
 1 

Alveolar proteins stabilize cortical microtubules in Toxoplasma gondii 

Clare R. Harding1,*, Matthew Gow2, Joon Ho Kang3,4, Emily Shortt1, Scott R. Manalis4,5,6, Markus 
Meissner2,7, and Sebastian Lourido1,8* 
1Whitehead Institute for Biomedical Research, Cambridge, MA, USA. 
2Wellcome Centre for Molecular Parasitology, Institute of Infection, Immunity & Inflammation, 
University of Glasgow, Glasgow, UK. 

3Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, USA. 
4Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, 
MA, USA. 

5Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. 
6Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. 
7Department of Veterinary Sciences, Ludwig-Maximilians-Universität, Munich, Germany. 
8Biology Department, Massachusetts Institute of Technology, Cambridge, MA, USA. 
*To whom correspondence should be addressed: harding@wi.mit.edu, lourido@wi.mit.edu. 
 
SUPPLEMENTARY INFORMATION 
 
SUPPLEMENTARY FIGURES ............................................................................................................ 2 

Supplementary Figure 1. GAPM foci are commonly seen at alveoli sutures. ...................................... 2 
Supplementary Figure 2. Conditional depletion of GAPM2a results in a block in the lifecycle and loss 
of cortical microtubules...................................................................................................................... 3 
Supplementary Figure 3. Quantification of GAPM1a protein based on tagged virion standard ........... 4 
Supplementary Figure 4. Depletion of GAPM1a-AID results in a decrease in parasite length and 
increase in circularity. ........................................................................................................................ 5 
Supplementary Figure 5. Depolymerisation of microtubules does not affect GAPM1a localization. ... 6 

SUPPLEMENTARY TABLES .............................................................................................................. 7 
Supplementary Table 1. Number of cortical microtubules and surface area across the apicomplexan 
zoites. ................................................................................................................................................ 7 
Supplementary Table 2. List of primers used in this study .................................................................. 9 

SUPLEMENTARY REFERENCES .....................................................................................................10 
 
  



 2 

SUPPLEMENTARY FIGURES

 
 
Supplementary Figure 1. GAPM foci are commonly seen at alveoli sutures. a, Imaging of GAPM1a-
YFP, GAPM2a-mCherry, and GAPM3-YFP parasites using SR-SIM revealed the presence of ring 
structures on the IMC. Pictures are 3D reconstructions, detail scale bar 500 nm. b, GAPM1a-YFP 
expressing parasites were stained with PKH26 to visualise the plasma membrane. Clear invaginations 
could be seen in the plasma membrane at the site of rings. Detail scale bar 100 nm. c, GAPM1a-YFP 
rings are seen at alveoli sutures, marked by endogenous ISC3-3HA staining. Detail scale bar 500 nm. d, 
Quantification of the proportion of rings found within the indicated distances from ISC3-3HA sutures; a 
total of 138 rings were analysed across three independent experiments. Source data are provided as a 
Source Data file.  
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Supplementary Figure 2. Conditional depletion of GAPM2a results in a block in the lifecycle and 
loss of cortical microtubules. a, GAPM2a-AID is rapidly depleted by addition of IAA. The IMC is 
visualised by IMC1 (magenta) and GAP45 (cyan). Scale bar is 5 µm. b, Plaque assay showing that 
GAPM2a-AID parasites have a severe growth defect; however, no plaques are seen upon IAA addition. 
c, Cortical microtubules were visualised by anti-acetylated tubulin (magenta); IMC was delineated by 
GAP45 (cyan). In GAPM2a-AID parasites, microtubules lost structural organisation by 4 h post IAA 
addition, and after 18 h of treatment, only very few polymerised regions could be observed. Scale bar is 
5 µm.  
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Supplementary Figure 3. Quantification of GAPM1a protein based on tagged virion standard. a, 
Sindbis virions incorporating mNeon-tagged TE12 was imaged; individual virions are indicated with 
rings. b, The fluorescent intensity of virions was converted to photons s-1 and used to generate the 
histogram for n = 915 particles. c, Live intracellular parasites of the strains indicated were imaged and 
the photons µm-2 s-1 were calculated for sections of the IMC. While the signal for the two endogenously 
tagged lines mostly overlapped, treatment of GAPM1a-AID parasites with IAA for 4 h resulted in a 
pronounced decrease in intensity. Histogram plotted for n > 131 parasites over two independent 
experiments. Source data are provided as a Source Data file.   
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Supplementary Figure 4. Depletion of GAPM1a-AID results in a decrease in parasite length and 
increase in circularity. a, GAPM1a-AID parasites were treated intracellularly or extracellularly for 2 or 
4 h with IAA before measuring their lengths by automated microscopy. Box plots for intracellular 
depletion n = 533 (NT), 371 (2 h), 440 (4 h) and for extracellular depletion n = 364 (NT), 225 (2 h), 277 
(4 h) aggregated from 3 independent experiments; p values from two-tailed Student’s t test. Selected 
images showing GAPM1a-AID (green) and SAG1 (magenta). Scale bar is 5 µm. b, Parasite circularity 
calculated for GAPM1a-AID parasites treated with IAA. Box plots for intracellular depletion n = 403 
(NT), 223 (2 h), 363 (4 h) and for extracellular depletion n = 420 (NT), 282 (2 h), 299 (4h) aggregated 
from 3 independent experiments; p values from two-tailed Student’s t test. All box plots represent 
median and 25th and 75th percentiles, and whiskers are at 10th and 90th percentiles. Source data are 
provided as a Source Data file.  
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Supplementary Figure 5. Depolymerisation of microtubules does not affect GAPM1a localization. 
GAPM1a was endogenously tagged with mNeonGreen in the ΔTLAP2ΔSPM1ΔTLAP3 (TKO) strain and 
extracellular parasites were incubated at 37 oC or 4 oC for 4 hours. Microtubules depolymerised at 4 oC; 
however, no change in GAPM1a-mNeon localization was observed. Scale bar is 5 µm. 
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SUPPLEMENTARY TABLES 
Supplementary Table 1. Number of cortical microtubules and surface area across the 
apicomplexan zoites. 
Subgroup Species Life cycle 

stage 
Length 
(µm) 

Diameter 
(µm) 

Surface area 
(µm2) 

No. of 
MT Reference 

Coccidia Toxoplasma 
gondii Tachyzoite 6 2 68.5 22 1 

Coccidia Toxoplasma 
gondii Microgamont 4.7 2.5 49.17 12 2 

Coccidia Neospora 
caninum Tachyzoite 7 2 89.93 22 3 

Coccidia Eimeria 
falciformis Sporozoite 11 6 272.22 26 4 

Coccidia Eimeria tenella Sporozoite 12 3 250.15 24 5 

Coccidia Sarcocystis 
ovifelis Sporozoite 13 7 378.12 22 4 

Coccidia Besnoitia jellsoni Sporozoite 9 2 142.04 22 4,6 

Coccidia Cryptosporidium 
muris Merozoite 8.5 1.1 119.58 10 7 

Coccidia Cryptosporidium 
muris Sporozoite 13 1 272.68 12 7 

Piroplasmida Babesia bovis Merozoite 8.5 3 139.57 32 8 

Piroplasmida Babesia microti Merozoite 1.7 1.7 9.08 3 9 

Haemosporidia Plasmodium 
falciparaum Merozite 1 1 3.14 3 10 

Haemosporidia Plasmodium 
falciparaum  Sporozoite 12 1 232.98 14 11 

Haemosporidia Plasmodium 
berghei Sporozoite 14 1 315.54 15 12 

Haemosporidia Plasmodium 
berghei Ookinete 10.7 2.3 199.78 32* 13 

Haemosporidia Plasmodium 
vivax Sporozoite 12.5 1 196.42 10 12 

Haemosporidia Plasmodium 
gallinaceum Sporozoite 12 2 243.53 11 12 

Haemosporidia Plasmodium 
gallinaceum Ookinete 35 6 2077.81 55 14 

Haemosporidia Plasmodium 
fallax Merozoite 1.5 3 12.07 24 12 

Haemosporidia Plasmodium 
mexicanum Sporozoite 6 1.5 64.37 14 15 

Haemosporidia Plasmodium 
agamae Sporozoite 6 1.8 66.78 26 15 

Haemosporidia Plasmodium 
floridense Sporozoite 15 1 361.54 11 16 

Haemosporidia Haemoproteus 
columbae Sporozoite 9 1 132.77  22 17 

Haemosporidia Leucocytozoon 
simondi Ookinete 40 5 2641.73 76 18 
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Supplementary Table 1. The number of microtubules (obtained from transmission EM images) was 
determined from the indicated reference and compared with the estimated surface area of an ellipsoid, 
based on the length and diameter reported from EM images.  



 9 

Supplementary Table 2. List of primers used in this study 
ID Sequence Use  

P1 TACTTCCAATCCAATTTAATGCctttcgtgaaccttacctcagc Amplifying gapm1b 3' region for LIC 
cloning (F) 

P2 TCCTCCACTTCCAATTTTAGCTGCTGTGCGAGAGAGGC Amplifying gapm1b 3' region for LIC 
cloning (R) 

P3 TACTTCCAATCCAATTTAATGCTCTACTCCGAACCGGATCGTG Amplifying gapm2b 3' region for LIC 
cloning (F) 

P4 TCCTCCACTTCCAATTTTAGCTAAGCTGCGCACAAGTC Amplifying gapm2b 3' region for LIC 
cloning (R) 

P5 TGGGGATGTCAAGTTgaggctaattagcaagcacGTTTTAGAGCTAGAA sgRNA for C-terminal tagging of gapm1a 
(F) 

P6 TTCTAGCTCTAAAACgtgcttgctaattagcctcAACTTGACATCCCCA sgRNA for C-terminal tagging of gapm1a  
(R) 

P7 TGGGGATGTCAAGTTgtgctacggtttgtgtctacGTTTTAGAGCTAGAA sgRNA for C-terminal tagging of gapm2a 
(F) 

P8 TTCTAGCTCTAAAACgtagacacaaaccgtagcacAACTTGACATCCCCA sgRNA for C-terminal tagging of gapm2a 
(R) 

P9 gctgctgcggagcaggctcaggcttgcctgtcctgcagatttatggtgagcaagggcgagg
agg 

Amplifying mNeon-AID for gapm1a tagging 
(F) 

P10 gcacggcctccagttactgtcgcttctcctgttcaccacatttcccagTTAATCGAGCG
GGTCCTGGTTC 

Amplifying mNeon-AID for gapm1a tagging 
(R) 

P11 cgaggtcgaaatgggtgttgtgaaccccaactaccagtccatggtgagcaagggcgagga
gg 

Amplifying mNeon-AID for gapm2a tagging 
(F) 

P12 atcccccatccaggttacccgaaaaacgcgcatttctgtcTTAATCGAGCGGGTCC
TGGTTC 

Amplifying mNeon-AID for gapm2a tagging  
(R) 

P13 ggcacCCTAGGATGGCGCAGGTTCAGCTGG Amplifying GFPnanobody (F) 
P14 gaGCCAGGGGCCGAGACGGCCGGTCAGTCACGATGCGGCCGCT Amplifying GFPnanobody  (R) 

P15 ggtaaGAATTCATGGTGAGCAAGGGCGAGGA Amplifying mCherry to insert into dd-Myc-
GFPnanobody (F) 

P16 cggccGAATTCCTTGTACAGCTCGTCCA Amplifying mCherry to insert into dd-Myc-
GFPnanobody (R) 

P17 cgcgaggtcgaaatgggtgttgtgaaccccaactaccagtccATGGTGAGCAAGG
GCGAGGAGG Amplifying mCherry for gapm2a tagging (F) 

P18 atcccccatccaggttacccgaaaaacgcgcatttctgtcTTACTTGTACAGCTCGT
CCA Amplifying mCherry for gapm2a tagging (R) 

P19 catggtcatgggtggtatgaagtctcagacttccatgctgATGGTGAGCAAGGGCG
AGGAGG Amplifying mCherry for gapm3 tagging (F) 

P20 gttctgtacacggcaatcatcacctgtgtctaagacgaacTTACTTGTACAGCTCGT
CCA Amplifying mCherry for gapm3 tagging (R) 

P21 ggATCCACTAGTTctagaggtacCGTTTGAAATTCAGGTGACAGATGC Amplify ATPase synthase beta 5'UTR (F) 
P22 CCATGGTGGCgctagcTTTCGCAAAGGTTTGCCGTAG Amplify ATPase synthase beta 5'UTR (R) 

P23 CTTTGCGAAAgctagcGCCACCATGGAGCAGAAGCTGATTTCTGAG
GAAGATCTGGGCAC Amplify GFP-OMP (F) 

P24 cagcttctgtcctaggTCAGAGCTGCTTTCGGTATCTCACGAAGGCCCAA
ACTGC Amplify GFP-OMP (R) 
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