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Extended Data Figure 3. Comparison of phenotypic and transcriptomic correlations

a.
b.
c.
d.

c.

684 genes were clustered based on the similarity of their phenotypes across 120 screens.
Spearman correlation matrix of phenotypes (FDR <0.3).

Transcriptome correlation of gene with phenotype (FDR <0.3).

194 genes were clustered based on the similarity of their phenotype across 120 screens.
Spearman correlation matrix of phenotypes (FDR <0.05).

Transcriptome correlation of gene with phenotype (FDR <0.05).

Data can be found in Table S8.
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486 Extended Data Figure 4. SAGA protein alignments.
487 a. Alignments of SAGA1, SAGA2, and SAGA3. Domain annotation was based on three
488 different tools under the Geneious visualization platform.

489 b. BLOSUMO90 alignments between SAGA proteins.
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Extended Data Figure 5. Validation of cilia mutant phenotypes.

a.

C.

Bright-field microscopy microscope images of cilia mutants show defects in ciliary length.
Scale bar: 10 pm.

Quantification of cilia length.

Swimming behavior of mutants, as determined by growth on TAP medium solidified with

0.15% agar. Scale bar: Scm.
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LIST OF SUPPLEMENTARY MATERIALS
Supplementary materials can be downloaded from the Chlamylibrary website:

https://www.chlamylibrary.org/download

Table S1 | Source material used for screens

Table S2 | List of screens

Table S3 | Initial LATCA screen and validation; cluster groups

Table S4 | Raw mutant phenotypes across all conditions

Table S5 | FDRs for GO term enrichment

Table S6 | FDRs for all genes by all screens

Table S7 | High-confidence gene-phenotype relationships

Table S8 | Phenotypic and transcriptomic correlations of genes with high-confidence phenotypes
Table S9 | Cluster annotations with yeast, mouse, and Arabidopsis orthologs
Table S10 | Primers used in this study

Table S11 | Raw and normalized read counts

Table S12 | List of samples that were averaged

Table S13 | Chlamydomonas and Arabidopsis strains used in this study
Extended Data File 1 | LATCA compound structures

Extended Data File 2 | Java TreeView files of FDR less than 0.3 gene clusters
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517 METHODS

518 Library maintenance

519 The Chlamydomonas mutant collection'? was maintained by robotically passaging 384-
520 colony arrays to fresh medium using a Singer RoToR robot (Singer Instruments, 704 Somerset,
521 UK). The mutant collection was grown on 1.5% agar Tris-Acetate-Phosphate (TAP) medium with

522  modified trace elements’!

in complete darkness at room temperature. The routine passaging
523 interval of four weeks for library maintenance was shortened to two weeks during the time period
524  of pooled screens to increase cell viability.

525

526 Screening of the Library of AcTive Compounds in Arabidopsis (LATCA) to identify
527 Chlamydomonas growth inhibitors

528 The Library of AcTive Compounds in Arabidopsis (LATCA)" was used to identify
529 molecules capable of inhibiting growth in wild-type Chlamydomonas (cMJ030). We found that
530 1,222 of these 3,650 LATCA compounds reduce growth by 90% at 25 uM (Table S3). Due to
531 resource limitations, we could not perform competitive growth experiments with all 1,222 active
532 chemicals. Hence, we further selected the most active compounds and analyzed their structural
533  similarity to identify the most diverse set of compounds for the final screen. We performed dose-
534  response experiments with 1,140 compounds, validated activity for 954 compounds, and identified
535 136 chemicals that reduce growth at 2 uM or less (Table S3). We then used the extended-
536  connectivity fingerprint (ECFP) algorithm’® to convert all LATCA compound structures into
537 numerical fingerprints. ECFPs were then used to compute structural similarity of pairs of

538  compounds on a scale of 0 to 1 using Tanimoto coefficients’®. The set of Tanimoto coefficients

539 Dbetween all pairs of inhibitors was condensed into a usable network and visualized using
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540 Cytoscape’®. We then used the strongest inhibitors to further reduce the similarity network to 28
541 clusters of structures exhibiting high levels of biological activity and selected 52 of these chemicals
542  for subsequent treatment of the Chlamydomonas mutant library (Extended Data Fig. 1, Table S3,
543 and Extended Data File 1).

544

545 Library pooling and competitive growth experiments

546 The first two rounds of mutant library screening (R1, R2) were performed with the entire
547 mutant collection (550 384-mutant array plates) in 20-liter carboys (Table S1 and Table S2).
548 Mutants were pooled from five days old 384-colony array plates into liquid TAP medium at room
549 temperature and low light. In R1, we pooled ten copies of eight plates (#668 to #670) in the
550 collection to test how quantitatively we can track the relative abundance of mutants in the starting
551 population. In R2, we pooled one set of the mutant collection (plates #597 to #670) from 384-
552 colony array plates and another set from 1,536-colony array plates (#101 to #596) to test the
553 performance of denser colony arrays for pooled screens.

554 Subsequent rounds of mutant library screening (R3-R6) were performed on the re-arrayed
555 library (245 384-mutant array plates) in 2-liter bottles. Mutants were pooled from five days old
556  1,536-colony array plates. Condensing the library from 384 to 1,536-colony array plates helped to
557  both homogenize colony growth and reduce the laborious pooling procedure.

558 We produced subpools each containing cells from eight 384 or 1,535-colony array plates
559 by using sterile glass spreaders to pool cells the plates into 50 ml conical tubes containing 40 ml
560 of TAP medium. These subpools were mixed by pipetting to break cell clumps using a 10 ml
561 serological pipette with a P200 tip attached to it. Then, all subpools were combined into the final

562 mutant collection pool by pipetting the subpools through a 100 pm cell strainer (VWR 10054-
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563 458). The final pool was mixed using a magnetic stir bar, and the cell density was measured
564 (Countess, Invitrogen) and adjusted to 1x10° cells ml™!. For experiments not performed in TAP
565 medium, cells were washed twice with the actual medium used for pooled screens after pelleting
566 (1000x g, 5 min, room temperature).

567 Aliquots of 2x108 cells were pelleted (1000x g, 5 min, room temperature) by centrifugation
568 and frozen to determine the relative abundance of each mutant in the starting population. These
569 samples are denoted as “Initial”.

570 Cultures were inoculated with 2x10* cells ml™! in transparent 20-liter carboy tanks (R1 and
571 R2) or standard 2-liter bottles (R3 - R6) using aliquots of the final mutant pool. Cultures were
572 grown under a broad variety of conditions (Table S2). Unless otherwise indicated, cells were
573 grown in Tris-Acetate-Phosphate (TAP) medium with modified trace elements at pH 7.5 under
574  constant light (100 pmol photons m2s) at 22 °C, aerated with air and mixed using a conventional
575 magnetic stirrer at 200 rpm. The cell density of competitive growth experiments was tracked and
576  aliquots of 2x10® cells were pelleted by centrifugation after seven doublings, when the culture
577 reached approximately 2x10° cells ml!. Cell pellets were frozen for subsequent DNA extraction
578 and barcode quantification.

579

580 DNA extraction

581 Total genomic DNA was extracted from frozen cell pellets representing 2x108 cells of each
582 sample (initial, control, and treatment).

583 First, frozen pellets were thawed at room temperature and resuspended in 1.6 ml 0.5x SDS-

584 EB (1% SDS, 200 mM NaCl, 20 mM EDTA, and 50 mM Tris-HCI, pH 8.0).
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585 Second, 2 ml of phenol:chloroform:isoamyl alcohol (25:24:1) was added to each sample
586 and mixed by vortexing. This solution was then transferred into 15 ml Qiagen MaXtract High
587 Density tubes (Cat No./ID: 129065) and centrifuged at 3,500 rpm for 5 minutes. Subsequently, the
588 aqueous phase was transferred to a new 15 ml conical tube, 6.4 ul RNase A was added and the
589 solution was incubated at 37 °C for 30 minutes. The phenol/chloroform: isoamyl alcohol extraction
590 was then repeated, and the aqueous phase was transferred into a new 15 ml Qiagen MaXtract High
591 Density tube before adding 2 ml chloroform: isoamyl alcohol. This solution was mixed by
592 vortexing and centrifuged at 3,500 rpm for 5 minutes then, 400 pl aliquots of the aqueous phase
593  were transferred to 1.5 ml reaction tubes for DNA precipitation.

594 Third, 1 ml of ice-cold 100% ethanol was added to the solution to precipitate DNA. The
595 tubes were gently mixed and incubated at —20 °C overnight. The DNA was pelleted at 13,200 rpm
596 and 4 °C. The supernatant was discarded and the pellet washed in 1 ml 70% ethanol. The
597 supernatant was discarded again and the pellet was air-dried before resuspension in 50 pl water.
598 Subsequently, the elution fractions of each sample were pooled and the DNA concentration was
599 measured using a Qubit fluorometer (Invitrogen).

600

601 Internal barcode amplification and Illumina library preparation

602 Internal barcodes were amplified using Phusion Hot Start II (HSII) DNA Polymerase
603  (Thermo Fisher, F549L). Sequence information for all primers used in this study is summarized in
604 Table S10.

605 The 50 pl PCR mixture for 5° barcode amplification contained: 125 ng genomic DNA, 10
606 ul GC buffer, 5 ul DMSO, 1 ul dNTPs at 10 mM, 1 pul MgCl at 50 mM, 2.5 pl of each primer at

607 10 uM, and 1 pl Phusion HSII polymerase. Eight tubes of the PCR mixture were processed per
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608 sample and incubated at 98 °C for three minutes, followed by ten three-step cycles (98 °C for 10
609 s, 58 °C for 25 s and 72 °C for 15 s), and then eleven two-step cycles (98 °C for 10 s, 72 °C for 40
610 s).

611 The 50 ul PCR mixture for 3’ barcode amplification contained: 125 ng genomic DNA, 10
612 ul GC buffer, 5 ul DMSO, 1 ul dNTPs at 10 mM, 2 ul MgCl, at 50 mM, 2.5 ul of each primer at
613 10 uM, and 1 ul Phusion HSII polymerase. Eight tubes of the PCR mixture were processed per
614 sample and incubated at 98 °C for three minutes, followed by ten three-step cycles (98 °C for 10
615 s,63 °C for 25 s and 72 °C for 15 s), and then eleven two-step cycles (98 °C for 10 s, 72 °C for 40
616 s).

617 The PCR products of each sample were pooled for further processing. First, successful
618 PCR was confirmed on a TBE 8% agarose gel in 1 x Tris Borate EDTA before concentrating the
619 PCR products on a Qiagen MinElute column and measuring the DNA concentration on a Qubit
620  fluorometer. Second, 200-250 ng of up to 16 3° or 5’ PCR products were combined into an [llumina
621 HiSeq2000 library. Third, the internal barcode bands of the Illumina HiSeq2000 libraries were gel-
622 purified and subjected to quality control on an Agilent Bioanalyzer. In addition, DNA
623 concentration was determined on a Qubit fluorometer. Fourth, HiSeq2000 libraries were
624 sequenced at the Genome Sequencing Service Center at Stanford University (3155 Porter Dr., Palo
625 Alto, CA 94304).

626

627 Data analysis

628 Initial reads were trimmed using cutadapt version 1.7.17° using the command "cutadapt -a
629 <seq> -e 0.1 -m 21 -M 23 input file.gz -o output file.fastq", where <seq> is

630 GGCAAGCTAGAGA for 5’ data and TAGCGCGGGGCQGT for 3’ data. Barcodes were counted
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631 by collapsing identical sequences using “fastx _collapser” (http://hannonlab.cshl.edu/fastx_toolkit)
632 and denoted as “ read count”. Barcode read counts for each dataset were normalized to a total of
633 100 million and denoted as “ normalized reads” (Table S11). Replicate control treatments
634 performed in the same screening round were averaged by taking the mean of the normalized read
635 counts to generate the average normalized read count and by summing the read counts to generate
636 the average read count. Control treatments that were averaged are denoted with “average” and can
637 be found in Table S12. Mutants in the library contain on average 1.2 insertions'?, each of which
638 may contain a 5’ barcode, a 3’ barcode, both barcodes, or potentially more than two barcodes if
639 multiple cassettes were inserted at the loci. To represent a given insertion within a mutant, we
640 selected a single barcode to represent it. All barcodes associated with the same gene and
641 deconvoluted to the same library well and plate position were assumed to be from the same
642 insertion and were then compared to identify the barcode with the highest read counts in the initial
643 samples (R2-R6) to serve as the representative barcode.

644 To identify mutants with growth defects or enhancements due to a specific treatment, we
645 compared the abundance of each mutant after growth under the treatment condition to its
646 abundance after growth under a control condition. We called this comparison a “screen”, and the
647 ratio of these abundances the “mutant phenotype”. In order for a phenotype to be calculated, we
648 required the control treatment to have a read count above 50.

649 To identify high-confidence gene-phenotype relationships we developed a statistical
650 framework that leverages multiple independent mutant alleles. For each gene, we generated a
651 contingency table of the phenotypes, P, by counting the number of alleles that met the following
652  thresholds: [P < 0.0625, 0.0625 <P <0.125,0.125<P <0.25,0.25<P<0.5,0.5<P<2.0,2.0<

653 P <4.0,4.0<P<8.0,8.0<P<16.0]. Only alleles that were confidence level 4 or less, had an
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654 insertion in CDS/intron/5’UTR feature, and had greater than 50 reads in the control condition were
655 included in the analysis. A p-value was generated for each gene by using Fisher’s exact test to
656 compare a gene’s phenotype contingency table to a phenotype contingency table for all insertions
657 in the screen. A false discovery rate was performed on the p-values of genes with more than 2
658 alleles using the Benjamini-Hochberg method’®. To determine a representative phenotype for a
659 gene, the median phenotype for all alleles of that gene that were included in the Fisher’s exact test
660 was used. For some analysis these gene phenotypes were normalized by setting the median value
661 of all gene phenotypes in a screen to zero. Clustering was performed with Python packages SciPy
662 and Seaborn. Data in Fig. 4a was clustered using the ‘correlation’ metric and ‘average’ method for
663 the linkage algorithm. Spearman and Pearson correlations were calculated in Pandas.
664 Transcriptome correlation data was collected, curated, and analyzed in the Merchant laboratory.
665 Data was plotted and visualized with the Python packages Matplotlib and Seaborn.

666 To determine if biological functions were associated with specific screens we performed a
667 Gene Ontology (GO) term enrichment analysis. Using the same approach as with genes, we
668 generated contingency tables of mutant phenotypes for each GO term. If a mutant’s insertion is
669 within a gene that had multiple GO term annotations, the mutant’s phenotype data was added to
670 each GO term’s contingency table. A p-value was generated for each GO term by using Fisher’s
671 exact test to compare a GO term’s phenotype contingency table to a phenotype contingency table
672 for all GO terms in the screen. A false discovery rate was performed on the p-values using the
673  Benjamini-Hochberg method’®. Clustering were performed in the

674 All analysis was performed using JGI Phytozome release v5.0 of the Chlamydomonas
675 assembly and v5.6 of the Chlamydomonas annotation’’.

676
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677 Immunoblot materials IDAS, NAP1

678 Cells were collected by centrifugation, frozen in liquid nitrogen, and subsequently
679 resuspended in 100 pl of ice-cold PNE buffer (10 mM phosphate pH 7.0, 150 mM NaCl,, 2 mM
680 EDTA) supplemented with a complete protease-inhibitor cocktail (Roche; 11697498001) and
681 disrupted by vortexing with acid-washed glass beads. In some experiments using anti-actin
682 antibodies, these samples were mixed directly with SDS-PAGE sample buffer, boiled for 3 min,
683 and cleared of debris by centrifugation at 12,000 x g for 10 min at 4 °C before electrophoresis. In
684  all other experiments, 100 pl of PNE buffer + 2% NP-40 were added to the samples after cell
685  disruption, and the samples were then incubated for 10 min on ice and cleared by centrifugation at
686 12,000 x g for 10 min at 4 °C before adding SDS-PAGE sample buffer. We did not observe any
687 difference in abundance or solubility of IDAS5 or NAP1 between the two methods. SDS-PAGE
688 was performed using 11% Tris-glycine (for IDAS and NAP1). Blots were stained using a mouse
689 monoclonal anti-actin antibody (clone C4, EMD Millipore, MAB1501), which recognizes IDAS
690 but not NAP1; a rabbit antiNAP1 antibody (generous gift from Ritsu Kamiya and Takako Kato-
691 Minoura), which recognizes NAPI but not IDAS5. HRP-conjugated antimouse-IgG (ICN
692 Pharmaceuticals; 55564) or anti-rabbit-IgG (Southern Biotech; 4050-05) were used as secondary
693 antibodies. Figures showing blots are cropped to show only the molecular weight ranges of
694 interest: for IDAS and NAP1, 37-50 kDa.

695

696 MMS growth assays and VIPP2 immunoblot analysis

697 The following strains were used'’: WT = CC-4533; marsl = marsl1-3; marsl:MARS1-
698 D =marsl-3 transformed with the MARS1-D transgene containing a 3x-Flag epitope after

699 Metl139; mars1:MARS1-D KD = marsl-3 transformed with a catalytically-inactive MARS1-
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700 D bearing the kinase active site D1871A mutation. Prior to starting liquid cultures in TAP media,
701  all strains were restreaked in fresh TAP plates and grown in similar light conditions (i.e., ~50-70
702 pmol photons m 2 s~!, ~22 °C) for about 5-6 days. Prior to starting the MMS treatment, all strains
703  were pre-conditioned in liquid cultures for about 3-4 days. Next, cell cultures were equally diluted
704 to ~5 pg chlorophyll ml™! and incubated in the presence or absence of MMS for 48 hours. A 1%
705  (vol/vol) MMS stock solution (Sigma Aldrich # 129925) was freshly prepared in ddH20 at the
706  beginning of each experiment. This MMS stock solution was further diluted 200 times directly
707 into TAP media to a final concentration of 0.05% (vol/vol). All chlorophyll concentration
708 measurements were performed using a previously described methanol extraction method’®.

709 VIPP2 and alpha-TUBULIN immunoblot analyses were carried out as described!’, using
710 denatured total protein samples prepared from liquid cultures incubated for 27 hours in the
711 presence or absence of 0.05% (vol/vol) MMS.

712

713 Cilia and LatB-related Chlamydomonas experiments

714 Mutants used in this study are listed in Table S13. Individual mutants were grown with
715 gentle agitation at 100 umol photons m™ s'. Disruption of LAT5, LAT6, and LAT7 genes
716 (Crel7.g721950, Crel5.g640101, and Crel1.g482750) in the original isolates of lat5-1, lat6-1,
717  lat7-2 were confirmed by PCR. These mutants were then backcrossed with CC-124 or CC-125
718  three times, with perfect linkage of paromomycin resistance and LatB sensitivity in at least 10
719  tetrads confirmed after each round. The backcrossed strains and the previously established lat1-5,
720 lat2-1, lat3-1, and napl-1 mutants in the CC-124 background®® were spotted on TAP agar

721  containing 0.1% DMSO with or without 3 uM LatB as 5x serial dilutions.

40 of 47


https://doi.org/10.1101/2020.12.11.420950

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.11.420950; this version posted December 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

722 Cilia mutants were grown in liquid TAP medium until they reached exponential phase.
723 Cells were then mounted in u-Slide 8-well chambers (Ibidi, 80826) with 2% low melting point
724  agarose (Sigma, A9414). Cilia defects were scored using a Leica DMi8 inverted microscope. Cilia
725  length was measured using Fiji. Cilia swimming behavior was scored using TAP agar plates with
726  0.15% agar. Latrunculin B (Sigma, L5288) treatments were performed on TAP agar plates
727  supplemented with 3 uM LatB and spotted in 10-fold serial dilutions.

728

729  Arabidopsis experiments

730 Mutants used in this study are listed in Table S13. Seeds were surface-sterilized in 20%
731  bleach for 5 min. Seeds were then rinsed with sterile water four times and stored at 4 °C for three
732 days in the dark. After stratification, seeds were sown into square 10 cm x 10 cm petri plates
733 containing full strength Murashige and Skoog (MS) medium (MSPO1-50LT), 1% agar (Duchefa,
734 9002-18-0), 1% sucrose, 0.05% MES, and adjusted to pH 5.7 with 1 M KOH. Seedlings were
735 grown in the presence of LatB (Sigma, L5288) or mock control containing equivalent volume of
736 the LatB solvent, DMSO. Plates were imaged using a CanonScan 9000 flatbed scanner. Root
737 lengths were quantified using Fiji. Two-way ANOVA and data visualization were done using
738  Python.

739
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