From: Tina Lia

To: DLNR.BLNR.Testimony

Cc: DLNR.CO.PublicDLNR

Subject: [EXTERNAL] BLNR Meeting 3/24/23 9:15am Testimony Agenda Item C-2: Oppose
Date: Wednesday, March 22, 2023 11:21:23 PM

Attachments: 2023 0324 Testimony Tina Lia Attachments.pdf

RE: C-2 Request Approval of Final Environmental Assessment and Authorization for
the Chairperson to Issue a Finding of No Significant Impact for the “Suppression of
Invasive Mosquito populations to Reduce Transmission of Avian Malaria to
Threatened and Endangered Forest Birds on East Maui”

We’re opposed to the request for approval of the Final Environmental
Assessment for the planned biopesticide mosquito releases on Maui. This
project is an experiment on our island home, and the outcome is admittedly unknown.
The Final Environmental Assessment! does not adequately address the serious risks
of this plan or the concerns of the public.

Sufficient research has not been conducted to assess the risks of horizontal
transmissionZ34, increased pathogen infection®, evolutionary events?, population
repIacementS, or accidental release of females®. The Final Environmental
Assessment attempts to minimize the possibility of Wolbachia bacteria causing
mosquitoes to become more capable of spreading diseases like avian

malaria® and West Nile virus’. Scientific studies document these risks.

An Environmental Risk Assessment for this biopesticide has not been conducted by
the EPA to determine the environmental, ecological, and human health risks; and the
significant environmental consequences of the project have not been adequately
studied. This plan may actually cause the extinction of endangered native birds,
and it could impact human health.

Landscape level control of Culex quinquefasciatus mosquitoes using this
Incompatible Insect Technique (IIT) has never been done before. Even with Aedes

mosquitoes, the largest project area was 724 acres®. Federal documentation
connected to this project confirms that “although used world-wide for human health,
Wolbachia IIT is a novel tool for conservation purposes and its degree of efficacy in

remote forest landscapes is unknown.”® Additionally, the species planned for use in
this project, Culex quinquefasciatus, has never been used for a stand-alone IIT field

release.® It is inaccurate to state that Wolbachia IIT is being used for mosquito
suppression globally. The majority of countries using Wolbachia mosquitoes through

the World Mosquito Program10 are using the method of population replacement, not
suppression1 1. These are two entirely different techniques.

This project may have also been improperly segmented per HAR § 11-200-712

(replaced 2019). The revised rule, HAR § 11-200.1-10"3 — Multiple or phased actions,
provides:



A group of actions shall be treated as a single action when:

(1) The component actions are phases or increments of a larger total program;
(2) An individual action is a necessary precedent to a larger action;

(3) An individual action represents a commitment to a larger action; or

(4) The actions in question are essentially identical and a single EA or EIS will
adequately address the impacts of each individual action and those of the group
of actions as a whole.

On June 17, 2022, Board of Land and Natural Resources Chairperson Suzanne D.
Case signed an exemption notice for “Mosquito Control Research Using Wolbachia-

based Incompatible Insect Technique.”14 The Final Environmental Assessment, dated
March 24, 2023, states that the Department of Land and Natural Resources filed the
exemption notice “to conduct limited import of male mosquitoes for preliminary

transport trials and mark release recapture studies.”’

The Hawaii Environmental Policy Act (HEPA) Citizen’s Guide (2014)'° states: “A
proposed action must be described in its entirety and cannot be broken up into
component parts, which if each is taken separately, may have minimal impact on the
environment. Segmenting a project generally is forbidden.” Because the project has
been improperly segmented in this way, there have been no details or analysis of the
preliminary trials or the mark release recapture studies. There has been no disclosure
as to what type of mosquito is being transported, where the mosquitoes are being
transported from, and whether or not the mosquitoes are being tested for pathogens
prior to transport. We demand that all actions of the mosquito project — including trial
imports, mark release recapture studies, and field releases — be addressed in one
Environmental Impact Statement.

The Advisory Committee on Plants and Animals’ recommendation to approve import
and release of Culex quinquefasciatus mosquitoes'® should be null and void due to
the conflicts of interest of committee members pursuant to HRS 84-1417. The Ethics

Guide for State Board and Commission Members'8 states that members must not
take official action affecting a business in which they have "financial interest."
"Financial interest" in a business includes "employment." Whether a business can be
a government agency is unstated. The following members of the Advisory Committee
on Plants and Animals unanimously voted (7/0) on June 9, 2022 to recommend

approval of the import permit16:

e Darcy Oishi, Committee Chairperson, Hawaii Department of Agriculture (HDOA)

e Dr. Maria Haws, Professor of Aquaculture, Pacific Aquaculture & Coastal
Research Center, University of Hawaii at Hilo

¢ Cynthia King, Entomologist, Division of Forestry & Wildlife, Department of Land
& Natural Resources (DLNR), Ex Officio Member Designated Representative



e Gracelda Simmons, Environmental Management Program Manager, Hawaii
Department of Health, Ex Officio Member Designated Representative

e Thomas Eisen, Planner, Environmental Review Program, Department of
Business, Economic Development and Tourism, Ex Officio Member Designated
Representative

e Joshua Fisher, Wildlife Biologist, U. S. Fish and Wildlife Service (USFWS)

e Dr. Samuel Ohu Gon lll, Senior Scientist and Cultural Advisor, The Nature
Conversancy — Hawaii (TNC)

Of the seven voting members’ agencies, only those of Thomas Eisen and Darcy Qishi
are not partner agencies in Birds, Not Mosquitoes. As employees of partner agencies,
Dr. Maria Haws (University of Hawaii), Cynthia King (DLNR), Gracelda Simmons
(Hawaii Department of Health), Joshua Fisher (USFWS), and Dr. Samuel Ohu Gon Il
(TNC) all have conflicts of interest.

Both Dr. Samuel Ohu Gon I11'? and Cynthia King2? are also members of the Birds,
Not Mosquitoes steering committee. The purpose of the steering committee, as stated

in the National Fish and Wildlife Foundation Hawaii Conservation Business Plan?!,
includes coordinating permits for this project. These are additional conflicts of interest,
particularly for Dr. Samuel Ohu Gon Ill, who, with his vote, has taken official action
affecting a business in which he has financial interest.

The Final Environmental Assessment (EA) does not address the concern of
accidental pathogen introduction. The U.S. Department of the Interior Strategy for

Preventing the Extinction of Hawaiian Forest Birds® confirms that The Nature
Conservancy has contracted with mosquito lab Verily Life Sciences. There is no
mention of this contract in the EA. No documented assurances have been made that
Verily Life Sciences will be testing mosquitoes for human diseases or avian diseases
to ensure that they are pathogen-free prior to shipping to Hawaii.

As this project involves the interstate transport of Culex mosquitoes, a known vector
of poultry diseases, we are concerned about impacts to local poultry farms and egg
production in Hawaii. Has the USDA inspected the Verily Life Sciences insectary?
There is no mention in the EA of a USDA permit (e.g., OV VS 16-6 permit from
APHIS) for the interstate transport of poultry pathogen vectors by a California shipper.

The USDA Animal and Plant Health Inspection Service (APHIS)?? states:

“The Veterinary Services, Organisms and Vectors (OV) Permitting Unit
regulates the importation into the United States, and interstate transportation, of
organisms and vectors of pathogenic diseases of livestock and poultry.

The Code of Federal Regulations, in 9 CFR, §122.223, mandates that ‘no
organisms or vectors shall be imported into the United States or transported
from one State or Territory or the District of Columbia to another State or



Territory or the District of Columbia without a permit.

Given that interstate transport of the vector (live Culex) is occurring from Maui to
Verily Life Sciences’ lab in South San Francisco, California24, and those Culex may

contain a highly contagious poultry pathogen, namely avian pox virus2°, this
movement needs a federal permit. Additionally, the return trip from California to

Hawaii24 would require a federal permit. Lab mosquitoes are blood-fed from sources
that are not identified in the EA, potentially including bird blood. These mosquitoes

could be transporting avian pathogens back to Hawaii.

Even though male mosquitoes don’t bite, male Culex mosquitoes are known to
spread viruses to female mosquitoes through mating (e.g., St. Louis encephalitis

virus2%), as has been shown for dengue virus in Aedes albopictus®’ .

The EA’s assertion that released mosquitoes pose no risk to human health is based
on unsound science. The 2010 article by Popovici et al.28 cited in the EA has been

discredited by the EPA. The EPA Human Studies Review Board met in 201829, and
the following question was posed:

“Is the research described in the published article ‘Assessing key safety
concerns of a Wolbachia-based strategy to control dengue transmission by
Aedes mosquitoes’ scientifically sound, providing reliable data for the purpose
of contributing to a weight of evidence determination in EPA’s assessment of
the risks to human health associated with releasing Wolbachia-infected

mosquitoes?”30

The Board’s response states: “The Board concluded that the research described in
the article by Popovici et al. was not scientifically sound and does not provide reliable
data to contribute to a weight of evidence determination for assessment of human

health risks due to release of Wolbachia-infected mosquitoes.”30

The Hawaii Department of Agriculture has applied for an EPA Emergency Exemption8
for use of the mosquitoes without going through regulatory safety processes. The
EPA application is still under review, and the biopesticide mosquitoes have not been
approved for emergency release. The Board of Land and Natural Resources cannot
approve this Final Environmental Assessment and declare before the public that there
is a Finding of No Significant Impact (FONSI) when there is still a possibility that the
EPA will deny the Emergency Exemption due to safety concerns. This biopesticide
cannot be approved for release when its safety is still under review by the EPA.

Additional concerns not adequately addressed in the Final Environmental

Assessment: lack of adequate detail as required by HEPA'; failure to identify the
Wolbachia strain planned for use in this project; failure to identify and describe the
mark release recapture study as a proposed action; failure to adequately identify the
mosquito packages planned for release into the environment; failure to adequately
address the effects on the environment from the release of biodegradable packages
with an unknown decay rate; failure to identify biosecurity protocols; failure to



adequately address viewscape impacts, noise disturbances to forest bird breeding
and nesting, and significant environmental consequences, including impacts to the
untrammeled, natural qualities of the wilderness character; failure to adequately
address the potential negative impacts of introducing an invasive species to the
islands; failure to identify the origin of biopesticide mosquitoes for this project as

Palmyra Atoll®; failure to identify the origin of Wolbachia bacteria for the project as
Kuala Lumpur in Malaysia8; failure to identify the strain of Wolbachia bacteria planned

for import in connection with this project that does not exist on these islands31:32;
failure to address the concerns of tropical disease and vector expert Dr. Lorrin Pang

(private citizen) regarding the serious risks of this project33; failure to adequately
study or address the impacts to endangered native Hawaiian hoary bats, native
dragonflies, and endangered native damselflies; failure to study and address
biopesticide wind drift; failure to adequately address Environmental Justice (human
health impacts of this project have not been adequately studied, and the proposed
action would impact ethnographic resources and traditional cultural practices); failure
to conduct a feasibility study to provide a detailed analysis that considers all of the
critical aspects of the proposed project in order to determine the likelihood of it
succeeding; and failure to establish, under the precautionary principle, that the
proposed activity will not result in significant harm.

Further, per HRS §171-4 (d)34, BLNR Chair Dawn N.S. Chang and Board Member
Vernon Char must recuse themselves from participating in any discussion or voting in
this matter, given that they have clear conflicts of interest. Chang is employed by the

DLNR35, a lead agency in the mosquito project. Char is employed by a law firm3%
whose clients include The Nature Conservancy37, another lead partner in the project.

Hawaii Unites has launched a petition to "Demand an Environmental Impact

Statement for the Experimental Mosquito Release on Maui"3® which has received
more than 2,500 signatures. We have yet to receive a response from any of the

decision makers.

We’re opposed to the authorization for the Chairperson to issue a Finding of No
Significant Impact (FONSI). The scope, risks, and experimental nature of the plan
require detailed, comprehensive studies and documentation of the impacts to our
native birds, wildlife, environment, and public health. The subject action will have a
significant effect. We demand an Environmental Impact Statement (EIS).

Mahalo,

Tina Lia

Founder and President
Hawaii Unites
HawaiiUnites.org



https://hawaiiunites.org/
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Section 18 Specific Exemption for DQB Males in Hawaii

6/43

SECTION 166.20(a)(2): DESCRIPTION OF PESTICIDE
REQUESTED

e Common Chemical Name (Active Ingredients): Wolbachia pipientis, wAlbB (DQB
strain)

e Trade Name: DQB Males

EPA Reg. No.: Unregistered

o Confidential Statement of Formula: Attached to this submission

e Formulation:
wAIbB contained in live adult male Culex quinquefasciatus mosquitoes (DQB strain)
active ingredient < 0.3%*

*percent (w/w) of adult male mosquitoes

e Mosquito and Wolbachia source:

The DQB line of mosquitoes was developed through transfection of Wolbachia pipientis wAlbB
isolated from Ae. albopictus KLP strain mosquitoes originating from Kuala Lumpur, Malaysia
into Culex quinquefasciatus Palmyra strain mosquitoes originating from Palmyra Atoll. Prior to
transfection, the naturally occurring wPip infection was removed from the Palmyra strain
through antibiotic treatment using tetracycline and rifampicin as described in Pike & Kingcombe
2009 following the feeding protocol outlined in Dobson and Rattanadechakul 2001. Methods for
DQB line generation are substantively similar to those outlined in MRID 51788911 with non-
significant changes to account for Culex egg morphology. The DQB line was not created using
genetic modification and the mosquitoes are not genetically modified organisms.

Table 1. Taxonomic designation of the Wolbachia present in the DAB line of Ae. aegypti.

Kingdom | Bacteria

Phylum Proteobacteria

Class Alphaproteobacteria

Order Rickettsiales

Family Rickettsiaceae

Genus Wolbachia

Species | Pipientis

Clade Supergroup: B

Strain DQOB: (Debug) (Culex quinquefasciatus) (wAlbB) DQB contains




Culex quinquefasciatus P&A
Field Release
Suzanne Case, DLNR

Within Culex quinquefasciatus, the strain of incompatible bacterium will be Wolbachia
WAIbA, Wolbachia wAIbB, or Wolbachia wPip4. These Wolbachia bacterium are not
present within the corresponding species of Hawaii’s established mosquito population.
The presence of this bacterium will make these males sexually incompatible with the
wild, established female mosquitoes. Once imported, the male, sexually incompatible
males will be released according to EPA and HDOA label directions to suppress the
population of the established mosquito populations. Based on the prior use of this
technology in California, Florida, and Kentucky, there are no data to suggest releases of
these male mosquitoes to have a negative impact on agriculture, the environment, or
public health and safety. Existing wild-type bacteria strain that may be imported is
wPipV, which is already found on all of the main Hawaiian islands.

DISCUSSION:

1. Persons Responsible:

DLNR Chairperson, Suzanne Case

DOFAW Administrator, David Smith

DOFAW Entomologist, Cynthia King

Department of Land and Natural Resources — Oahu
1151 Punchbowl Street, Honolulu, HI 96813

DLNR-DOFAW, Hawaii Invertebrate Program Captive Propagation Facility -
Oahu
779 Ulukahiki Street, Kailua, Honolulu, HI 96813, (808) 266-7989

DLNR Waimano Baseyard — Oahu
2680 Waimano Home Road, Pearl City, HI 96782, (808) 266-7989

Kaua'i Branch Manager, Sheri Mann, Division of Forestry & Wildlife, 3060 Eiwa
Street Rm. 306, Lihue, HI 96766. (808) 274-3433

O'ahu Branch, Division of Forestry & Wildlife, 2135 Makiki Heights Drive,
Honolulu, HI 96822. (808) 973-9778

Maui (& Moloka'i) Branch, Division of Forestry & Wildlife, 1955 Main Street,
Room 301, Wailuku, HI 96793. (808) 984-8100

Hawai'i Branch, Division of Forestry & Wildlife, 19 E. Kawili Street, Hilo, HI
96720. (808) 974-4221

2. Locations and Safequards:

All mosquitoes for import will originate from Hawaii biotypes collected from
10



C. quinquefasciatus Advisory Committee
Laboratory & Field Release Research

F. Reed & M. Medeiros — University of Hawaii

June 8, 2021

e Wolbachia albopictus A (WAIbA) imported in C. quinquefasciatus.
In Hawaii, this strain already exists in Aedes albopictus.

e Wolbachia albopictus B (WAIbB) imported in C. quinquefasciatus.
In Hawaii, this strain already exists in Aedes albopictus.

e Wolbachia wPip4 imported in C. quinquefasciatus. This strain does
not currently exist in Hawaii. It naturally exists in parts of Europe,
Asia, the Middle East, and Africa, and is bidirectionally incompatible
with strain wPip5. Strain wPip5 is the most common strain in C.
quinquefasciatus in Hawaii (Atkinson, C. T., W. Watcher-
Weatherwax, and D. A. LaPointe. (2016) Genetic diversity of
Wolbachia endosymbionts in C. quinquefasciatus from Hawaii,
Midway Atoll and American Samoa. Technical Report HCSU-074).

Once imported, we will rear the imported mosquitoes to the maximum
capacity of our facilities. Male mosquitoes with one or more of the
imported strains (WAIbA / wAIbB / wPip4) could then be used for
incompatible crosses to females that carry wPip5. The attached letter
from the DLNR describes how there is an ecological disaster occurring
(i.e. Hawaii’s native birds going extinct). The imported mosquito[e]s
are intended for release (only males are intended for release) to
mitigate this disaster. Based on the prior use of this technology in
California, Florida, and Kentucky, we do not expect releases of these
male mosquitoes to have a negative impact on agriculture, the
environment, or public health and safety.

PQB NOTES: In addition to this request, the applicants have submitted a request to
import the aforementioned species of unlisted Wolbachia bacteria. The import request
for the Wolbachia species was submitted to the PQB Advisory Subcommittee on
Bacteria for review and recommendation. The Advisory Subcommittee on Bacteria
unanimously deemed these Wolbachia species to be low risk, and recommended
approval of the import request via a letter of authorization. Hawaii Administrative Rules
§4-71A-25(b) states: “An unlisted microorganism that is determined by the department
to be a low risk microorganism may be allowed import by a letter of authorization issued
by the Chief without advisory committee review or board approval.”

DISCUSSION:

1. Persons Responsible:

1) Floyd A. Reed, UHM, 2538 McCarthy Mall, Edmondson Hall 216, Honolulu,
Hawaii 96822, (808) 956-6489.

2) Matthew Medeiros, University of Hawaii at Manoa, 1993 East-West Road,
Honolulu, Hawaii 96822 Ph: (808) 956-8187
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Mosquito Control Research Using Wolbachia-based Incompatible

Project Location:

Maui

(2) 1-6-001:002

Kauai

(2) 2-3-005:004:
(2) 2-4-016:004:
(2) 1-2-004:013:
(2) 2-3-005:001:
() 1-8-001:007:
(2) 1-3-001:003:
) 1-7-004:016:
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Haleakala National Park
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: Haleakala National Park
(2) 1-2-010:001:

Haleakala National Park

(4) 1-4-001:003: Alakai Wilderness Preserve
(4) 1-4-001:013: Kokee State Park

Chapter 343 Trigger(s):

Use of State Funds and Lands

Project Description:

The main objective of this project is to initiate research to inform
incompatible insect technique applications for the control of invasive
Culex quinquefasciatus mosquitoes which are the primary vector of
avian malaria. The disease threatens the survival of remaining
endangered forest bird species where they persist in high elevation
montane forest habitat on Maui and Kauai.

Male mosquitoes which have been given an incompatible strain of
Wolbachia bacteria are to be released on the landscape, and upon
release those males will breed with wild female mosquitoes. As a
result of those pairings, the wild female mosquitoes will lay eggs
which will not hatch, and no offspring will be produced. When
releases of incompatible male mosquitoes are completed
consecutively, the approach results in the suppression of mosquito
populations at a landscape-scale. If releases are halted, mosquito




populations will gradually return to pre-release levels as wild female
and male mosquitoes migrate back into the treated area from
surrounding forest habitat. Initial research will contribute to EPA
registration of male Culex quinquefasciatus mosquitoes with
Wolbachia as a biopesticide, as well as determine the minimum
number of male mosquitoes that must be released in each area to
ensure population suppression.

This project may be funded by Federal sources.

Consulted Parties: U.S. Fish and Wildlife Service

Authorization: November 13, 2015, Land Board submittal (C-6). Delegation of
Authority to the Chairperson or their authorized representative to
declare exempt from the preparation of an Environmental Assessment
those Department actions which are included in the Department-wide
exemption list when the Board of Land and Natural Resources has
delegated the authority to conduct those actions.

Exemption Class & Exemption Classes:
Description:
General Exemption Type S

Basic data collection, research, experimental management, and
resource and infrastructure testing and evaluation activities that do
not result in a serious or major disturbance to an environmental
resource.

PART 1

13. Research that the Department declares is designed specifically to
monitor, conserve, or enhance native species or native species' habitat.
16. Research to identify, monitor, control, or eradicate introduced
species.

Date of Agency Exemption List: November 10, 2020.

Determination: The Department of Land and Natural Resources declares that this
project will likely have minimal or no significant impact on the
environment and is therefore exempt from the preparation of an
environmental assessment under the above exemption classes.

S Lo Coan Jun 17, 2022

Suzanne D. Case, Chairperson Date
Board of Land and Natural Resources

Signature: . Wa“n 2

Email; david.g.smith@hawaii.gov




From: Fretz, Scott scott.fretz@hawaii.gov
Subject: RE: MRR Study: Makawao Forest Reserve
Date: February 9, 2023 at 2:30 PM
To: Tina Lia tinalia@live.com

Aloha Ms. Lia:

Thank you for your follow up inquiry. You are correct that an exemption was filed for the
MRR study. However, after further review and scheduling, it is our intention to carry out

the MRR study as part of the actions described and analyzed in the EA. The MRR study
will be done using IIT mosquitoes, as described in the EA.

Scott

J. Scott Fretz, PhD

Maui Branch Manager

Hawaii Department of Land and Natural Resources
Division of Forestry and Wildlife

685 Haleakala Highway

Kahului, Hawaii 96732

Phone (808) 984-8107

Cell (808) 227-3403

FAX (808) 984-8114

email: Scott.Fretz@hawaii.gov

From: Tina Lia <tinalia@live.com>

Sent: Thursday, February 2, 2023 3:04 PM

To: Fretz, Scott <scott.fretz@hawaii.gov>

Subject: [EXTERNAL] MRR Study: Makawao Forest Reserve

Aloha Dr. Fretz,

Thank you for your message explaining that the DLNR does not intend to initiate the
mark-release-recapture (MRR) study until the EA has received final approval. It had been
my understanding that the MRR study was not part of the proposed action in the EA. It
was not mentioned nor described as part of the proposed action. Rather, the EA states
that "DLNR filed an exemption notice regarding the preparation of an environmental
assessment under the authority of Chapter 343, Hawaii Revised Statutes (HRS) and
Section 11-200.1-17. HAR, to conduct limited import of male mosquitoes for preliminary
transport trials and mark release recapture studies."

When | asked about the MRR study at the virtual public meeting for the EA on January 5,
2023, Chris Warren said that the study would happen in the western project area. The
project area map shows Makawao Forest Reserve to be the westernmost parcel.

Following is the question | posed and the response (26:25 marker):

Q: (Tina Lia) “Regarding the mark-release-recapture study mentioned in the
environmental assessment, why is the study necessary, and when and where will it be
occurring? Will incompatible mosquitoes be released as a part of that study?”

A: (Chris Warren) "Yeah, that's great. You know, the mark-release-recapture study is part
of the initial field trials, and we would learn really critical things during those trials that
would make sure that this method is as efficient as it possibly can be. And at the
moment, we are discussing not using IIT mosquitoes for this at all. It would be, you



know, again only male mosquitoes released in a small area, likely in the western portion
of the project area that is more readily accessible but still away from places that people
access on a regular basis."

| found his answer concerning because the release of compatible male mosquitoes,
rather than the incompatible ones, is something that is not mentioned or evaluated in the
EA. Providing potential male mates could increase the mosquito population, which could
have adverse impacts to forest birds. This is at odds with the EA which specifically states,
"This project would release only male mosquitoes with a different strain

of Wolbachia bacteria to that occurring in southern house mosquitoes in East Maui."

Could you please clarify which is the environmental review document that covers the
mark-release-recapture study? Is it the EA exemption notice or the draft EA? The draft
EA makes it seem that the exemption notice covers the MRR study, but your answer
implies that the MRR study is covered by the EA. Also, the EA is only for the release of
incompatible mosquitoes, whereas compatible mosquitoes are being discussed for
release in the western project area as part of the MMR.

Thank you for taking the time to respond to these concerns.

Aloha,

Tina Lia
tinalia@live.com
(808) 298-6335

On Feb 2, 2023, at 11:06 AM, Fretz, Scott <scott.fretz@hawaii.gov> wrote:

Aloha Ms. Lia:

Thank you for your inquiry. The actions proposed for the mark-release-
recapture study are covered in the Environmental Assessment (EA) that was
published on December 23, 2022. We do not intend to initiate the study until
the EA has received final approval. Therefore, no decisions have been made
regarding the Makawao Forest Reserve as a study site.

Scott

J. Scott Fretz, PhD

Maui Branch Manager

Hawaii Department of Land and Natural Resources
Division of Forestry and Wildlife

685 Haleakala Highway

Kahului, Hawaii 96732

Phone (808) 984-8107

Cell (808) 227-3403

FAX (808) 984-8114

email: Scott.Fretz@hawaii.gov

From: Tina Lia <tinalia@live.com>

Sent: Monday, January 30, 2023 1:39 PM

To: Fretz, Scott <scott.fretz@hawaii.gov>

Subject: [EXTERNAL] MRR Study: Makawao Forest Reserve




Aloha Mr. Fretz,

I’m writing inquire about the Mark-Release-Recapture (MRR) study for the
State of Hawaii’s multi-agency Birds, Not Mosquitoes project “Mosquito
Control Research Using Wolbachia-based Incompatible Insect Technique.”
Can you confirm that the Makawao Forest Reserve is a release site for the
MRR study? If so, have signs been posted notifying the public of the MRR
study being conducted?

Mahalo,

Tina Lia
tinalia@live.com
(808) 298-6335
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Abstract

Background: Wolbachia are intracellular bacterial endosymbionts found in most insect lineages. In mosquitoes, the
influence of these endosymbionts on host reproduction and arboviral transmission has spurred numerous stud-

ies aimed at using Wolbachia infection as a vector control technique. However, there are several knowledge gaps

in the literature and little is known about natural Wolbachia infection across species, their transmission modes, or
associations between various Wolbachia lineages and their hosts. This study aims to address these gaps by exploring
mosquito-Wolbachia associations and their evolutionary implications.

Methods: We conducted tissue-specific polymerase chain reaction screening for Wolbachia infection in the leg, gut
and reproductive tissues of wild mosquitoes from Singapore using the Wolbachia surface protein gene (wsp) molecu-
lar marker. Mosquito-Wolbachia associations were explored using three methods—tanglegram, distance-based, and
event-based methods—and by inferred instances of vertical transmission and host shifts.

Results: Adult mosquitoes (271 specimens) representing 14 genera and 40 species were screened for Wolbachia.
Overall, 21 species (51.2%) were found positive for Wolbachia, including five in the genus Aedes and five in the genus
Culex. To our knowledge, Wolbachia infections have not been previously reported in seven of these 21 species: Aedes
nr. fumidus, Aedes annandalei, Uranotaenia obscura, Uranotaenia trilineata, Verrallina butleri, Verrallina sp. and Zeugno-
myia gracilis. Wolbachia were predominantly detected in the reproductive tissues, which is an indication of vertical
transmission. However, Wolbachia infection rates varied widely within a mosquito host species. There was no clear
signal of cophylogeny between the mosquito hosts and the 12 putative Wolbachia strains observed in this study. Host
shift events were also observed.

Conclusions: Our results suggest that the mosquito-Wolbachia relationship is complex and that combinations of
transmission modes and multiple evolutionary events likely explain the observed distribution of Wolbachia diversity
across mosquito hosts. These findings have implications for a better understanding of the diversity and ecology of
Wolbachia and for their utility as biocontrol agents.

Keywords: Wolbachia, Wolbachia surface protein gene, Reproductive endosymbiont, Tissue-specific polymerase
chain reaction, Transmission modes, Host-endosymbiont association
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Background

Wolbachia are intracellular endosymbiotic bacteria
that alter host reproduction [1]. They are widespread
in arthropods, infecting a wide range of insect, crusta-
cean, and nematode species [2, 3]. In some cases, Wol-
bachia exist in a mutualistic relationship with their hosts
[4—6]. However, Wolbachia are most often recognised as
reproductive manipulators that bias the sex ratio of the
host offspring towards the production of more infected
females [7, 8]. This reproductive manipulation is com-
monly achieved through four phenotypes—male killing
[9], feminisation [10, 11], parthenogenesis [12, 13], and
cytoplasmic incompatibility [14, 15]—which increase
the endosymbiont’s reproductive success [16]. Owing to
their strong influence on host reproduction, an increas-
ing amount of research is being dedicated to explor-
ing the impacts of reproductive endosymbionts on host
population dynamics and evolution [17, 18], especially
in medically important insects such as mosquitoes.
The promising use of Wolbachia to alter both mosquito
reproduction [19] and arboviral transmission [20] has
prompted the deployment of novel Wolbachia-infected
mosquitoes for population replacement and suppression
[21].

Several countries, including Singapore, have started
to employ Wolbachia as biocontrol agents of mosqui-
toes by releasing infected mosquitoes [22-24]. How-
ever, the presence of naturally occurring endosymbionts
in wild mosquito populations has not been adequately
assessed. The release of mosquitoes artificially infected
with Wolbachia might have a profound impact on closely
interacting wild mosquito populations through various
transmission modes. For instance, horizontal transmis-
sion of an introduced Wolbachia strain may result in
manipulation of the reproductive biology of non-target
species, which could potentially result in an unintentional
population crash, opening up niches for other vector spe-
cies [25]. Another possible effect of this type of biocon-
trol method is the increased likelihood of co-infections
with other naturally occurring Wolbachia strains or other
endosymbionts, such as Cardinium, Rickettsia, and Spi-
roplasma. These co-infections may result in a synergistic
effect on mosquito host fitness and future transmission of
endosymbionts [26—29]. Without a detailed characterisa-
tion of Wolbachia prevalence and diversity among wild
mosquitoes, the ecological risk of releasing artificially
infected mosquitoes might be overlooked. Therefore,
bearing the precautionary principle in mind, it is impor-
tant to investigate the natural occurrences of Wolbachia.

There is also a need to discern the main mode of
infection transmission among mosquitoes. Although
Wolbachia are mainly thought to be vertically trans-
mitted [15, 30], there have been accounts of horizontal
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transmissions into wild populations through parasitism
[31, 32], or through proximity to infected individuals
[33]. Wolbachia may not be strictly localised in germline
tissues, as they have also been detected in somatic tissues
such as the gastrointestinal tract and haemolymph [34—
36]. The detection of Wolbachia in the gastrointestinal
tract suggests that they could be horizontally transmit-
ted through uptake from the environment or host sharing
[34, 37, 38], whereas their detection in non-gastrointesti-
nal somatic tissues, such as those of jointed appendages,
could indicate horizontal bacterial genome integration
into the host genome [36]. Currently, detection of Wol-
bachia in mosquitoes is mostly achieved through conven-
tional polymerase chain reaction (PCR) methods using
DNA extracted from an entire individual or its abdo-
men [39-47]. This limits our ability to identify the site
of endosymbiont infection within an individual (tissue
tropism). Tissue-specific screening of Wolbachia is nec-
essary to provide insights and infer the extent of vertical
and horizontal transmission.

It has been proposed that host mitochondrial DNA
(mtDNA) and Wolbachia are maternally co-transmitted
within the cytoplasm [17, 48], which suggests a congru-
ency between host mtDNA and Wolbachia phyloge-
nies—a consequence of cytoplasmic hitchhiking driven
by endosymbiont transmission [17]. In insect systems
such as bedbugs where vertical transmission has been
established to be the main mode of transmission, Wol-
bachia exhibit clear patterns of cophylogeny with their
hosts, with few instances of host shifting or multiple
infections within a single host species [49, 50]. In con-
trast, cophylogeny is not apparent among nematodes and
bees, and numerous acquisitions of Wolbachia infections
through horizontal transmission as well as losses have
been shown in these diversified host lineages [51, 52].
The modes of Wolbachia transmission among mosqui-
toes have not been well established, nor has the extent of
multiple infections within mosquito hosts or host shift-
ing of these bacteria.

There is presently no comprehensive analysis of the
evolutionary associations between Wolbachia and their
mosquito host species. An understanding of host-endo-
symbiont associations will not only further our ability to
discern the mode of transmission which influences Wol-
bachia diversity, but will also allow for an evaluation of
Wolbachia host specificity, speciation, and their ability to
establish in new hosts. All of this is key to understanding
the diversity and ecology of Wolbachia, and their utility
in biocontrol methods.

This study has three major research objectives. First,
to examine the prevalence and diversity of Wolbachia
among wild mosquitoes from Singapore. Second, to
determine the tissue tropism of Wolbachia infection



Ding et al. Parasites Vectors (2020) 13:612

in mosquitoes using a tissue-specific PCR screening
method. Finally, to reconstruct the evolutionary asso-
ciations between Wolbachia and their mosquito hosts to
provide a basis for an understanding of host-endosymbi-
ont evolution.

Methods

Adult mosquito collection and identification

Mosquito samples were collected from 12 localities
across Singapore between March 2018 and November
2019 (Fig. 1a). Three methods were employed to collect
the samples: CO,-baited Centers for Disease Control
and Prevention traps, sweep-netting using hand-held fan
traps, and larval sampling [53]. For the latter, dipping was
carried out at streams and ponds and pipettes were used
to collect larvae from various microhabitats, including
tree holes, plant axils, and artificial containers. Thereaf-
ter, the field-collected larvae were reared to adults in an
incubator maintained at 26 °C and 70% relative humid-
ity, under a 12:12-h (day:night) photoperiod. Larvae were
fed with pulverised fish food (TetraMin Granules) daily.
Mosquitoes were identified using relevant taxonomic
keys and descriptions [54-59]. A subset of individuals
from commonly sampled species was selected and pre-
served in phosphate-buffered saline solution at — 80 °C
for subsequent dissection step.

Tissue-specific dissection

Tissue-specific dissection was carried out on each adult
mosquito sample to isolate the leg, gut, and reproduc-
tive tissues (Fig. 1b—d). To prevent the contamination
of tissues with bacteria on the external surface of the
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mosquito, the leg was removed first before isolating the
gut and reproductive tissues. All dissection equipment
and microscope slides were thoroughly wiped with 70%
ethanol before commencing dissection of the next sam-
ple. Dissected tissues were individually placed into a
96-well plate on ice to prevent DNA degradation.

DNA extraction, PCR amplification, and sequencing
DNA extraction of each dissected tissue was performed
using 7 pl of QuickExtract DNA Extraction Solution
(Lucigen, Madison, USA) in a thermocycler (Eppen-
dorf, Hamburg, Germany) with the following protocol:
65 °C for 18 min, followed by 98 °C for 2 min, ending
with cooling on ice for at least 10 min. All dissected tis-
sues were screened for Wolbachia infections following
single-primer PCR protocols described by Martin et al.
[26] with slight modifications to the cycle conditions.
The Wolbachia surface protein gene (wsp) general prim-
ers, wsp8lF (5-TGGTCCAATAAGTGATGAAGAAAC
TAGCT-3’) and wsp691R (5-AAAAATTAAACGCTA
CTCCAGCTTCTGCAC-3’), were used in this study
[60]. In addition, a fragment of the cytochrome c oxi-
dase subunit I (cox1) gene of the mosquito hosts was also
amplified using primers LCO1498 (5-GGTCAACAA
ATCATAAAGATATTGG-3') and HCO2198 (5'-TAA
ACTTCAGGGTGACCAAAAAATCA-3') [61]. This
served to confirm host identity and acted as an internal
control. We used DNA from known Wolbachia-infected
Nasonia specimens as positive controls for this study.

All PCR procedures were performed in reaction mix-
tures consisting of 12.5 pl of GoTaq G2 Green Master-
mix (Promega, Madison, USA), 1 ul of 1 mg ml™! bovine

Legend:

A: Kranji Marshes (1°25'02.7"N 103°43'25.6"E)

B: Sungei Buloh (1°26'42.4"N 103°43'37.5"E)

C: Bukit Batok Town Park (1°21'12.4"N 103°45'19.5"E)

E: Mandai Track 15 (1°23'54.4"N 103°46'36.2"E)
F: Kent Ridge Park (1°17'10.8"N 103°47'24.4"E)

G: Rifle Range Rd (1°21'19.6"N 103°47'54.1"E)

H: Singapore Botanic Garden (1°18'54.7"N 103°48'52.6"E)
|: Bishan-Ang Mo Kio Park (1°21'56.5"N 103°50'09.5"E)
D: Dairy Farm Nature Park (1°21'48.2"N 103°46'22.6"E) J: Ubi Ave 1 (1°19'45.7"N 103°54'11.0"E)

K: Bedok North Ave 3 (1°19'38.0"N 103°56'08.3"E)

L: Tampines Eco-Green (1°21'45.6"N 103°56'46.3"E)

Fig. 1a-d Map of sampling sites and diagrammatic images of Aedes aegypti and its dissected tissues. a Various mosquito collection localities across
Singapore and their respective coordinates, b mosquito leg, ¢ gut, d female reproductive tissue (left) and male reproductive tissue (right)
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serum albumin, 0.184 pl of 25 mM magnesium chloride,
1.5 ul of extracted DNA, and 1.5 pul each of 5 uM wsp for-
ward and reverse primers for Wolbachia PCR screens or
1.0 pl each of 5 pM LCO1498 and HCO2198 primers for
cox1 PCRs. Double-distilled water was used to top up the
reaction mixture to a final volume of 25 ul. PCR ampli-
fication of positive and negative controls was also con-
ducted simultaneously.

PCR conditions were as follow: 94 °C for 5 min, fol-
lowed by 35 cycles of 95 °C for 30s, 55 °C for 45s, and
72 °C for 1 min, with a final elongation step of 72 °C for
10 min. Amplicons were separated by gel electropho-
resis on 2% agarose gel stained with GelRed (Biotium,
Fremont, USA) and visualised under a ultraviolet tran-
silluminator (Syngene, Cambridge, UK). PCR products
were purified using SureClean Plus (Bioline, London,
UK) following the manufacturer’s protocol. Samples were
sequenced by First Base Laboratories (Axil Scientific, Sin-
gapore), using a 3730XL DNA Analyzer (Applied Biosys-
tems, Waltham, USA). Obtained sequences were edited
and aligned using Geneious Prime (version 2019.2.3)
(https://geneious.com). Similarities with publicly availa-
ble sequences were assessed using the Basic Local Align-
ment Search Tool (BLAST) [62].

Statistical analyses

To test if there were significant differences in Wolbachia
infection across the different mosquito tissues, Cochran’s
Q-test was carried out. As a follow-up, McNemar’s post
hoc test was employed to identify the tissue pairs that dif-
fered significantly in infection. Individuals for which the
internal control (cox1 gene) was not amplified success-
fully for any of the three dissected tissues were excluded
from this statistical analysis. The effect of sex on host
infection was also tested using binary logistics regression
with sex as a categorical dependent variable and infec-
tion outcome as a binary independent variable. Logistic
regression was conducted on a subset that only included
species that had a roughly similar representation of both
sexes, i.e. for every species included, the number of indi-
viduals of the less common sex was proportionally at
least 60% of the number of individuals of the more com-
mon sex. This was to prevent a biased analysis due to a
dataset with unequal representation of the sexes. Statisti-
cal significance was determined as P < 0.05. All statisti-
cal analyses were performed in R version 3.6.2 [63] with
packages nonpar [64], rcompanion [65], and ISLR [66].

Sequence analyses

Multiple alignment of consensus sequences was car-
ried out using the ClustalW algorithm with default
settings (gap penalty = 15, gap extension penalty =
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6.66) [67], in software MEGA X [68]. Mosquito cox1
sequences generated in this study were aligned with 61
reference cox1 barcodes of identified local mosquitoes
from Chan et al. [53]. For wsp sequences, the gener-
ated sequences were aligned with 54 available wsp
sequences of known Wolbachia strains obtained from
GenBank [69]. Short sequence reads (< 500 base pairs)
were excluded.

Neighbour-joining (NJ) phylogenetic trees for mos-
quito hosts and Wolbachia were reconstructed using
the sequenced cox1 gene fragment and the wsp gene,
respectively. coxl sequences from previous publica-
tions were not included because a comparison of the
genetic relationships between the hosts was not the
aim of this research. Instead, 54 wsp sequences from
GenBank were included in the construction of the Wol-
bachia NJ tree. The NJ tree reconstruction was per-
formed with the Kimura two-parameter model as the
nucleotide substitution model in MEGA X [68]. Inter-
nal gaps were treated as indels and terminal gaps as
missing for wsp sequences. Bootstrap probabilities were
estimated by generating 1000 bootstrap replicates. We
designated two biting midge species, Culicoides asiana
(KJ162955.1) and Culicoides wadai (KT352425.1), as
outgroups for the host NJ tree construction. Due to the
lack of an appropriate endosymbiont outgroup [51], the
Wolbachia NJ tree was midpoint rooted.

When possible, Wolbachia strains were classified into
supergroups and putative strains using 97% bootstrap
probability as a threshold [60]. Wolbachia surface pro-
tein sequences that did not have 97% bootstrap support
were evaluated on a case-by-case basis. For example,
sequences which clustered closely together and had a
relatively high support value (> 90%) were deemed as
originating from the same putative strain.

Putative strains which were infectious to only one
host species were categorized as ‘specialists’ and those
which infected two or more hosts as ‘generalists’ Then,
the standardised phylogenetic host specificity (SPS)
score of each generalist strain was calculated by adapt-
ing the method outlined by Poulin et al. [70] and Kem-
bel et al. [71]. SPS measures the degree of phylogenetic
relatedness among host species infected by the same
endosymbiont strain. It also tests for significance by
comparing it with null models generated with 999 rep-
licates of random host-endosymbiont associations. A
positive SPS value with a high P-value (P > 0.95) indi-
cates a high degree of host flexibility where Wolbachia
infect hosts which are phylogenetically even. A nega-
tive SPS value with low P-value (P < 0.05) suggests a
low degree of host flexibility where the infected hosts
are phylogenetically clustered together. SPS scores were
calculated using R package picante [71].
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Evolutionary analyses of the mosquito-Wolbachia
relationship

Three distinct methods were used to explore the evolu-
tionary associations between mosquito hosts and their
Wolbachia endosymbionts. The analyses were carried out
using pruned phylogenies where each species is repre-
sented by a single individual.

First, using the software TreeMap 3.0 [72], a tangle-
gram was created between host and endosymbiont NJ
trees to visualise mosquito-Wolbachia associations. A
tanglegram is useful as a pictorial representation of the
interactions between two phylogenies [73]. TreeMap also
seeks to minimise the entanglement between the two
trees to provide a clearer visualisation of the phylogenetic
relationship between host and endosymbiont [72].

Second, ParaFit Global test, a distance-based method,
was employed to quantitatively estimate congruence
between the host and endosymbiont phylogenetic trees
by comparing genetic distances among infected host spe-
cies and the Wolbachia strains [74]. The null hypothesis
for this test states that the associations between host and
endosymbiont trees are random, whereas the alterna-
tive hypothesis suggests that there are strong associa-
tions between hosts and parasites, which are indicated
by phylogenetic distances. Significance was tested by
comparing the observed associations between host and
endosymbiont with randomised associations generated
with 5000 permutations. The respective host-endosym-
biont associations which contributed significantly to the
ParaFit Global statistics were also identified by perform-
ing a Parafit Link test. ParaFit tests were performed with
the Cailliez correction to correct for negative eigenvalues
generated [75] using R package ape [76].

Third, an event-based analysis was performed in Jane
4.0 [77] to map out potential evolutionary events of the
endosymbiont in relation to the host phylogeny [78]. Five
evolutionary events were considered: co-speciation (host
and endosymbiont speciate simultaneously), duplication
(intra-host speciation), duplication with host shift (endo-
symbiont host shifts), loss (host speciates but endosym-
biont fails to establish in one of the new lineages), failure
to diverge (host speciates and endosymbiont remains in
both lineages). As each event is expected to have differing
likelihoods, default cost values were attached to each of
the events. Jane 4.0 determined the best reconstruction
of evolutionary events by minimising the overall cost.
The following cost-scheme regime was used with 100
generations and a population size of 300: co-speciation =
0, duplication = 1, duplication with host shift = 2, loss =
1, and failure to diverge = 1 [79]. As a follow-up, random
tip mapping (randomisation of host-endosymbiont asso-
ciations) was carried out for 50 iterations, to determine if
the overall cost of reconstruction was significantly lower
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than expected by chance. If 5% or fewer of the random
solutions have costs lower than the reconstructed coevo-
lution phylogeny, there is support for the coevolution of
the hosts and endosymbionts through co-speciation.

Results
Prevalence of Wolbachia in wild-caught mosquitoes
A total of 271 adult mosquitoes, representing 40 spe-
cies and 14 genera, were collected from 12 localities in
Singapore (Fig. la). Overall, infection prevalence was
moderate with 119 out of 271 (43.9%) individuals screen-
ing positive for Wolbachia (Table 1). In total, 21 (51.2%)
species were positive for Wolbachia. According to our
knowledge, Wolbachia infection in seven of these species
is reported here for the first time (Table 1). Wolbachia
were detected in all genera except for Aedeomyia, Anoph-
eles and Mimomyia (i.e. 11 out of 14 genera; 78.6%). Five
out of the seven Aedes species collected (71.4%) were
positive for Wolbachia, while in the genus Culex, five out
of 16 species (31.3%) were positive. Some of the screened
species in the genera Aedes and Culex that were posi-
tive for Wolbachia, such as Aedes albopictus and Culex
quinquefasciatus, are medically important vector species.
The infection rates varied across the mosquito species.
Notably, there was variation in the percentage of infec-
tion between species that are epidemiologically related.
For instance, Wolbachia infection was not detected in
Aedes aegypti. However, infection was moderately high
(56.8%) for Aedes albopictus. There was also a difference
in the infection rate of two closely related species, Culex
pseudovishnui (86.4%) and Culex vishnui (0%) [53].
Locality did not seem to play a role in the Wolbachia
infection of mosquito hosts. Among species that have a
wide range across Singapore, the percentage of infection
was consistent in populations across different habitats.
For example, the infection percentage was consistently
high for Cx. pseudovishnui, while consistently low for
Malaya genurostris. Based on our results, species identity
was a better predictor of infection status than locality.
Based on a data subset containing 153 individuals
(45.8% males) representing 12 mosquito species, sex was
a significant explanatory variable, and there was a signifi-
cantly lower infection prevalence in males than females
(odds ratio 0.434; binary logistics regression: Z = — 2.48,
df =151, P = 0.013).

Tissue tropism of Wolbachia infection in mosquitoes

Among the 159 successfully amplified cox1 sequences,
Wolbachia infection was mainly observed in the repro-
ductive tissues. Among the reproductive tissues of 159
dissected individuals, 42.1% (n = 67) were infected.
Percentage infection was lower in the gut (5.7%, n
= 9) and leg (3.1%, n = 5) tissues. The difference in
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Table 1 Percentage infection of Wolbachia in 40 mosquito species collected from 12 Singapore localities
Mosquito species Localities Total Infection (%) Supergroup
BN BA BB DF KR KJ M RR SBG SBL T U
Aedeomyia catastica - o - - - - - - - - - - 0/1 0.0 -
Aedes aegypti 01 - - - - - - - - - - 0/13 0/14 0.0
Aedes albolineatus - - - - - - 0/3 - - - - - 0/3 0.0 -
Aedes albopictus - - - 6/10 6/10 3/6 6/11 - - - - - 21/37 56.8 A B
Aedes annandalei® - - - - 3/4 - 8/9 - - - - - 1113 84.6 A
Aedes nr. fumidus® - - - - - - - - - 6/10 - - 6/10 60.0 A
Aedes gardnerii - - - - - - 1 - - - - - 11 100.0 A
Aedes malayensis - - - 172 13/16  0/2 - - - - - - 14/20 70.0 A
Anopheles barbirostris complex - - - 02 - - 0/2 - - - - - 0/4 0.0 -
Anopheles lesteri - - - - - 0/2 - - - - - - 0/2 0.0 -
Anopheles sinensis - 012 - - - - - - - - - - 0/12 0.0 -
Armigeres kesseli - - - - 3/3 - - - - - - - 3/3 100.0 B
Coquillettidia crassipes - - - 22 6/7 4/4 - - - - - - 12/13 923 B
Culex (Lophoceramyia) spp.© - - - - 0/1 0/2 1/9 - - - 0/2 - 1/14 7.1 B
Culex bitaeniorhynchus - - - - 0/1 - - - - - - - 0/1 0.0 -
Culex brevipalpis - - - o - - 0/2 - - - - - 0/3 0.0 -
Culex nigropunctatus - - - - - 0/1 0/2 - - - - - 0/3 0.0 -
Culex pseudovishnui - - - - 112 - 4/4 - /5 111 - - 19/22 86.4 B
Culex quinquefasciatus - 58 - - - - - - - - - - 5/8 62.5 B
Culex sitiens - - - - - - - - - 24 - - 2/4 50.0 B
Culex sp. - - - - - - 0/2 - - - - - 0/2 0.0 -
Culex tritaeniorhynchus - - - - - 25 - - - 01 o - 27 286 uch
Culex vishnui - - - - - - 0/2 - - - 03 - 0/5 0.0 -
Malaya genurostris - - 2/4 - 0/1 4/13 - - 0/1 - - - 6/19 316 B
Mansonia dives - - - - - - 0/2 - - - - - 0/2 0.0 -
Mansonia indiana - - - - - 3/3 - - - - - - 3/3 100.0 B
Mimomyia luzonensis - - - - - 0/1 - - - - - - 0/1 0.0 -
Tripteroides sp. - - - - 0/7 - 23 - - - - - 1/9 1.1 ucd
Uranotaenia obscura® - - - 2/4 - - 2/2 71 - - - - 5/7 714 A
Uranotaenia sp. - - - 1/2 - - - - - - - - 1/2 50.0 A
Uranotaenia trilineata® - - - - - - 1”71 - - - - - 11 100.0 B
Verrallina butleri® - - - - - 71 - R V) 100.0 uct
Verrallina sp.? - - - - - - - 1/5 - - - - 1/5 20.0 ucd
Zeugnomyia gracilis® - - - 1/2 - - 13 1/4 - - - - 3/19 15.8 B
Total 0/1 5/21 2/4 13/25 42/62 17/40 25/67 3/10 3/6 9/16 0/6 0/13 119/271 439

BN Bedok North Avenue 3, BA Bishan-Ang Mo Kio Park, BB Bukit Batok Town Park, DF Dairy Farm Nature Park, KR Kent Ridge Park, KJ Kranji Marshes, M Mandai Track 15,
RR Rifle Range Road, SBG Singapore Botanic Garden, SBL Sungei-Buloh, T Tampines Eco-Green, U Ubi Avenue 1

2 Species in which, according to our knowledge, Wolbachia infection has not been previously reported

5 Wolbachia infections that were unclassified (UC) with respect to supergroup [60] because their DNA sequences were either too short (< 400 base pairs), or there

were alignment issues during the phylogenetic analyses

¢ Culex (Lophoceramyia) comprises seven unique species, which were not identified here

percentage infection across the three dissected tis-
sues was statistically significant (Cochran’s Q-test: Q =
109.5, df = 2, P < 0.0001). The percentage of infection
in the reproductive tissues was significantly higher than
in the gut (McNemar’s post hoc test: P < 0.0001) and

leg tissues (McNemar’s post hoc test: P < 0.0001), but
the difference in percentage of infection between the
gut and leg tissues was not significant (McNemar’s post
hoc test: P = 1.0). Notably, the amplicon size of wsp in
the gut and leg tissues tended to be shorter than 400
base pairs.
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Wolbachia diversity among mosquito fauna _

. Glossina austeni wAus [AF020077]
from Slngapo re Phlebotomus papatasi wPap [AF020082]

. . Wol 8 - Aedes malayensis (13) [MT645178]
Following Zhou et al. [60], all wsp sequences obtained Ephestia cautella wCauh [AF020075]
in this study can be broadly classified into A and B Wol-  oreaer i sommen wtia 0200781
bachia supergroups. Out of 21 infected species, six were o0 Dosopte i R AFO2007)
infected with supergroup A, ten with supergroup B, Wol 9 - Uranotaenia obscura (6) [MT645179]

. , X i Wol 9 - Aedes albopictus (1) [MT645180]
and one species, Ae. albopictus, was infected with both Drosophila melanogaster wMelCS [AF020064]
. . o . Drosophila melanogaster wMel [AF020072]

supergroups (Fig. 2). Infection of the remaining four . _ |orosophia melanogaster eics [AFo2006s]

H . . . . - ] Drosophila melanogaster wMel [AF020063] w
species (Culex tritaeniorhynchus, Tripteroides sp., Ver on | oreaphis st woe (8020067 &
rallina butleri, and Verrallina sp.) was unclassified due . Wol 10 - Uranotaenia sp. (1) [MT645181] 2

R . Drosophila melanogaster wMelH [AF020066] -
to short sequences (< 400 base pairs) or sequence align- Aedes albopictus WAIDA [AF020058] Q
. . Muscidifurax uniraptor wUni [AF020071] -~
ment issues during sequences analyses. The analysed wsp prmi wsib [AF317488] Q
sequences were also clustered into 12 putative strains: T eaoaae o (AP0 1913 °
“Wol 1’ to “Wol 12’ Four (Wol 1, Wol 2, Wol 3, and Wol 8) e e Moo >
out of the 12 putative strains could be matched to previ- *[-Nasonia vitrpennis wyta [AF020081]
. . . . Glossina centralis wCen [AF020078]
ously typed strains [60, 80]. Wolbachia strains from this ° Wol 11 - Aedes gardneri (1) [MT645183]
. Wol 11 - Aedes nr. fumidus (7) [MT645182]
study are also closely related to those isolated from other Gulex (Lophovsracmyis) spp. Lop [AF317490]
insect groups (Fig. 2). For instance, Wol 9 and Wol 10 e e o um (42174501
are closely related to the Wolbachia strains harboured by Aedas novoniveus WNov [AF317484]
. Aedes niveus wNiv [AF317485]
Drosophila spp. (bootstrap value > 99%). Trichopria drosophilas wDra [AFO71910]
Lutzomyia whitmani wWhi [AF237885]
w00 | Lutzomyia shannoni wWhi [AF237886] ]
Culex quinquefasciatus wPip [AF020060] h—
Host specificty of Wolbachia strains e e A
The degree of host specificity varied across the 12 puta- \{ el 1~ Gl pesodovishnu 1) MTes1e7
R K R 13 | Drosophila simulans wMa
tive strains. Seven out of the 12 strains (Wol 2, Wol 4, 3 Drosophila simulans who [AF020074]
. Aedes albopictus wAIbB [AF020059]
Wol 5, Wol 6, Wol 8, Wol 10, and Wol 12) were consid- +71Wol 2 - Aedes albopictus (19) [MT645169]
ered as specialists. These strains were host specific and ! e s o AFOT1016]
were only detected in one host species each (Fig. 3). The tm;""g’a'"'""d“yka’gtﬁ&::::5;‘
tichogramma deion wDei
remaining five strains were considered as generalists as , [~ Trichogramma sibericum wSib [AF071923] o
. - Trichogramma nubilale wNub [AF071926]
they were found in more than one host. Amongst the LTrlchngrammadelonwDel[AF0200841 c
. . . | - Lut wLcay [KR9O7870) T
generalists, Wol 3 was found in the highest number of {fﬁ,,";ﬁfﬂiﬂi'f“;:%m AFo20083 ®
H 3 : > K : _ ks Laodelphax striatellus wStri [AF020080]
host species, i.e. three, Coquillettidia crassipes, Manso L e v Rb08601 «Q
nia indiana, and Culex sitiens. The SPS scores revealed Mansonia uniformis wini [AF317493] e
oy e | Wol 3 - Cogquillettidia crassipes (12) [MT645170] _c
that Wol 1 had the lowest degree of host flexibility (SPS Wol 3 - Mansonia indiana (3) (MT645171) d
. 9+ Wol 3 - Culex sitiens (2) [MT645172]
test: Z = — 1.41, P = 0.049). Wol 7 had the highest degree " Aodes craggi wCra [AF317478]
of host flexibility, but this was not statistically significant s e o ey T
(SPS test: Z = 007, P= 0779) (Table 2) =l Aedes perplexus wPerp [AF317486]
Diplolepis rosae wRos [AF071922]
Wol 5 - Zeugnomyia gracilis (3) [MT645174]
* Ephestia cautella wCauB [AF020076]
. . . o C hi wBruOri [AB038339]
Evolutionary relationship between mosquitoes Ao hinensis wBruOn [AB038533]
; L Encarsia formosa wFor [AF071918]
and Wolbachia Wol 6 - Armigeres kesseli (4) [MT645175]
We recorded 18 counts of mosquito- Wolbachia associa- 4m|7—¢W°'7-U'a"°'a°""ﬂ trilineata (1) [MT645176]
. . . . . . 10 ' Wol 7 — Malaya genurostris (6) [MT645177] e
tions in wild-caught mosquitoes from Singapore. A visu-
alisation of these associations using a tanglegram showed

Fig. 2 Wolbachia neighbour-joining (NJ) tree constructed with
the Wolbachia surface protein gene (wsp). All analysed sequences
generated from this study (bold) were broadly classified into

patterns of broad associations (Fig. 3). For instance, the
clade which consists of Aedes species was observed to

be mostly associated with Wolbachia supergroup A. In Wolbachia supergroups A or B and clustered into 12 putative strains
contrast, other species, especially the clade representing ('Wol 1'='Wol 12). The number of sequences of each putative strain
various Culex species, had numerous associations with is indicated within parentheses. Also included are 54 sequences
Wolbachia supergroup B. orEJtaVi;e/S frc;m GeQBank.Taxla ar(ej I?b”elled(jsbthehhost from V\/hk;Thh
The distance-based quantitative test showed that the Wolbachia strain was Isoiated, followed by the strain name. The
. ] ) NJ tree was mid rooted due to a lack of appropriate outgroups [45].
mosquito and Wolbachia phylogenies were weakly Bootstrap probability (generated with 1000 replicates) higher than
congruent at the global level (ParaFit Global test: Par- 50% is indicated on the tree. Genbank accession number of each

aFit Global = 0.006, P = 0.048). Among the numerous sequence is indicated within brackets
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Malaya genurostris
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- Culex brevipalpis
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Culex sitiens c
Culex bitaeniorhynchus
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Culex vishnui 5]
Culex pseudovishnui -
Culex quinquefasciatus «Q
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Anopheles sinensis
- — Culicoides asiana [KJ162955.1]
Culicoides wadai [KT352425.1] Wol 7

phylogenies (Parafit Link test: ParaFit Link = 0.045, P = 0.029)

Fig. 3 Tanglegram of mosquito cox1 NJ tree compared to the Wolbachia endosymbiont NJ tree. Mosquito host species that harboured Wolbachia
infection are indicated in red. Specialist Wolbachia strains are in bold. Grey lines represent the associations between hosts and endosymbionts. A red
line indicates the host-endosymbiont association that was significant in the Global ParaFit test of congruence between host and endosymbiont

Table 2 Standardised phylogenetic host-specificity (SPS) scores
of putative Wolbachia generalists

Putative No. of Phylogenetic host-  SPSscore  P-value
Wolbachia infected specificity score

strain hosts

Wol 1 2 0.281 — 141 0.049*
Wol 3 3 0.391 —0.162 0421
Wol 7 2 0.281 0.068 0.779
Wol 9 2 0.281 —0.234 0.249
Wol 11 2 0.281 — 0817 0.157
*P<0.05

host-endosymbiont links, only the association between
Mansonia indiana and Wol 3 was statistically signifi-
cant (ParaFit Link test: ParaFit Link = 0.045, P = 0.029)
(Fig. 3).

The event-based analysis between mosquito and
Wolbachia phylogenies resulted in a reconstructed
output of one co-speciation event, three counts of
duplication, seven counts of duplication with host
shift, 29 losses, and six counts of failure to diverge,
amounting to a total cost of 52 (Fig. 4). Interestingly,
the number of duplications with a host shift and losses
was much greater than co-speciation events. Nota-
bly, multiple host shift events tend to follow after loss
events occurring earlier in the evolutionary history
of the endosymbiont. For example, we see instances
of consecutive host shifts to new hosts that were not
previously infected (Fig. 4, red arrows). Additionally,
based on random tip mapping, 14% of the random

solutions had lower costs than the reconstructed
output. Overall, there was support for multiple host
shift events and losses of Wolbachia among the mos-
quitoes, and no clear signal for mosquito-Wolbachia
cophylogeny.

Discussion

Detection of Wolbachia infection and distribution in wild
mosquitoes

In this study, the PCR-based Wolbachia screening
method had a high positive detection rate with 86.3%
of all sequenced amplicons having successful BLAST
matches to Wolbachia. This suggests that the conven-
tional PCR method used is adequate for Wolbachia
detection. Even if the study had been carried out without
the additional DNA sequencing step, observed amplicon
bands would likely have indicated true positives.

Our results indicate that Wolbachia are widespread
across members of the family Culicidae. To our knowl-
edge, Wolbachia infections have not been previously
reported in seven of the mosquito species collected in
this study. Overall, the percentage infection of screened
individuals was 43.9%, which was largely congruent with
percentages reported in past studies from the Oriental
region, i.e. 31% infection in Malaysia [81], 26.4% in Sri
Lanka [39], and 61.6% in Thailand [82]. At the species
level, previous studies reported Wolbachia infection in
40% of all tested mosquito species in India [83], 18.2% in
Sri Lanka [39], 51.7% in Taiwan [84], and between 28.1%
and 37.8% in Thailand [82, 85]. Our study showed that
51.2% of all tested species were infected with Wolbachia,
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Fig. 4 Least-cost evolutionary reconstruction between mosquito (black) and Wolbachia (blue) phylogenies achieved using Jane 4.0. In total, one
co-speciation event (open circle), three counts of duplication (grey dot), seven counts of duplication with host shift (black dot with an arrow pointing
outwards), 29 losses (dotted line), and six counts of failure to diverge (squiggly line) were mapped out. Red arrows indicate periods where multiple

Culicoides wadai [KT352425.1]

which is generally higher than the percentage reported
in most studies. This was likely due to the broad range of
species tested, including those from the genera Malaya,

Verrallina, and Zeugnomyia [85]. It is also possible
that infection prevalence may vary across geographical

regions.
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Wolbachia detection in three medically important
mosquito genera, Culex, Anopheles, and Aedes, was
highly consistent with that of past studies. These gen-
era are responsible for the transmission of vector-borne
diseases such as filariasis, malaria and arboviral diseases
[86]. Within the genus Culex, Wolbachia infection has
been reported to be variable across its member species
(39, 46, 82, 84]. In this study, infections were observed
only in five out of 16 Culex species. We noticed moder-
ately high Wolbachia infection in Cx. quinquefasciatus
(62.5%), which is a member of the Culex pipiens com-
plex responsible for the transmission of filariasis in Sin-
gapore [86, 87]. Surprisingly, no Wolbachia infection
was observed in Cx. vishnui—which has been found to
harbour Japanese encephalitis virus in Southeast Asia
[89]—although it is closely related to Cx. pseudovishnui
[88] in which the rate of Wolbachia infection was high.
However, studies in India and Thailand showed a reverse
pattern, with Wolbachia infection present in Cx. vishnui
but not in Cx. pseudovishnui [39, 85]. As the two species
are morphologically similar [53], DNA barcoding was
conducted to aid morphological identification, and thus
avoid any misidentification. The results lend further sup-
port to possible variation in infection prevalence between
geographically distant populations.

We did not detect Wolbachia in any of the wild-caught
Anopheles species (18 individuals representing three spe-
cies), many of which are potential malaria vectors [86].
This is largely consistent with previous reports from dif-
ferent countries [39, 90, 91]. The absence of Wolbachia in
Anopheles mosquitoes is thought to be due to the unsuit-
ability of Anopheles reproductive tissues for Wolbachia
establishment [84, 85]. However, there have been recent
reports of Wolbachia detected in wild Anopheles mos-
quitoes from West Africa [42, 92, 93] and Malaysia [94].
Knowledge of natural Wolbachia infections in Anopheles
mosquitoes is important for malaria control strategies
[93], hence more wild-caught Anopheles samples should
be screened in Singapore to determine more accurately
their infection status.

Wolbachia were not detected in Ae. aegypti, the pri-
mary vector of dengue in Southeast Asia [87]. Con-
versely, Wolbachia infection was moderately high in the
secondary vector Ae. albopictus. These results are highly
consistent with those of past studies, which reported
an absence of infection in wild Ae. aegypti [21, 95],
but found stable infection in wild Ae. albopictus [96].
Although Ae. aegypti and Ae. albopictus belong to the
same subgenus, Stegomyia, and occupy similar ecological
niches [97], they are rarely found in the same locality, [43,
98, 99], as also observed in this study. This could imply
a certain degree of competitive exclusion between the
two species, preventing them from occupying the same
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space. There is evidence that symbionts may influence
a host’s resource acquisition and specificity, which may
ultimately lead to competitive exclusion between closely
related host species with differing symbiont infections
[100, 101]. However, research on Wolbachia-induced
competitive exclusion is scarce except for a few studies
on heterogonic gall wasps [102], grasshoppers [103], and
gall-inducing aphids [104]. Given the widespread influ-
ence of Wolbachia, future research should explore poten-
tial cases of Wolbachia-induced competitive exclusion
between closely related species of mosquitoes as this may
have major implications for an understanding of their
symbioses and speciation.

Additionally, although Ae. aegypti is frequently artifi-
cially infected with Wolbachia for biocontrol purposes
[105-109], our findings suggest that infected Ae. aegypti
might not be stably maintained in the wild. This may
be advantageous for vector population suppression as
the cytoplasmic-incompatibility effect of any artificially
introduced Wolbachia strain will likely be fully mani-
fested in the uninfected native population [21]. However,
this also implies that this type of biocontrol method may
have low long-term effectiveness if the infection cannot
be naturally sustained in the wild population. The detec-
tion of natural Wolbachia infection in wild Ae. aegypti,
therefore, has huge implications for vector control pro-
grammes [21]. Not only does it inform the selection of a
suitable Wolbachia strain prior to its field release, but it
can also be used to gauge the long-term effectiveness of a
specific vector control programme.

Interestingly, the sex of the mosquitoes had an effect on
their Wolbachia infection status. This could be an artefact
of various Wolbachia-induced reproductive phenotypes,
such as parthenogenetic and male-killing ones, result-
ing in offspring that are largely female [15]. If this were
true, over multiple generations with vertical Wolbachia
transmission, one should observe an increasing propor-
tion of females that are infected. Hence, the phenomenon
observed here could be a consequence of reproductive
manipulation by Wolbachia and vertical transmission.

While we were unable to statistically test for the effects
of locality on infection status due to uneven and small
sample sizes of the respective species across different
localities, our results suggest that mosquitoes found in
localities across Singapore have roughly equal chances of
harbouring Wolbachia. This also suggests that underly-
ing physiological factors and phylogenetic relatedness in
mosquitoes contribute more to their infection by Wol-
bachia than the habitat in which they are found.

The reproductive effect of Wolbachia can be masked
or enhanced by other reproductive endosymbionts
such as Cardinium, Rickettsia, and Spiroplasma [7,
26—29]. Unfortunately, we were unable to detect these
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endosymbionts due to a high degree of false positives
with the PCR-based screening methods used here (Addi-
tional file 1). This was likely due to using primers that
are not optimised for screening mosquito-specific endo-
symbionts [110-112]. As a result, co-infections with
various reproductive endosymbionts, which would have
provided greater insights into the synergistic effects of
co-infections on mosquito evolution, could not be identi-
fied among the wild mosquitoes examined here. There is,
hence, a need to develop and optimise alternative screen-
ing methods, such as multilocus sequence typing (MLST)
techniques, especially for the detection of Cardinium,
Rickettsia, and Spiroplasma in mosquitoes.

Tissue tropism of Wolbachia infection in mosquitoes
Wolbachia were detected mainly in the reproductive
tissues, which agrees with results from studies across
multiple insect groups [15, 84, 113], and suggests that
Wolbachia are mainly vertically transmitted. Interest-
ingly, through the course of this study, there was sig-
nificant variation in reproductive traits (testis and ovary
length) across and within species. These reproductive
traits did not vary significantly with Wolbachia infection
status, even after accounting for phylogenetic relatedness
(see Additional file 2).

Infection in the gut and leg tissues was detected, albeit
infrequently. This is not surprising, as previous studies
have also detected Wolbachia in those tissues [34—36,
114]. Interestingly, the nucleotide sequences from gut and
leg infections tend to be shorter in length. Considering
that Wolbachia are unlikely to survive extracellularly for
a long period of time [35], the small amplicon size sug-
gests potential horizontal integration of the Wolbachia
genome into the host genome for a few species. This phe-
nomenon has been observed in several Wolbachia hosts
[115, 116], and mosquito species such as Ae. aegypti and
Cx. quinquefasciatus [117, 118]. A recent study showed
that horizontal integration of the Wolbachia genome into
the host genome can have implications for sex determi-
nation and evolution. This is evident in the common pill-
bug Armadillidium vulgare, and results in the formation
of a new sex chromosome [119]. Researchers have also
proposed that horizontal gene transfer between an endo-
symbiont and host can result in evolutionary innovation
where new functional genes arise in both host and bacte-
ria [117, 118].

Future research should explore the relative impor-
tance of each transmission method with relation to
host-endosymbiont ecology and evolution. Tissue-
specific screening methods such as those used here
can be used in other arthropods, especially when the
mode of transmission is not clear. Currently, most Wol-
bachia screening is conducted on ground specimens
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or specimens in their entirety [39-41]. In these cases,
researchers are unable to determine tissue tropism of
Wolbachia infection, which could provide clues to its
mode of transmission. Thus, adopting tissue-specific
screening methods would enable researchers to verify
or refute the commonly reported assumption that Wol-
bachia is transmitted vertically [15, 30].

Diversity and host-specificity of Wolbachia strains

Not only does the wsp molecular marker allow success-
ful detection of Wolbachia infection across numerous
taxa, it also enables strain genotyping and evolution-
ary comparison between detected Wolbachia strains
[60]. In this study, Wolbachia wsp sequences were clus-
tered into 12 putative Wolbachia strains falling within
supergroup A or B. This is consistent with the results
of previous studies that looked at Wolbachia infections
in mosquitoes [39, 80, 85]. Each mosquito host species
was only infected by strains belonging to supergroups
A or B, with the exception of Ae. albopictus, which
harboured both. Infection with more than one strain
(superinfection of wild Ae. albopictus with Wolbachia
supergroups A and B) has been previously reported,
and this phenomenon was commonly observed to be
fixed in the examined populations due to strong cyto-
plasmic incompatibility effects [120, 121]. This suggests
stable vertical transmission of both strains in Ae. albop-
ictus. Additionally, only four out of 12 putative strains
were identified as previously typed Wolbachia strains
reported by Zhou et al. [60] and Ruang-Areerate et al.
[80]—Wol 1, Wol 2, Wol 3, and Wol 8 were identified as
wPip, wAlbB, wCra, and wRi strain, respectively.

Host specificity is thought to be a characteristic of
the ancestral Wolbachia strain, with host flexibility
reported mainly in Wolbachia supergroups A and B
[122]. In our study, we found a combination of special-
ists and generalists, with more of the former. A study
of mosquitoes from Taiwan showed a similar pattern
[84]. In beetles, a mixture of Wolbachia supergroup A
host-specific and host-flexible strains within a popula-
tion has also been reported [49]. While our estimates of
specialists and generalists might vary with greater sam-
pling effort, the higher numbers of specialists observed
can be explained by the process of reciprocal selection
between host and endosymbiont over evolutionary
time [123]. This is also known as Red Queen dynamics,
where the endosymbiont constantly adapts to its host to
ensure continued establishment in the same host [124].
An alternative, generalist strategy can also be main-
tained in a population. It ensures survival in an envi-
ronment where resources (i.e. hosts) are rarely found
[123]. However, there are generally more instances of
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host specialists than generalists across numerous para-
sitic and endosymbiotic taxa [125-127].

The SPS scores revealed that host flexibility among the
generalists varied greatly. Understanding Wolbachia host
specificity has huge implications, especially for the opti-
misation of Wolbachia biocontrol strategies. Not only
should researchers select strains that can effectively limit
pathogen replication [128], they should also select strains
for their host specificity. This is not possible without the
screening of a wide variety of species or closely related
species, which was achieved in this study. Using a host-
specific strain will decrease the likelihood of host shift to
non-target species, and thereby minimise the overall eco-
logical risk of a strategy.

Evolutionary relationships between mosquitoes

and Wolbachia

Host- Wolbachia relationships are often understudied and
limited to a few taxa [52]. Studies have shown that the
evolutionary associations between Wolbachia and their
insect hosts do vary across taxa [49-52, 129]. Likewise,
our exploratory analyses of mosquito hosts and their
Wolbachia infection support such a complex relation-
ship, with neither co-speciation nor host shifting fully
accounting for evolutionary association in these lineages.

Based on the tanglegram, a broad association pattern
between mosquitoes and Wolbachia strains was observed
(Fig. 3). Aedes mosquitoes tended to be associated with
Wolbachia supergroup A, while other mosquito species,
particularly of the genus Culex, were largely associated
with Wolbachia supergroup B. This showed that closely
related Wolbachia strains are likely to establish them-
selves in related hosts. There might have been radiation
of Wolbachia in these clades after their respective initial
establishment. Nevertheless, the observed variations in
host-endosymbiont associations make us question the
mosquito- Wolbachia association pattern.

The ParaFit analysis showed weak support for con-
gruency between host and endosymbiont phylogenies.
Among the 18 host-Wolbachia associations, only the link
between Mansonia indiana and Wol 3 showed a signifi-
cant association (Fig. 3). This was interesting considering
that Wol 3 was largely host flexible. Given that this was
the only significant association, it is worth carrying out
further genus-specific study on Mansonia spp. to eluci-
date coevolutionary patterns within a group of closely
related mosquito species. It is possible that the degree
to which Wolbachia co-evolve with their mosquito hosts
varies across different taxonomic levels [74]. The analy-
ses carried out thus far suggest that mosquito- Wolbachia
associations are likely random at higher taxonomic lev-
els, and that mosquito- Wolbachia co-speciation occurs at
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finer phylogenetic resolution (i.e. similar to patterns seen
in diffuse coevolution).

The event-based analysis performed in Jane 4.0 (Fig. 4)
indicated that co-speciation events were infrequent as
compared to other evolutionary events. We noticed a
greater proportion of host shifts and numerous losses.
Interestingly, the least cost coevolutionary reconstruc-
tion indicated multiple consecutive host shifts occurring
near the tips of the cladogram. This suggests that co-
speciation does not fully explain the evolutionary asso-
ciations between mosquito hosts and Wolbachia. Instead,
recent host shifting through horizontal transmission
seems to promote Wolbachia diversification. This lends
greater support to the idea that horizontal transmission
between distantly related species is possible [32, 33, 130].

Furthermore, losses, which represent endosymbiont
extinction events that occurred upon host speciation,
seem to dominate the evolutionary history of Wolbachia.
Extinction events are believed to be frequent in host-
endosymbiont systems [123], due to either evolution of
resistance in the host or declining host population size,
which result in the inability of highly specialised endos-
ymbionts to establish themselves [131, 132]. Addition-
ally, losses could potentially influence endosymbiont
evolution through the creation of vacant niches [131].
The observed losses followed by host shifts in the mos-
quito-Wolbachia relationship are possible consequences
of vacant niche exploitation by generalists. Perhaps this
enabled successful endosymbiont invasion due to mini-
mal intra-strain competition. If this were true, horizontal
Wolbachia transmission and losses may play a bigger role
in accounting for Wolbachia diversity than previously
thought.

As this was an exploratory study, we were unable to
determine the exact mechanism behind the diversity and
evolutionary associations of Wolbachia. The presence of
numerous specialists could be a sign of mosquito-Wol-
bachia coevolution since coevolution is fundamentally
reciprocal selection between host and endosymbiont
which gives rise to micro-evolutionary changes [133].
The numerous host shifts and losses might have, how-
ever, blurred the effects of vertical transmission over a
long evolutionary period [52]. Thus, co-speciation might
have occurred within smaller clades of Wolbachia and
mosquitoes, but at higher taxa levels, horizontal trans-
mission and loss events are more likely the prominent
force driving Wolbachia evolution.

Strengths, limitations, and future directions

The three distinct methods employed here to explore
evolutionary associations have both strengths and limi-
tations. The tanglegram allows for clear visualisation
of host-endosymbiont association without taking into
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account any evolutionary relationships, but there have
been calls for careful interpretation of the results gener-
ated using this method as the degree of entanglement
may not necessarily represent phylogenetic congruence
[134]. The Global ParaFit test seeks to address this limita-
tion by testing for global congruency with an unbiased,
statistical approach [74]. The event-based method ena-
bles the evaluation of potential evolutionary events that
might have occurred throughout an endosymbiont’s evo-
lutionary history such as co-speciation, duplication, and
host shifting. This last method, however, cannot fully
differentiate a topological congruence from an evolu-
tionary event [135]. Without knowledge of the time of
divergence for both symbiont and host, a co-phylogenetic
pattern may be better explained by ecological factors (as
compared to co-speciation) given that bacterial lineages
often evolve faster than their hosts [136, 137], and the
high likelihood of host shifts among closely related spe-
cies [133].

The Wolbachia wsp gene has been shown to provide
well-resolved phylogenies [60], and this study provides
an exploratory snapshot of the evolutionary associations
between mosquito hosts and their Wolbachia endosym-
bionts. There is, of course, a potential caveat, since only a
single gene was used to construct the respective phyloge-
netic trees. To obtain a more accurate phylogeny, future
studies could adopt MLST [17, 51], or whole-genome
shotgun sequencing [52]. The former could potentially
characterise putative Wolbachia strains that cannot be
distinguished with wsp gene primers.

Notwithstanding their limitations, the employment of
various analytical methods allows for a comprehensive
examination of the evolutionary associations between
Wolbachia and mosquito hosts which are presently lack-
ing in the literature. The scope of future studies that
examine the evolution of medically important vector spe-
cies could be narrowed to the Aedini tribe, as this would
provide greater statistical power for the examination of
mosquito-endosymbiont associations.

Conclusion

To our knowledge, this is the first study to examine
Wolbachia infections in wild mosquitoes in Singapore.
We detected 12 putative strains of Wolbachia among
40 mosquito species, and recorded infections in seven
species for which, to our knowledge, Wolbachia infec-
tions have not been previously reported. By employing
a tissue-specific PCR screening method, we were able
to observe that the Wolbachia infections were pref-
erentially located in the reproductive tissues, which
provides support for vertical transmission as the main
mode of infection transmission. However, even if Wol-
bachia infection is mainly transmitted vertically, this is
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unlikely to fully explain the observed diversity of Wol-
bachia and why closely related Wolbachia lineages were
found in distantly related mosquito species. Hence, this
study also served as an exploratory study which exam-
ined mosquito-Wolbachia evolutionary associations
across a wide range of host mosquito species through
three evolutionary analyses. Overall, we propose that
the evolutionary associations between mosquito hosts
and Wolbachia are consequences of both vertical and
horizontal transmission and various evolutionary
events.
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The symbiotic bacterium Wolbachia is
an attractive agent for vector-borne path-
ogen control. It has long been studied for
its ability to manipulate host reproduction
and spread into arthropod populations [1].
These properties, coupled with the recent-
ly identified ability to inhibit diverse
pathogens [2-6], open avenues for its use
in controlling vector-borne disease. Nu-
merous Wolbachia-based control strategies
are being investigated (reviewed in [7-9]),
with some studies having progressed to
field trials [10,11]. However, a worrying
trend is emerging whereby Wolbachia
infections have been demonstrated to
enhance rather than suppress pathogens
in some systems [12-18]. Plasmodium
parasites, which are the causal agent of
malaria, seem particularly prone to Wol-
bachia-mediated pathogen enhancement
[13-16].

Wolbachia-based strategies have been
proposed to control malaria [19]. Anoph-
eles mosquitoes (the vectors of human
malaria parasites) are not naturally infect-
ed by Wolbachia [20,21], but artificial
transfer of this bacterium between species
can be accomplished in the laboratory
(reviewed in [22]). Pathogen interference
phenotypes appear to be most prominent
when Wolbachia is transferred into a novel
host [16,23]. Given that Anopheles are for
the most part naturally uninfected by
Wolbachia (but see [24]), they can be
considered an open niche for infection and
a prime mosquito genus for Wolbachia-
based control strategies. However, the
main impediment for developing a control
strategy is the difficulty in creating a stable
artificial infection in Anopheles [19]. While
examining Plasmodium interference in a
stably infected host is the gold standard, a
more convenient system is to transiently
infect mosquitoes by intrathoracic micro-
injection. Using this system, the infection
persists during the lifetime of the transin-
fected individual but is not transmitted to
its offspring. Transient infection allows the
rapid assessment of Wolbachia-host inter-
actions without the need for generating
stable artificial infections [5]. It is uncer-
tain how representative transient infec-
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tions are of stable inherited associations;
however, similarities in tissues tropism and
fitness costs incurred upon the host
between stable and transiently infected
Anopheles  mosquitoes  are  evident
[5,14,25]. Furthermore, both types of
infection have been shown to inhibit the
human malaria parasite Plasmodium fal-
ciparum [5,25]. However, studies using
transient infection models have found that
Wolbachia can enhance certain Plasmodi-
wm species [13,14].

The Plasmodium interference pheno-
type is therefore not universal, but context
dependent. While P. falciparum is sup-
pressed by the wAIbB strain of Wolbachia
from Aedes albopictus [5,25], transient
infections have shown the opposite effect
on rodent malaria parasites. Anopheles
gambiae transiently infected with wAIbB
exhibited enhanced P. berghei develop-
ment at the oocyst stage [14]. Similarly,
wAIbB increased the number of P. yoelii
oocysts in An. stephensi, although the
phenotype was modulated by temperature
[13]. At a temperature optimal for parasite
development, Wolbachia increased para-
site intensity compared to uninfected
controls, but at warmer temperatures,
Wolbachia inhibited Plasmodium develop-
ment [13].

While P. falciparum is a major parasite
in sub-Saharan Africa, four other parasites
also cause human malaria worldwide: P.
malariae, P. ovale, P. knowlesi, and P.
vivax (the etiological agent of the most
prevalent form of relapsing malaria). To
our knowledge, the effect of Wolbachia on
these other human Plasmodium parasites

is unknown. The question is relevant for
two reasons. First, the precedent that a
particular Wolbachia strain can inhibit one
parasite yet enhance another has alrcady
been documented [5,14], indicating that
effects on parasites can be species-specific.
Troublingly, P. malariae, P. ovale, P.
knowlesi, and P. vivax are phylogenetical-
ly more closely related to rodent malaria
parasites, which are enhanced by Wolba-
chia infections [13,14], than they are to P.
falciparum  (Figure 1) [26,27]. Second,
many human Plasmodium parasites occur
in sympatry and are transmitted by the
same vectors. A case in point is P.
falciparum and P. vivax, both of which
occur in sympatry over large stretches of
the Asian continent where they are both
transmitted by An. stephensi [28,29]. Any
potential control strategy devised in re-
gions where more than one parasite
species occurs needs to thoroughly inves-
tigate the effect of Wolbachia on all
parasite species transmitted by the vector,
as well as other pathogens such as filarial
worms or arboviruses (both as single
infections and in the context of coinfec-
tions) to ensure that Wolbachia-infected
mosquitoes do not inadvertently enhance
transmission of secondary pathogens.
While difficult, forecasting the long-
term evolutionary response in this tripar-
tite relationship between Wolbachia, Plas-
modium, and Anopheles is very important.
Natural Wolbachia—mosquito associations
in which the symbiont and the host have
tightly coevolved exist and may provide
powerful models for studying the long-
term evolutionary effects of Wolbachia
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Figure 1. Representative phylogenetic dendrogram of Plasmodium parasites, their vertebrate hosts, and the influence of Wolbachia
infection on parasite development within the mosquito vector. The protective effect of Wolbachia is variable and dependent on the
Wolbachia strain and the insect host background, suggesting that complex tripartite interactions influence the effect on Plasmodium. The type of
association between Wolbachia with the vector may also influence Plasmodium. Only one human malaria parasite (P. falciparum) has been assessed,
while the effect of Wolbachia infection on the other four human parasites is unknown. Arrows indicate suppression (green), enhancement (red), or no
effect (grey) of Plasmodium. The type of association within the host is depicted by symbols (target: natural infection, square: stable artificial infection,
diamond: transient artificial infection). Numbers indicate: (1) the phenotype is temperature sensitive, (2) Wolbachia infection also increases insect life
span [31], which has implications for pathogen transmission. Phylogeny was reconstructed based on work from Carlton et al. [26] and Martinsen et al.
[27].

doi:10.1371/journal.ppat.1004182.g001

infections. The evidence currently avail-
able suggests that natural Wolbachia
infections can also enhance malaria para-
site. development within the mosquito.
Aedes fluviatilis naturally infected with
the wFlu Wolbachia strain had a signifi-
cantly higher number of P. gallinaceum
oocysts compared to an Ae. fluviatilis line
which had been cleared of the Wolbachia
infection [15]. Ae. fluviatilis is not,
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however, a natural vector of P. gallina-
ceum, and it is well known that the
outcome of experiments using such labo-
ratory models can differ significantly from
those of natural mosquito—Plasmodium
combinations (e.g., Boete [30]). Recent
studies carried out in Culex pipiens
mosquitoes, which are naturally infected
with the wPip Wolbachia strain and
transmit the avian malaria parasite P.

relictum, have also demonstrated Plasmo-
dium enhancement. In this natural system,
Wolbachia protects the mosquito host
against the detrimental fitness effects
incurred by Plasmodium infection [31]
and increases the susceptibility of C.
pipiens to P. relictum, with wPip-infected
mosquitoes having a higher prevalence of
Plasmodium sporozoites in the salivary
glands [16]. These studies show that the

2 September 2014 | Volume 10 | Issue 9 | 1004182



Plasmodiwm-inhibiting properties of Wol-
bachia are far from universal; certain
mosquito—Wolbachia—Plasmodium combi-
nations and experimental conditions trans-
form Wolbachia-infected mosquitoes into
better vectors of malaria parasites. This is
worrisome for the general implementation
of Wolbachia-based control strategies.
Given that Wolbachia-based control
strategies will use stable transinfected
mosquitoes, the key question is whether
stable and natural infections will behave in
the same way. The stable transfer of
Wolbachia into the host likely alters many
aspects of host homeostasis, as evidenced
by the novel phenotypes induced by
infection [32-34], and as such, these
associations likely differ from natural
associations where Wolbachia and its host
have coevolved. Another question is
whether stable artificial infections will
evolve over time. Theory and empirical
studies show that these maternally trans-
mitted bacteria will tend to evolve towards
mutualistic associations with their host
[35-38]. However, the evolutionary out-
comes of pathogen interference or en-
hancement are harder to predict. A more
complete mechanistic understanding of
how Wolbachia infection modulates Plas-
modium parasites is critical to address
these important evolutionary questions
and to evaluate if they are likely to occur
in timescales relevant for disease control.
To date, two stable artificial Wolbachia
transinfections have been assessed for their
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