencing was performed commercially
by Amnion Biosciences Pvt. Ltd (Bangalore, India). Forward
and reverse sequencing reads were assembled and corrected
using BioEdit (Carlsbad, CA) and aligned using CLUSTALW
(Cambridgeshire, UK). Neighbour-joining (NJ) tree and intra-
specific and interspecific genetic divergence values were per-
formed based on the Kimura 2-parameter (K2P) model using
MEGA 5 (Tamura et al. 2011).

The present study established DNA barcode for 40 species
of mayflies from South India through Genbank and BOLD sys-
tems. This is the first report of DNA barcode to the 40 species
of mayflies from South India. Species details and sequence
and barcode information are available at BOLD Systems

CONTACT Sundaram Janarthanan @ sundaram.janarthanan@gmail.com e Flat 3, Gokulam Apartments, No.7, Gokulam Colony, West Mambalam, Chennai 600

033, Tamil Nadu, India

© 2016 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/

652 C. SELVAKUMAR ET AL.

SL-0VOWISOW £5819001 3 ,€0,CTLLIN 4LE T80 weseueded 800 ‘UB|OS pue BY0IS SIjdDIb snyfiosivds i aepiyikiodn]
SL-CZOWISOW 99¢7/S001 3 LV OLoLLIN ,ET,ETLEL o|oylulpueN 10T ‘UeuysLyeWEIBAIS PUB SNCQOJR[ “BWNYBAISS DIIpUI Djjaupboja] s
S1-LZOWISOW 09819001 3 ,65,LL.8Z/N ,0b, LY.Ll s||ey nAiiy 10T ‘UBUYSIBWEIBAIS PUR SNCOJE[ “ABWNYRA|IS [1I0JIDS Sapoupboja] ‘T
SL-0COWISDW §92/LS001 3 ,50,8LoLL/N ,#0,8V-80 IYieueuepen 8007 ‘1OMeS [bpoy sapoubboja) *Ly
SL-ZLOWISOW 2927/50D1 3 ,CS,ST9L/N ,6¥,90,11 £3]eA U3|IS 10T ‘UBUYSLRWEIBAIS PUB SNCOdR[ “IeWNYeASS Juiqol sapoubbopu) *Of
S1-6LOWISOW $¥92/50D1 3 ,ST,TL.LLIN ,0T,95-80 npawindnuuey #10T ‘UBUYSLRWEIBAIS PUR SNQOdE[ “4RWNYRAIDS Sniujpd sapoabpng "6€
SL-8LOWISDW €9¢/5001 3 ,5S,6C.LLIN ,10,9T.80 |InoyiquieN 10T ‘UBUYSLIYRWEIBAIS PUB SNQODR[ JRWNYRA|DS dD/UDIDADIIWD) DUIYINA] "8E aepipouebola)
SL-6E0WISOW 1S819001 3 ,SE€LLLLIN ,6T,6T580 pejuep °1 'S (zz61 ‘abeySaT) Jppiodiod sadipinbupy /€ aepifdieyiwA|od
SL-8EOWISOW 61819001 3 ,79,5C.94/N ,6¥,90.LL £3]|eA 1u3|IS (6E61 “I9WIN) Saplouabd snjjPYIUDWDIO ‘OE depuawaydaosN
€1-700WISDW €/719001 3 YELTLLIN ,T0,T7 80 wejeywnoy G861 ‘UBUYSLIRWEIRAIS PUR JURID JUDDdOB SNINDIY] "SE
- £L7190D7 3 ,SLEE.LLIN 4519101 |eueyjiepoy| $861 ‘UBUYSLRWEIRAIS SISUIJ[DIIN0D DINSIdIdd €
- 9/¥190D01 3 ,S8C,CL.LL/IN ,02,95.80 nuswindnuuey 861 ‘UBUYSIRWERIBAIS SISUSJ[DIIN0D DINSIddd €€
€1-LOOWISOW S/¥19001 3 ,50,8LoLL/N ,¥0,87.80 IYjeueuepen #861 ‘UBUYSLYRWERIRAIS SISUSJ[P}INO DINSIAlad “TE
- /%1901 3 ,5S,6C.LLIN ,10,9T.80 iAoy IquieN $861 ‘UBUYSLIRWEIRAIS SISUIJ[DIIN0D DINSIdIdd “LE
€1-COOWISOW L1900 3 ,97,0L.SL/N ,¥L,ETEL S|[e} suewls 7861 ‘519194 pue ueuysyeweIeAIS /qof pIgajydojoN “0g
SL-ELOWISOW L/¥#190D1 3 ,€9,5V.9L/N ,EV,LToLL a1 endiyyuny| 10z ‘36N 1ysauvb pigajydojoN ‘6T
SL-ZLOWISDOW 0/7190D1 3 ,5S,6C.LL/N ,10,92.80 |10y IquIeN 0661 ‘UelueweIgNSE|eg PUR UBLWIERIRIRYIUIA ‘UBUYSINRWRIRAIS dDIYIDMSDIDS DIjdUDYIDN ‘8T
SL-CLOWISOW 697719001 3 ,SL,€€.L4/N ,SLILOL |euexiepoy GG6L ‘ulinowaq paIpul bjjPUDYIDN /T
€L-0LOWISDOW 891719001 3 ,CS¥8.6L/N ,ST,09.€L S||ej epe] LS6L ‘sdl|1D paindind (0ds]) DIs| "9T
€L-€00WISOW £9%7190D01 3 ,SLECLLN ,SLOLOL |eueyiepoy 0461 ‘spunwp3 pue si131ad bipbq sipipuj ‘Sz
€L-600WISOW 991719001 3 LV OLoLLIN ,ET,ETEL 9|oylulpueN G861 ‘UeuysLeWwRIRAIS DIJO] DINSpUNWPI “%¢
S1-LLOWISOW S9%7190D01 3, LV,0LoLLIN ,ETETEL 3joyluipuenN GLOZ ‘UBURYSLBWEIBAIS PUR JRWNMRAIDS [UIpUDU (SadIa}0I0yI0UO)Y) SadIaj0ioy) "€T
€L-LO0WISDW ¥9¥19001 1 ,8V,£C.LLIN ,£0,5T-80 J9AlY Wesayiey T10T ‘UBURYSLBBLURIBAIS PUB WE[RYDRUNIY “IBLUNYBARS SISUIDAIQUIDU (SnjnpiyIng)sadiajoioy) Tt
€L-900WISDW €9¥719001 3 ,£6,LS0LL/N ,8L,£9,60 weq |exeaejld 6007 ‘uebejequy pue ueipueydejeg ‘ueseeulq sisuaIpbo|p (sninpiying) sadiajoioyd *Lg
€L-S00WISDW 19819007 3 WLTEILIN ,95,£0,LL J3AL 1ueARYg €007 ‘uoabpn@ pue buoy si3ad (sadiazoioy) sadiajoioyd 0T aepiga|ydoida
SL-9LOWISDW 9819001 3 ,0V,L€.LL/N ,08,78-80 Ijeuewey /861 ‘UBUYSLIRWIRIBAIS PUB URWRIRIRNUSA /Siamo)y SniAydsosaipy] 61
SL-SLOWISOW 7819001 3 ,SCCLLL/N ,0T,95-80 nnawindnuuey €107 ‘UeuysLEWIRIRAIS PUB UBLUBIRIBNUDA ‘URqNIRAIS 5/213d Snioad] ‘gl
S1-vLOWISOW 7819001 3 ,6L,£T.LLIN ,96,L0.60 Jeuikeuinepy 6861 ‘UBUYSLIRWIERIBAIS PUB URWIRIRIBYUDA SISUIIDIDYYDQUINY SNINUOMY /| aepliuabeiday
SL-ZEOWISOW 75819001 3 ,0L,9005Z/N ,5S/6T-€L siley 1punbibor apulppu (p1awaydayjay) piawaydy ‘9L seplawaydy
SL-9E0WISOW 05819007 3 4E€0,CTLLIN 4LETY80 weseueded €961 ‘Spunwip3 pue ud||y pipdau pA3Lo "L depi|jpewaydsy
SL-SEOWISOW 8¥8190017 3 ,L0¥ToLLIN ,50,LY580 IydunIeMlY 8.61 ‘Uep|oS DS0JasIq SIUdPI0AAA]D YL
SL-FEOWISOW /819001 3 ,L0YCoLLIN ,S0,LY 580 IydunyIem|y 'ds sjuap) "¢l oepluse)
SL-LEOWISOW ¥£095001 3 ,S8SLoLL/IN 410,50,01 luebueiny (5861 ‘paeqqnH pue neuagal-1d|IN) smuanbay snabqinuaj "L
SL-EEOWISOW 85819007 3 WLCELLIN ,9€ 9660 nddoyiebeduays “ds u0aopoid L1
SL-0E0WISOW €£095001 3 ,0¥,L€.LL/N ,08,¥8,80 IYjeuewey SLOT ‘uelueweignsejeg pue ueIapuaqny| JubAipypwpipd s13apqoibiN “0L
SL-6Z0WISDW 9/0950D7 3, TULYELLIN ,¥8,8L-80 we|leseAls #10Z ‘UeuBYSLIYEWERIRAIS PUB UBJUBWEIGNSE[RY ‘URIPUSGNY IUDPJOS SIIDQOIQDT 6
S1-8ZOWISOW G£095001 3 ,5SVLoLL/N 410,505,010 lehejoopy G10Z ‘uelueweiqgnsejeg pue ueipuaqny /snqodvf siabqoiqp '8
SL-CEOWISOW £5819001 3 ,LO0VToLL/N ,S0,L7:80 1yduMIeM|Y LY61 ‘Ssulwwiy| J0j03Iq U03o[) “L
SL-ZCOWISOW G5819001 3 ,0t,LE€cLL/IN ,08,¥8-80 IYreuewey (€861 ‘neuaqaI-I3||N|N) /Ubpjos $sap0oao)) "9
SL-9COWISDWN 5819001 1 ,£6,L5.LL/N ,81,£9.60 weq |exenelid (€861 ‘neUSCRIT-I3|INN) SISUaUO}A2> Djjpidoy) °§
SL-¥ZOWISOW 95819001 3 ,¥1,2€.9L/N ,95,£0,L1 I3A1l lueARYg (Z10Z ‘ueueYSLH{RWEIRAIS PUB JEPUNS ‘IRWNY-BA|SS) IpIDGQNYO[aDYIW SIIADY &
SL-SCOWISOW 65819001 3 ,0¥,L€.LL/N 0878580 IY1euewey ‘ds snapg ‘¢
- 1£0950D1 3 ,S¢,CLoLL/N ,0T,95-80 nuawindnuuey| 7861 ‘NeUQIT-I9|INN DJSA DJja13uddy T
SL-ECOWISOW ¢£095001 3 ,0¥,l€.LL/N ,08,¥8-80 IYjeuewey 7861 ‘NeUdqIT-43||NIN DI3A Djja13uddy °| oepliaeg
Q| apodieg ‘ON UOISS900y apnibuoj/apniie] Ayjedoq sa1pads pue snuap Ajiwey
yjueguan

*Apn3s siy1 ul pasn

a|dwes jo s|ie3aq ‘L 3|qeL



MITOCHONDRIAL DNA PART B: RESOURCES

57— Petersula courtallensis GN 7
98| Petersula courtallensis KM

15is NK

653

100

" la courtall

Petersula courtallensis KL

Choroterpes nandini

Leptophlebiidae

Fhi

ara.

Nath

Nathanella indica

Notophlebia ganeshi

Notophlebia jobi

Choroterpes nambiyarensis

Leptophlebidae
Indialis badia

37

Isca purpurea ] Leptophlebidae

Torleya nepalica ] Ephemerelidae

4

Epeorus petersi

Heptageniidae
Thalerosphyrus flowersi ]

Caenis sp.

) W

Caenidae
Clypeocaenis bisetosa

Afronurus kumbakk araiensis ] Heptagenidae

Potamanthellus caenoides ] MNeoephemeridae

Thraulus gopalani ] Leptophlebidae

Choroterpes alagarensis | Leptophlebiidae

Edmundsula lotica | Leptophlebidas

Choroterpes petersi | Leptophlebiidae

Languidipes corporaali ] Polymitarcyidae

Ephemera nadinae 7] Ephemeridae

Teloganella indica

Indoganodes jobini

Teloganodes kodai
Teloganodidae

Teloganodes sartornii

Derfethina t

nae

Dudgeodes palnius

Sparsorythus gracilis ] Tricorythidae

Baetis michaelohubbardi

Baetis sp.

Tenuibaetis frequentus
Cloedes soldani

Cloeon bicolor

Nigrobaetis paramak alyani
Bastidae

Procloeon sp.

100 [ Labiobaetis jacobusi

49

—i
0.02

L Labiobaetis soldani

Chopralla ceylonensis
Acentrelfa vera KM

100 I: Acentrella vera RN

Figure 1. A Kimura 2-parameter NJ tree showing the DNA barcoding profile for 44 specimens of 40 nominal mayfly species from South India.

(www.barcodinglife.org, ‘Molecular characterization of South
Indian mayflies’ project). The details of the species along with
their GenBank Accession numbers and Barcode ID are given
in Table 1. Mean interspecific divergences computed for 40
species of South Indian mayflies ranged from 0.143% to O.
466%. The mean of all interspecific divergences was com-
puted as 0.301%. The low levels of interspecific divergence

occurred between two species within a genus and between
the genus, such as Nathanella indica and Nathanella saraswa-
thiae (0.17%), Cloedes soldani and Labiobaetis soldani (0.18%),
Labiobaetis jacobusi and Cloeon bicolor (0.19%), and
Choroterpes nambiyarensis and Indialis badia (0.14%).
Relatively, intraspecific genetic divergences were observed
in the branches corresponding to species complexes in the
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NJ tree, as in Petersula courtallensis, which were divided into
two subclades. The genetic divergence ranged from 0.003%
to 0.051%, suggesting that more than one species will be
represented. There was no difference between the closely
related species Labiobaetis jacobusi and L. soldani. Three spe-
cies, namely Baetis sp., Caenis sp. and Procloeon sp. were
morphologically very distinct and also the present barcoding
study clearly distinguished from their closely related species.
The results of the overall NJ analysis of distances among the
samples of 40 species are summarized in Figure 1. The
obtained results indicate that the portion of COIl used as a
DNA barcode effectively discriminates among mayfly species.
It should be noted that the tree presented here is intended
as a representation of the distance matrix only, and should
not be interpreted as a phylogenetic hypothesis.

The present study reports for the first time COI barcode
sequences for the purpose of species identification and the
basis of global biodiversity assessment. All the species gave
distinct COI sequences except Labiobaetis jacobusi and L. sol-
dani, distinguishing them from conspecifics through the DNA
barcode method (Figure 1). Detailed molecular analysis is
required to differentiate Labiobaetis jacobusi and L. soldani
using more samples. Minimum level of intraspecific genetic
divergence were found in Acentrella vera (0.022%), though it
is distributed over a very wide area within the Oriental Realm
(Kluge et al. 2014). Maximum level of intraspecific genetic
divergence was found in Petersula courtallensis ranging from
0.003% to 0.051%. In order to confirm this and to describe a
new species, it will be necessary to perform detailed morpho-
logical and molecular studies. The possibility of the presence
of cryptic species complex within the genus Petersula may
not be ruled out. However, further detailed investigations are
necessary to understand clearly the taxonomic situation of
Labiobaetis species and Petersula courtallensis. Baetis sp.,
Caenis sp., and Procloeon sp. were very distinct species based
on this barcoding study. It will be required to perform thor-
ough morphological studies to describe the valid species. The
NJ tree supported the results of previous studies that have
found the COI barcode to be an effective tool for the identifi-
cation in mayflies (Ball et al. 2005; Zhou et al. 2010).

The present study confirms that, DNA barcode can be used
effectively for species identification of South Indian mayfly spe-
cies although the success rates vary with the level of genetic
structure and demographic history. DNA barcoding analysis
represents an interesting approach to new studies of taxonomy
and species recognition of South Indian mayflies as new spe-
cies, including cryptic species. Also, DNA barcoding can be
used to analyze a mayfly community to estimate species rich-
ness of an entire mayfly community and for further phylogeo-
graphic studies. The results indicate that more taxonomic and
molecular work are required on Indian Ephemeroptera as many
currently recognized species include several highly divergent,
often polyphyletic, haplotypes, usually correlated with morpho-
logical differentiation among lineages.
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