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Abstract
Gall-inducing insects are a classic example of how insects can impact the morphology and physiology of their host plants 
by forming galls which act as nutrient sinks. An 8-months laboratory study was conducted to determine the impact of the 
galls induced by Polymorphomyia basilica oviposition and or the subsequent larval feedingon the growth and reproduction 
of Chromolaena odorata. Three treatment levels were used, viz. control: 0% of the shoots were exposed, low infestation: 
50% of shoots were exposed, and high infestation, where 100% of the shoots were exposed for P. basilica to oviposit for 
48 h each month. Results showed that P. basilica oviposition and or the subsequent feeding by larvae reduced the height 
and flower production of C. odorata plants but promoted lateral growth by increasing the number of shoot tips. Basal stem 
diameter was not affected by the presence of the galls. The presence of galls also decreased the leaf and root dry biomass 
on the treated plants but had no significant impact on stem biomass. The difference between the low- and high-infestation 
treatments was only significant for root biomass, suggesting that more galls are required for the roots to be affected. Overall, 
the study showed that P. basilica meets the requirements of an effective biocontrol agent against C. odorata in South Africa. 
Its release should complement the already released agents in reducing the fitness and productivity of C. odorata.
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Introduction

Insect herbivores are known to adversely impact the growth, 
reproduction, and competitive ability of their host plants 
(Myers and Sarfraz 2017), resulting in a top-down limita-
tion or regulation of the population of these plants. Biologi-
cal control takes advantage of this by introducing specialist 
natural enemies such as insects from the native range into 
areas where the host plant has naturalised (Uyi and Igbinosa 

2010; Schwarzländer et al. 2018). Prior to introducing natu-
ral enemies to the adventive range, biological control pro-
grammes use various approaches to evaluate the potential 
efficacy of insect agents, including the assessment of the life 
history traits, the impact of agents on their host plant and the 
taxonomic placement of the insect (McClay and Balciunas 
2005; Cripps et al. 2020). Life history characteristics such 
as fecundity, voltinism and dispersal capabilities determine 
how the agent responds to the environment and thus, aid 
in predicting range and abundance (McClay and Balciunas 
2005). Taxa with a narrow host range are essential, as a 
wide host range indicates a risk to economically and ecologi-
cally significant non-target species (Sands and van Driesche 
2000).

The Order Diptera is one of the most successful taxa 
used for biological control (Dube et  al. 2020). Within 
the Diptera, fruit flies (Family Tephritidae) are often gall 
inducers that rarely attack non-target species (Harris and 
Shorthouse 1996). Thus, they are selected for the detrimen-
tal effect on their host plants and their limited host range. 
For these reasons, tephritids have been successfully used in 
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various biological control programmes (Woodburn 1993; 
Cruz et al. 2006; Barton et al. 2007; Aigbedion-Atalor et al. 
2019). Most gall-inducing insects, including tephritids, have 
an intimate relationship with their host plants (Shorthouse 
et al. 2005; Florentine et al. 2005; Hardy and Cook 2010). 
Usually, an insect will spend one or several parts of its life-
cycle inside the gall (Florentine et al. 2005; Blanche 2012).

Galls are an outgrowth of plant tissue; their formation is 
stimulated by the presence of foreign bodies (insects, mites, 
fungi, nematodes) in the plant (Prade et al. 2016; Miller and 
Raman 2019). Gall induction has evolved in about 13,000 
described insect species (Stone and Schönrogge 2003; Hardy 
and Cook 2010), representing only about 2% of herbivorous 
insects (Harris and Shorthouse 1996). Galls demonstrate 
a perfect example of plant manipulation by insects (Giron 
et al. 2016). Feeding by gall-inducing insects reprogrammes 
the plant genome's expression and hijacks the plant's cellu-
lar machinery to create these novel structures (Giron et al. 
2016). These galls alter their host plants' life-history traits 
and performance. The relationship of the insect with its host 
is generally parasitic (Florentine et al. 2005; Prade et al. 
2016). This is another characteristic that allows gall-forming 
insects to have a negative effect on the host plant, hence their 
successful use as biocontrol agents (Dennill 1988; Erasmus 
et al. 1992; Florentine et al. 2005; Prade et al. 2016).

Galls sometimes become metabolic sinks, rendering 
nutrients unavailable for adjacent cells and other plant parts 
(Harris and Shorthouse 1996; Cruz et al. 2006). They reduce 
photosynthetic and transpiration efficiency in their host 
plants, affecting stomatal conductance and water potential, 
eventually leaving the plant stressed (Florentine et al. 2005). 
When plant tissue is subjected to prolonged stress, growth 
and reproduction are disrupted, and the plant may die (Har-
ris and Shorthouse 1996).

A gall protects its inducer from abiotic and biotic stress-
ors such as dehydration and predation while also providing 
nutrients for the insect (Shorthouse et al. 2005; Giron et al. 
2016; Prade et al. 2016). Compared to their free-living coun-
terparts, gall-inducers show unique nutritional physiology 
and population dynamics (Miller and Raman 2019). Most 
tephritid gall-inducers use Asteraceae as their preferred host 
(Miller and Raman 2019), for example a stem gall-inducing 
fly Cecidochares connexa (Macquart) (Diptera: Tephritidae) 
significantly reduced the lengths of the shoots of Chromo-
laena odorata (L.) R.M.King & H.Rob (Asteraceae) plants 
in Guam (Cruz et al. 2006).

Chromolaena odorata is a notorious weed originating 
from the Neotropics (Zachariades et al. 2011). The south-
ern African biotype (SAB) invading South Africa has a 
Jamaican/Cuban origin (Zachariades et al. 1999; Pater-
son and Zachariades 2013). Thus, natural enemies such as 
Pareuchaetes pseudoinsulata Rego Barros (Lepidoptera: 
Erebidae: Arctiinae) and C. connexa which were effective 

in countries invaded by the Asian/West African biotype 
(AWAB), proved ineffective on the SAB due to incompat-
ibility between the plant and the herbivore (Muniappan 
et al. 2005). The SAB has caused a significant decline 
in the populations of some native plant and animal spe-
cies. for example, Mgobozi et al. (2008) showed that C. 
odorata significantly reduced the spider diversity in Hluh-
luwe-iMfolozi Park, in northern KwaZulu-Natal province, 
South Africa.

After mechanical and chemical control methods proved 
unsustainable, a biological control programme for C. 
odorata was initiated in 1988 (Zachariades et al. 1999). 
Between 1999 and 2010, 16 potential agents were imported 
into quarantine in South Africa (Zachariades et al. 2011), 
and two have been established, viz. Calycomyza eupato-
rivora Spencer (Diptera: Agromyzidae) and Pareuchaetes 
insulata Walker (Lepidoptera: Erebidae: Arctiinae). Dube 
et al. (2019) reported that P. insulata reduced the repro-
ductive potential and plant vigour of C. odorata where it 
established and persisted. However, the impact of C. eupa-
torivora is generally negligible (Nzama et al. 2014). Despite 
the presence of two biocontrol agents in the field, C. odorata 
remains a significant threat in the country, especially in drier 
inland habitats, where both C. eupatorivora and P. insulata 
have failed to establish (Dube et al. 2020; Zachariades et al. 
2021). Both these agents depend on C. odorata leaves for 
their survival, and the plant loses its leaves in winter in these 
climatically more extreme inland habitats. Thus, more spe-
cies are being tested as potential agents.

Polymorphomyia basilica Snow (Diptera: Tephritidae) 
is a gall-inducing fly imported from Jamaica (Zachariades 
et al. 2011) and has recently been approved for release in 
South Africa as an agent against C. odorata. This fly exhib-
ited a high level of host specificity (Dube et al. 2020). Clear-
ance from the authorities for releasing a biocontrol agent 
is based on adequate host specificity to protect the native 
biodiversity and agriculturally important crops. Although 
pre-release impact studies are not mandatory, they are advis-
able to help limit the costs and risks involved in releasing 
inefficient agents (McClay and Balciunas 2005; Myers and 
Sarfraz 2017; Dube et al. 2019).

This study aims to determine the impact of P. basilica on 
the growth and reproduction of C. odorata in the laboratory. 
In earlier laboratory studies on the biology of P. basilica, 
pupae seemed more tolerant to dry conditions, its survival 
did not depend on the presence of the leaves. Dry galls were 
not predated, and lower mortality was observed on them 
(Dube et al. 2020). This means the agent may survive in the 
climatically more extreme inland parts of the invasive range 
of C. odorata, unlike C. eupatorivora and P. insulata whose 
distribution is limited to the moister regions where humid-
ity is high, and temperatures are not extreme (Zachariades 
et al. 2011).
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Materials and methods

Culturing methods and quarantine conditions

Both culturing of, and trials on, P. basilica were conducted 
in the glasshouse and quarantine laboratory at the Agricul-
tural Research Council, Plant Health and Protection (ARC-
PHP), Cedara, KwaZulu-Natal province, South Africa. 
The laboratory and glasshouse are kept at a temperature 
of 25 ± 3 °C and relative humidity of 40% to 70%. Poly-
morphomyia basilica was cultured in steel-framed insect 
breeding cages of 0.9 × 0.5 × 0.5 m with gauze panels and 
a transparent plastic curtain to prevent adults from flying 
out.

Four potted plants of the SAB C. odorata were placed 
into each cage, together with ten pairs of P. basilica and a 
small container with enzymatic yeast hydrolase and sugar 
mixed at a ratio of 1:3. The nutrients contained in the mix-
ture may help develop the ovules of females and increase 
their fecundity (Wang et  al. 2018; Dube et  al. 2020). 
Mated females inserted their eggs into growing shoot tips 
of the C. odorata plants. The resulting larvae bored down 
inside the shoot tip and a gall was initiated, usually on the 
first stem internode. After two weeks, plants with galls 
were placed in a large walk-in cage (2 × 4 × 2 m) (referred 
to as the culturing cage throughout) to allow further lar-
val development and pupation. Eclosing adults were cap-
tured using glass vials and used for further culturing and 
experiments.

Impact trial

The trial to determine the impact of P. basilica on C. odo-
rata was initiated in January 2021 in order to include both 
the growing and flowering season of C. odorata. Chro-
molaena odorata plants begin growing at the start of the 
rainy austral summer season (October/November) and con-
tinue until autumn (April). They produced flower buds, 
with flowering and seed-set occurring during winter, in 
June and August, respectively. Plants used in these trials 
were propagated from about 100 similar-sized C. odorata 
shoot-tip cuttings field collected from the city of Pieter-
maritzburg in South Africa and rooted in a heated mist-
bed using Seradix® No.1 rooting hormone. Rooted plants 
were placed in 18 cm pots containing a 1:1 ratio mixture 
of Umgeni River sand and Gromor® potting medium and 
placed in the greenhouse tunnel. Plants were watered daily 
and fertilized using a fertigation dripper system or Mul-
ticote® for about 2 months before being used in the trials.

Once plants had grown, a total of 48 small plants of a 
similar size (≤ 25 cm) and in good condition were selected 

and randomly assigned to three groups. All 48 plants were 
moved to the quarantine glasshouse, watered accordingly, 
and kept in a large walk-in cage to prevent attack by P. 
basilica or other insects. A week prior to that, 40 P. basil-
ica adults (20 pairs of unknown age) were collected from 
the culturing walk-in cage and exposed to SAB plants in 
three standard breeding cages (0.5 × 0.5 × 0.9 m). The 
adults were divided between the three cages, seven pairs 
were placed in the first two cages, and the last cage had 
six pairs. The cages were containing four plants and enzy-
matic yeast hydrolase for a week to optimize the likelihood 
of using ovipositing adults in the impact trial.

Three treatment levels (of 0, 50 and 100%) were used. 
Sixteen plants were subjected to low infestation, in which 
50% of their shoots were covered with a piece of pantyhose 
throughout the experiment to prevent the biocontrol agent 
from ovipositing on them, while another 50% were exposed 
to P. basilica adults. The other set of 16 plants were sub-
jected to high infestation, in which 100% of their shoots 
were exposed to other P. basilica adults, and the last 16 
plants served as the control group and were not exposed to 
P. basilica. Control plants were kept in the walk-in cage for 
the duration of the trial.

Individual plants from the treatments were exposed to P. 
basilica adults in a standard insect breeding cage for 48 h 
monthly. After 48 h, plants were moved into a walk-in cage 
where they were placed randomly. Prior to the experiment, 
three growth parameters were measured for each plant viz 
plant height and basal stem diameter (measured at 1 cm 
above the soil surface) and the number of shoots longer 
than 1 cm (i.e., suitable for galling) were counted. Galled 
shoot tips were included in the count to obtain the total num-
ber of shoots per individual plant before exposing them to 
adults again. Plants were re-exposed to adults again after a 
month, and this continued until the flowering season (June 
to August). This was to determine the impact that each dam-
age level had on the different phenological stages of potted 
C. odorata, including the impact on reproduction. Initially, 
three pairs of P. basilica were used per cage, but the number 
was adjusted accordingly in all the cages as the number of 
shoots increased and plants grew taller, by the end of the 
trial, ten pairs were used per cage.

Growth parameters were measured monthly before 
the re-exposure. Initially, plants were watered daily with 
500 ml of tap water. This was later (~ 3 months) increased 
accordingly as they grew. At 2 months, plants were treated 
with Multicote™ fertilizer to help with recovery after the 
larvae of a lepidopteran pest attacked them. As a conse-
quence of overheating in the quarantine glasshouse due to 
a technical problem, and an attack by mealybugs, of the 48 
plants at the start of the experiment, only 29 had survived 
by the end of it (control: 10 plants, low: 10 plants, and 
high: nine (9) plants). At the end of the trial, surviving 
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plants were measured again for growth parameters (plant 
height, basal stem diameter and the number of shoots) 
before they were destructively sampled to measure the 
total biomass. The leaves, stems, and roots were separated 
and dried in the oven at 105 °C for 24 h (Matthews 2010). 
Emerging adult flies were collected and placed back into 
the culture as soon as they eclosed.

Data analysis

The relationships between C. odorata growth parameters 
(number of shoot tips, stem diameter and plant height) and 
plant growth stage (months) for the different treatments 
were determined using multiple regression analysis. For 
the multiple regression, monthly averages of the growth 
parameters from all the plants were used as the dependent 
variables, and growth stage (month) and treatment were 
the independent variables. A Kruskal–Wallis test was 
performed to determine the effect of P. basilica oviposi-
tion levels on gall formation between the low- and high-
treatment plants. The growth parameters, reproduction 
(flowers) and the total dry biomass of the leaves, roots and 
stems of C. odorata after 8 months were also analysed this 
way. If results were significant (P ≤ 0.05), the differences 
among treatments were compared using a Mann–Whitney 
pairwise test, and the P-values were all corrected using 
sequential Bonferroni. Apart from the multiple regression 
analysis that was performed using Microsoft Excel 365, all 
other analyses were performed using PAST Version 4.03 
software (Hammer et al. 2001).

Table 1   The monthly average number of galls induced on Chromo-
laena odorata shoots exposed to varying levels of Polymorphomyia 
basilica 

Low-treatment plants had 50% of their shoots exposed, and high-
treatment had 100% of their shoots exposed to the agent. SEM indi-
cated after the mean

Month Low High

1 0 ± 0 0 ± 0
2 2.06 ± 2.18 5.94 ± 1.77
3 2.68 ± 2.21 8 ± 2.78
4 4.67 ± 2.02 12.13 ± 2.68
5 7.62 ± 1.66 15.38 ± 4.03
6 8.67 ± 2.71 15.81 ± 3.28
7 7.9 ± 2.42 14.75 ± 4.12
8 5.78 ± 2.82 10.85 ± 3.16

Fig. 1   Effect of Polymorphomyia basilica oviposition levels on the 
plant height (a), number of shoots (b), the number of flowers (c) and 
the basal stem diameter (d) of Chromolaena odorata plants after 8 
months of monthly oviposition with varying percentages of shoots 

exposed to P. basilica. Control (N = 10): 0%, low (N = 10): 50% 
shoots exposed, high (N = 9): 100% shoots exposed. On the figures, 
different letters denote a significant difference between the treatments 
within each plant trait
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Results

On average, the high-treatment plants had significantly more 
galls (per month) than the low-treatment plants (P = 0.0355, 
H = 4.365) (Table 1). The galled plants were significantly 
shorter than the ungalled plants (P = 0.002, H = 12.59). 
However, the height difference was not significant between 
the low and high treatments (Fig. 1a). The galled plants also 
had significantly more shoot tips than the ungalled plants 
(P = 0.017, H = 8.105). The number of C. odorata shoot 
increased with an increase in P. basilica oviposition and 
gall formation, but the difference was not significant between 
the low and high treatments (Fig. 1b). The results indicated 
that flower production was affected by P. basilica oviposition 
and gall formation (P = 0.023, H = 7.518). Control plants 
produced significantly more flowers per plant (Fig. 1c) and 
more plants (seven) produced flowers compared to the low- 
and high-treatment plants in which only five and three plants 
produced flowers. There was no significant difference in 
the basal stem diameter between the treatments (P = 0.616, 
H = 0.970) (Fig. 1d).

Leaf and root biomass were significantly influenced by 
P. basilica feeding and oviposition, both the leaf (P = 0.004, 
H = 10.831) and root (P = 0.012, H = 8.774) biomass 
decreased with an increase in P. basilica oviposition percent-
age (Fig. 2). Plants from the high infestation treatment had 
leaf and root biomasses which were significantly lower from 
plants on the control and low infestation treatments. How-
ever, plants from the latter treatments were not significantly 
different from each other. There was no significant differ-
ence in the stem biomass between the treatments (P = 0.090, 
H = 4.825).

Multiple regression analysis showed significant posi-
tive relationships between the duration (months) and all the 

measured plant growth parameters. Irrespective of the treat-
ment level, the number of shoots, stem diameter, and plant 
height increased with plant growth duration. However, P. 
basilica oviposition and larval feeding significantly affected 
the increase rates of all the tested parameters. The average 
monthly increase of both the low and high treatments was 
lower than those of the control treatment plants in all the 
growth parameters (Table 2 and Fig. 3).

Discussion

In this study, we demonstrated that the actions of P. basilica 
which result in gall formation reduced plant height, root 
and leaf biomass and the number of flowers produced by C. 
odorata in the laboratory. A reduction in plant height due 
to insect activity has been observed in several studies (Cruz 
et al. 2006; Stephens and Westoby 2015; Prade et al. 2016; 
Dube et al. 2019). The reduction of plant height changes 
the architecture, thus decreasing the plant’s overall fitness 
and competitive ability (Schierenbeck et al. 1994). A plant’s 
architecture determines the amount of light intercepted for 
photosynthesis (Schierenbeck et al. 1994) and aids in seed 
dispersal (Stephens and Westoby 2015). Dube et al. (2019) 
demonstrated that the shoot-tip borer Dichrorampha odo-
rata Brown and Zachariades (Lepidoptera: Tortricidae) 
increased lateral growth of C.odorata, similarly to the cur-
rent study. This also changes the architecture and can impact 
the plant’s performance (Stephens and Westoby 2015). In 
regions where it is invasive, C. odorata gains much of its 
competitive advantage over other plant species by rapid ver-
tical growth from the start to the end of the rainy season. 
Reducing the rate of this vertical growth through feeding 
and oviposition by P. basilica can be expected to reduce the 
competitiveness of C. odorata.

Galls induced by P. basilica also decreased the leaf bio-
mass of C. odorata plants; this will have a negative effect on 
the photosynthetic rate. Gall induction can decrease the host 
plant’s metabolic functions (e.g., water potential, photosyn-
thesis, stomatal conductance, and transpiration) (Florentine 
et al. 2005; Cruz et al. 2006). The negative effect of galling 
on photosynthesis has been observed in other systems. For 
example, Florentine et al. (2005) found that galls formed 

Fig. 2   Effect of Polymorphomyia basilica on the total dry biomass of 
the stems, leaves and roots of Chromolaena odorata after 8 months of 
ovipositing on varying percentages of plant shoots. Control (N = 10): 
0%, low (N = 10): 50% shoots exposed, high (N = 9): 100% shoots 
exposed. On the figures, different letters denote a significant differ-
ence between the treatments within each trait

Table 2   Multiple regression analysis of the relationship between the 
plant growth parameters and the duration (months) of Chromolaena 
odorata plants with varying levels of shoots exposed to Polymorpho-
myia basilica (control: 0%, low: 50%, high: 100%)

Growth parameter R2 F(3;23) P

Plant height 0.978 307.108  < 0.0001
Stem diameter 0.984 418.238  < 0.0001
Number of shoots 0.958 153.875  < 0.0001
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by the actions of Epiblema strenuana Walker (Lepidoptera: 
Tortricidae) caused an 80% and 87% decrease in the pho-
tosynthetic rate of the rosette and pre-flowering stages of 
Parthenium hysterophorus L. (Asteraceae) respectively.

During herbivory, roots are used to store photo-assimi-
lates for future regrowth and synthesize secondary metab-
olites for defence (Nalam et al. 2013). This may be why 
studies such as those of Schat and Blossey (2005), Nalam 
et al. (2013) and Dube et al. (2019) reported an increase 
in root biomass after herbivory. In contrast to the studies 
mentioned above, root biomass was reduced in the current 
study. Galls sometimes function as metabolic sinks, taking 
photo-assimilates and other nutrients from adjacent cells and 
other parts of the plant (Harris and Shorthouse 1996; Cripps 
et al. 2020). Consequently, it is possible for other parts of the 
plant that were not oviposited on to be affected by the galls.

Although this was not explicitly tested for, P. basilica 
galls may have made the plants more susceptible to the 
observed attacks by mealybugs. There were more mealy-
bugs, Phenacoccus madeirensis Green (Hemiptera: Pseu-
dococcidae), near the galls than there were on the ungalled 
shoots of the control plants. Gallers are known to decrease 
plant defence to maximize the fitness of the gall (Giron 
et al. 2016). An example of this was reported by Nyman 
and Julkunen-Tiitto (2000). They found the concentration 

of defensive phenolics to be lower in the galls and tissues 
located closer to the galls of sawflies, Pontania species 
(Hymenoptera: Tenthredinidae), laid on willow trees. Attack 
from opportunistic arthropods will also negatively affect the 
performance of C. odorata in the field.

Reproduction (flower production) was reduced in treated 
plants similar to results from other studies. For example, 
flower production of C. odorata was reduced by D. odorata 
larvae in a study by Dube et al. (2019), while gall damage 
by Epiblema strenuana Walker (Lepidoptera: Tortricidae) 
reduced flower production in Parthenium hysterophorus 
L. (Asteraceae) (Dhileepan and McFadyen 2001). Adverse 
impact on the reproduction of target weeds is one of the 
desired results in biocontrol programmes.

Except for root biomass, the difference between the low 
(50%) and high (100%) treatments was not significant, sug-
gesting that P. basilica will affect the growth and reproduc-
tion of C. odorata plants even if galls are produced in only 
half of the shoots. However, the impact of the fly will be 
greater when more galls are present on the plant.

Despite the negative effect on the overall performance, 
the positive relationship between duration of growth 
(months) and plant growth parameters viz. number of shoots, 
stem diameter and plant height, suggests that on its own, P. 
basilica may not be able to kill C. odorata plants, at least 

Fig. 3   Relationship between the growth parameters [plant height (a), 
basal stem diameter (b) and the number of shoots (c)] of Chromo-
laena odorata and the duration (in months) of growth in plants with 

varying percentages of shoots exposed to Polymorphomyia basilica 
(control: 0%, low: 50%, high: 100%)
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not in 8 months which was the duration of our experiment. 
In the field however, the effect of P. basilica will be comple-
mented by the presence of other agents (P. insulata and C. 
eupatorivora), opportunistic arthropods such as Zonocerus 
elegans (Thunberg) (Orthoptera: Pyrgomorphidae) and 
other biotic and abiotic stress factors. Zonocerus elegans 
and its congener Zonocerus variegatus (L.) are known to be 
attracted to plants containing pyrrolizidine alkaloids, such 
as C. odorata (Fischer and Boppré 1997; Housecroft 2018; 
Dube et al. 2021).

In conclusion, this study showed that the actions of P. 
basilica reduce the plant height and flower production of C. 
odorata, it also decreases the leaf and root biomass, which 
will negatively affect the overall productivity of the weed. 
The actions of multiple agent species together could enable 
the threshold where C. odorata is no longer a problem. The 
release of P. basilica in South Africa will not have detrimen-
tal effects on the already established agents as they operate 
in different niches.
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