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Abstract

Genes encoding powerful developmental regulators are exquisitely controlled, often at multiple levels.
Here, we use single molecule FISH (smFISH) to investigate nuclear active transcription sites (ATS) and
cytoplasmic mRNAs of three key regulatory genes along the C. elegans germline developmental axis.
The genes encode ERK/MAP kinase and core components of the Notch-dependent transcription
complex. Using differentially-labeled probes spanning either a long first intron or downstream exons, we
identify two ATS classes that differ in transcriptional progression: iATS harbor partial nascent transcripts
while cATS harbor full-length nascent transcripts. Remarkably, the frequencies of iATS and cATS are
patterned along the germline axis in a gene-, stage- and sex-specific manner. Moreover, regions with
more frequent iATS make fewer full-length nascent transcripts and mRNAs, whereas those with more
frequent cATS produce more of them. We propose that the regulated balance of these two ATS classes
has a major impact on transcriptional output during development.

Introduction

The control of gene expression is central to animal development and homeostasis. To achieve that
control, an increasingly complex choreography of regulatory steps dictates when, where, and how much
mRNA is produced. Transcriptional initiation has taken center stage as the key step in regulating gene
expression for years (Mannervik et al., 1999), but other downstream mechanisms have now joined
initiation on that stage. Most relevant to this work is regulation of transcriptional progression. A classic
example of regulation at this step occurs in Drosophila embryos, where the cell cycle is too short to
complete transcription through unusually long Hox genes before the cell divides (Gubb, 1986; Shermoen
and O’Farrell, 1991). A more broadly used mechanism is the regulated release from transcriptional
pauses that occur ~20-60 bp after initiation, the “promoter-proximal pause” (Adelman and Lis, 2012).
Transcriptional progression can be deduced with “-omic” methods, such as PRO-seq or NET-seq
(Churchman and Weissman, 2011; Jonkers and Lis, 2015), or with imaging methods, such as single
molecule fluorescence in situ hybridization (smFISH) or live-imaging (Pichon et al., 2018). One
advantage of smFISH is that transcription of endogenous genes can be followed in their native context
with single cell and single molecule resolution. Although this work began with an smFISH investigation
of active transcription sites (ATS) and transcriptional yields at key regulatory genes during development,
it led to discovery of two distinct ATS classes and what we propose is a case of regulated transcriptional
progression.

Our studies have been conducted in the adult C. elegans gonad, which is well-suited to smFISH (e.g.
Lee et al., 2016) and where germ cell development occurs linearly along the distal-proximal axis.
Germline stem cells (GSCs) reside within their niche at the distal end and GSC daughters mature
progressively toward gametogenesis as they move from the niche and ultimately reach the other end
(Figure 1A). Previous studies in this tissue revealed a gradient of Notch-dependent transcriptional bursts
at the Notch target gene, sygl-1 (Crittenden et al., 2019; Lee et al., 2019, 2016). Here, we focus on
transcription of three other genes that regulate GSC self-renewal or differentiation (Figure 1B). The lag-
1 and lag-3 genes encode core components of the Notch transcriptional activation complex, which
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promotes GSC self-renewal in response to signaling from the niche (Christensen et al., 1996; Lambie and
Kimble, 1991; Petcherski and Kimble, 2000). The mpk-1 gene encodes ERK/MAP kinase (Lackner et al.,
1994; Wu and Han, 1994), which promotes several aspects of germline differentiation: sperm/oocyte
fate specification (Min Ho Lee et al., 2007; Morgan et al., 2013), progression through meiotic prophase,
and oogenesis (Arur et al., 2011; Church et al., 1995; Lopez 3rd et al., 2013). We emphasize that our
approach queries transcription at endogenous genes in wildtype animals; our results therefore avoid
potentially confounding effects of transgenes, inserted tags, and reporter constructs.

To obtain a high resolution and quantitative view of transcription during development, we coupled
smFISH with a MATLAB image analysis code to score RNAs with 3D resolution in the germline tissue, as
done previously for sygl-1 (Crittenden et al., 2019; Lee et al., 2016). Using differentially labeled probe
sets to either the 5’ half to two-thirds of each gene (spanning the long first intron) or the remaining 3’
part (the exons, most of which are 3’ to the intron), we found two distinct ATS classes that differ in
transcriptional progression. One class, iATS for “incomplete” ATS, harbors partial nascent transcripts;
the other class, cATS for “complete” ATS, harbors full length nascent transcripts. Remarkably, the
frequencies of these ATS classes are gene-, position- and sex-specific, suggesting developmental
regulation. Most strikingly, iATS and cATS frequencies are reciprocally graded for two genes in the stem
cell region, in a manner consistent with the graded expression of those genes. We propose that
regulated changes in transcriptional progression, inferred from changes in the frequency of ATS class,
drives the developmental expression of these genes.

RESULTS
Experimental design and a modified MATLAB code

Our experimental design took advantage of the simple architecture of the C. elegans adult germline
(Figure 1A), the ability to visualize transcription at high resolution in this tissue using smFISH (Crittenden
et al., 2019; Lee et al., 2016), and genes with long first introns that encode key regulators of germline
development (Figure 1B). The mpk-1, lag-1, and lag-3 first introns are 8.2 kb, 6 kb, and 8.5 kb,
respectively. We used Stellaris® Probe Designer to create two probe sets for each gene, spanning either
the long first intron and thus covering the 5’ half to two-thirds of each gene or all exons and thus
covering the remaining 3’ part of the gene (Figure 1C-E). Each set included 47-48 individual probes (see
Table S1 for details). The intron and exon probe sets were labeled with different fluorophores to
generate distinct signals (Figure 2A-C; Figure S1A; S2A; S3A). Probe specificities were confirmed by
inhibiting transcription with a-amanitin to ensure detection of RNA rather than DNA (Figure S1B; S2B;
S3B); intron-specific deletions to ensure specificity of the intron probe signal (mpk-1 and lag-3 only, an
analogous lag-1 deletion could not be isolated) (Figure S1C, S3C); and a frame-shift mutant (mpk-1) or
RNAi (lag-1, lag-3) to ensure specificity of the exon probe signal (Figure S1D, S2C-D, S3D-E). See Figure
S1-3 legends for gene-specific details of these specificity assays.

A previously published MATLAB code (used to analyze sygl-1 transcription in the C. elegans
progenitor zone) defined ATS as nuclear spots with overlapping exon and intron probe signals (Lee et al.,
2016). However, a preliminary inspection by eye of the smFISH images for mpk-1, lag-1, and lag-3
transcripts revealed two types of nuclear spots, both with morphology and size of an ATS. We categorize
these two types as “cATS” and “iATS” (Figure 2D). cATS are detected with overlapping signals from the
exon and intron probe sets, while iATS are detected uniquely with the intron probe set. The finding of
these two ATS types caused us to modify the original code. Briefly, the new code detects nuclear signals
independently for the exon and intron probe sets, it determines if the two signals are overlapping to
assign them as cATS or iATS, and it identifies cytoplasmic mRNA, all within the 3D gonad (Figure S4, see
Methods). During this code revision, we asked how many nuclear spots were seen with each probe set,
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92  without taking into consideration any overlap, and found that the intron probe detected more spots

93  than the exon probe for all three genes (Figure 2E). To test whether the abundance bias of intron spots
94  might reflect fluorophore differences, we tested mpk-1 probe sets with swapped fluorophores, but the
95 intron spot abundance bias did not change (Figure 2E). To validate our modified MATLAB code, we

96  tested it by rescoring previously published images of sygl-1 smFISH and obtained results equivalent to
97 previous report (Figure S5) (Lee et al., 2016). The new code thus scores cATS and iATS with spatial

98 resolution.

99  Transcriptional probabilities and yields in the progenitor zone

100 We analyzed mpk-1, lag-1, and lag-3 transcription in the adult hermaphrodite progenitor zone (PZ),
101 where GSCs reside distally and more proximal GSC daughters become primed for differentiation

102 (Cinquin et al., 2010; Crittenden et al., 2006; Rosu and Cohen-Fix, 2017). Position within the PZ was
103  scored as the number of germ cell diameters (gcd) or “rows” along the distal-proximal axis from the

104 distal end, by convention. For this study, we focused on the distal-most 12 rows of the PZ, a region with
105 roughly 150 germ cells that divide asynchronously every ~6 hrs on average (Albert Hubbard and Schedl,
106  2019) and move proximally at a rate of ~0.4 to 1 row per hour (Rosu and Cohen-Fix, 2017). Importantly,
107  agerm cell’s state — naive and stem cell-like or triggered to differentiate — corresponds to its position
108  along the axis (Figure 3A).

109 We first determined the percentage of germ cells harboring any ATS, cell row by cell row along the
110  PZ developmental axis. The ATS scored in this initial analysis include both cATS and iATS, and thus reveal
111 genes that have not only initiated transcription but also elongated far enough for detection with smFISH
112 probes. The percentage of cells with any ATS therefore provides a measure of transcriptional

113 probability, as established previously (Chubb et al., 2006; Lee et al., 2019, 2016). The mpk-1, lag-1, and
114  lag-3 genes were all transcribed actively across the distal PZ with 60 to 70% of cells possessing either a
115 CATS or iATS (Figure 3B; Figure S6A-C). For comparison, the Notch-activated syg/-1 gene produces ATS in
116  ~65% of the distal germ cells within the niche but <5% outside the niche, as previously reported (Lee et
117  al,, 2016) and confirmed here (Figure S5B). We also scored how many individual ATS were seen in each
118 nucleus as a function of position along the axis. As expected for genes that transcribe in bursts within an
119  actively dividing cell population, the numbers of individual ATS per cell varied between zero and four
120  (Figure S6D-F). The higher percentage in the most distal germ cells for lag-1 ATS and lower percentage in
121  the same region for lag-3 ATS are reproducible but not understood. Most importantly, all three genes
122 are actively engaged in transcription across the distal PZ.

123 We next scored two measures of transcriptional productivity as a function of position in the PZ—the
124  number of nascent transcripts at cATS (Figure 3C, Figure S6G-1) and number of mRNAs in the cytoplasm
125 (Figure 3D, S6J-0). Measurement of nascent transcript abundance was limited to cATS, because it could
126 be estimated by comparing intensity values of exon probe spots at cATS in the nucleus and exon probe
127 dots at single mRNAs in the cytoplasm. While this strategy misses nascent transcripts at iATS, the

128 compared values rely on the same probe, same fluorophore, and same image. Both the number of mpk-
129 1 and lag-3 nascent transcripts increased steadily as germ cells moved along the PZ axis, while the

130 number of lag-1 nascent transcripts increased initially and then leveled off (Figure 3C). Following those
131 trends, mpk-1 and lag-3 mRNA numbers also increased along the axis, while numbers of /ag-1 mRNAs
132 were more level (Figure 3D). The pattern of lag-1 mRNA abundance conforms for the most part with an
133 independent report published recently (Chen et al., 2020). Most strikingly, the nearly uniform

134  transcriptional probabilities for mpk-1 and lag-3 (Fig 3B) did not match their gradually increasing

135 transcriptional outputs across the PZ axis (Figs 3C, 3D).

136 Frequency of one ATS class, the cATS, corresponds to mRNA yield
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137  Why might transcriptional probability and output have distinct patterns for a given gene? We

138  considered the possibility that the frequency of the two ATS classes, iATS and cATS (Figure 2), underlie
139  the explanation. iATS are uniquely detected with the first intron probe, so nascent transcripts at iATS
140  have elongated through much of the long intron, but not the downstream exons (Figure 3E, top). By
141 contrast, cATS are detected with both exon and intron probes, so nascent transcripts at cATS must have
142 elongated through both the long intron and the downstream exons (Figure 3E, bottom). Because iATS
143 and cATS reveal transcription sites dominated by different extents of transcriptional progression, cATS
144  would be expected to yield a more robust transcriptional output than iATS. Based on that idea, we

145 determined the frequencies of each ATS class, measured as a percentage of all ATS, and asked if their
146  frequencies change along the PZ developmental axis. One might have thought that iATS and cATS

147  frequencies would simply reflect the extent of sequence covered by each probe set. If that were the
148 case, they would be the same regardless of position. However, iATS and cATS frequencies had gene-
149  specific patterns along the PZ axis (Figure 3F-H). For example, mpk-1 cATS frequency increased steadily
150  from ~30% distally to ~75% at row 12, and iATS frequency decreased correspondingly (Figure 3F). A
151  similar trend was found for lag-3 (Figure 3H), but the lag-1 cATS frequency initially decreased and then
152 leveled off across the PZ (Figure 3G). These patterns suggest that transcriptional progression is gene-
153  specific and changes as germ cells move through the PZ. A logical extension of that idea is that the
154 pattern of only one class, the cATS with their full or nearly full-length transcripts, is responsible for the
155 pattern of mMRNA production. That prediction was borne out by comparing patterns of ATS, cATS, iATS,
156 and mRNAs in gene-specific graphs (Figure 3I-J) and finding positive correlations between cATS

157 frequency and mRNA number and negative correlations between iATS frequency and mRNA number
158 (Table 1). We conclude that cATS frequency, not iATS frequency, drives mRNA output as germ cells
159 mature through the PZ (see Discussion).

160 mpk-1, lag-1, and lag-3 transcription in the early Pachytene Region

161 We next investigated transcription of the same three genes in a different region of the gonad, where
162  germ cells have begun to differentiate. Specifically, we focused on 12 rows of germ cells that begin at
163  the proximal boundary of the Transition Zone (TZ) and extend into the Pachytene Region (Figure 4A).
164  Germ cells here have entered the pachytene stage of meiotic prophase and begun oogenesis. For

165  simplicity, we refer to the region as EP for early pachytene. Though germ cells are not dividing

166 mitotically, they move proximally through the EP at a rate of ~1 row per hour (Albert Hubbard and

167  Schedl, 2019; Crittenden et al., 2006), and progressively mature as they move along the distal-proximal
168 axis.

169 Analyses in the EP paralleled those in the distal PZ (see Figure S7 for representative smFISH images).
170  The mpk-1, lag-1, and lag-3 genes were actively transcribed across the region: the percentages of cells
171  with any ATS ranged from ~50-80% (Figure 4B; Figure S8A-C), and ATS numbered zero to four per

172 nucleus as expected (Figure S8D-F). The number of nascent transcripts at cATS was steady across the
173 region for each gene (Figure 4C; Figure S8G-I), while mRNA numbers were essentially uniform or

174 increased slightly (Figure 4D; Figure S8J-0). Strikingly and in contrast to the PZ, most ATS were cATS
175 throughout the EP region (Figure 4E-G). Display of the various measures of transcription in a single

176  graph highlights their similarity (Figure 4H-J). Again, high cATS frequencies match abundance of

177 cytoplasmic mRNAs. Thus, the ATS class frequencies and hence transcriptional progression appear

178 relatively uniform for these genes as they move through early pachytene.

179
180  Deletions in the mpk-1 long first intron have either minor or no detectable germline defects
181 We considered the idea that the size or content of the long first intron of each gene might influence

182  the pattern of cATS frequency in the PZ. Introns can contain regulatory elements that affect numerous
183  aspects of the transcription process, including elongation and splicing (Chorev and Carmel, 2012; Gubb,
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1986; Parenteau et al., 2019; Rose, 2019; Swinburne et al., 2008; Swinburne and Silver, 2008; Takashima
et al., 2011). To address this issue, we focused on mpk-1 for two reasons. First, the mpk-1b isoform is
the principal and likely only mpk-1 transcript in the germline (Figure 1C) (Lee et al., 2007; Robinson-
Thiewes et al., in preparation). As a result, mpk-1 smFISH in the germline scores this isoform specifically.
By contrast, tissue-specificity is unknown for the isoforms of the other genes (Figure 1D-E). Second, a
5.7 kb deletion in the mpk-1 intron (Figure 1C) is homozygous viable. Therefore, the regulatory effects of
potential elements within the mpk-1 long first intron can be investigated with mutants. By contrast, an
analogous deletion in lag-3 (Figure 1D) is embryonic lethal and the analogous /lag-1 intron deletion could
not be recovered.

We made 1 kb deletions at the 5’ end (5’ A), middle (mid A) and 3’ end (3’ A) of the mpk-1 long first
intron at the endogenous locus (Figure 5A). To choose the specific regions removed, we used a
combination of homology searches and ChIP datasets. The 5’ A mutant removed a 90 bp sequence
predicted in silico to form a hair-pin loop and is repeated throughout the C. elegans genome (Table S2);
we chose this region because a hair-pin loop in the first intron of MYB attenuates its transcription
(Bender et al., 1987; Pereira et al., 2015). The mid A mutant removed a region enriched for RNA
polymerase (RNAP) Il serine 5 phosphorylation and epigenetic markers of an enhancer (Liu et al., 2011);
we chose this region because in other genes, intragenic enhancers have been found to attenuate
transcription (Cinghu et al., 2017). The 3’ A mutant removed a region with no distinguishing features. To
avoid splicing defects, the 5’ end of 5" A was placed 287 bp downstream of the 5’ splice site, and the 3’
end of 3’ A was placed 170 bp upstream of the predicted branch site and 197 bp upstream of the 3’
splice site.

To test effects of the deletions on germline function, we assayed each 1 kb deletion mutant for
fertility and PZ size. We also scored the fertility of animals homozygous for the large 5.7 kb deletion
used to test intron probe specificity (large A). While loss of the mpk-1b germline isoform causes fully
penetrant sterility (Robinson-Thiewes et al., in preparation), the 5’ A and 3’ A mutants were fertile and
the mid A and large A mutants were mostly fertile, with a partially penetrant sterility at higher
temperature (Figure 5B). Moreover, PZ length was similar to wildtype in 5" A and 3’ A mutants and
reduced by only ~5 gcd in mid A and large A mutants (Figure 5C). We also noted that the mid A and
large A mutants were vulvaless, a defect associated with MPK-1 loss in the soma (Lackner et al., 1994;
Wu and Han, 1994). Therefore, mid A likely removes a somatic enhancer. Unexpectedly, the large A
mutants were ~30% dauer constitutive, a mpk-1 defect not reported previously to our knowledge. We
conclude that a 1 kb reduction in the long first mpk-1 intron has no dramatic effect on germline
function.

We also assayed transcription of each 1 kb intron deletion mutant. These deletions remove a
roughly equal number of individual probes from the intron probe set (Figure 5A, Table S1); the large A
mutant, by contrast, removes most individual probes from the intron probe set and was therefore not
analyzed (Figure S1C). For each 1 kb intron deletion mutant, we performed the same experiments and
analyses done with wildtype, as described above. In the distal PZ, transcriptional probability (percent
cells with any ATS) was essentially the same in wildtype and the three mutants in the distal PZ (Figure
S9A-H). Transcriptional output, scored either as number of nascent transcripts (Figure S9I-L) or number
of mRNAs (Figure S9M-T), was similar in the three mutants and wildtype. While the gradient in percent
CATS appeared to shift distally by ~2 gcd in the mid A and 3’ A mutants (Figure 5D-G), that shift was not
statistically significant (student’s t-test), and cATS frequencies were similar to the wildtype control
(Figure 5H-K). Transcription in the EP region was also equivalent in wildtype and deletion mutants. We
conclude that a 1 kb size reduction of the first long mpk-1 intron (5’ A, mid A, and 3’ A), removal of the
hairpin loop (5’ A), and removal of the putative somatic enhancer (mid A) have no significant effect on
mpk-1 transcription in the germ cells assayed.
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232 mpk-1 developmental pattern of cATS frequency is sex-specific

233 Finally, we asked if the dramatically graded increase in mpk-1 cATS frequency that was found in the
234  hermaphrodite PZ might reflect a developmental control related to GSC maturation. If this were the
235  case, a similar increase would be expected in the male germline, where GSCs also reside distally and
236  their daughters are triggered to differentiate as they leave the niche (Figure 6A) (Crittenden et al.,

237 2019). To test this prediction, we analyzed mpk-1 cATS frequency in adult male PZs and EPs (Figure 6A,
238  red boxes). However, the male pattern of cATS frequency was different from that in hermaphrodites. In
239 the distal-most GSCs within the male niche, the cATS frequency was ~50% and increased to ~65% by row
240 12 of the male PZ (Figure 6B). In the male EP region, cATS frequency dropped from ~80% at the TZ/EP
241 boundary to ~40% by row 12 (Figure 6C). The mpk-1 cATS frequency pattern is therefore sexually

242 dimorphic (Figure 6D, 6E). The male EP decrease in cATS frequency matches well with the previously
243 reported decrease in MPK-1 protein abundance in the same region (Min Ho Lee et al., 2007). We

244  suggest that the sexually dimorphic patterns in cATS frequency reflect sex-specific changes in

245  transcriptional progression that are related to sperm fate specification in the male PZ and production of
246  maternal RNAs in the hermaphrodite EP (see Discussion).

247

248 Discussion

249  This study analyzes transcription of three key regulatory genes during C. elegans germline development,
250 using smFISH to visualize single active transcription sites (ATS) and mRNAs. Our results lead to three
251 major conclusions. First, we identify distinct ATS classes: iATS harbor partial nascent transcripts while
252 cATS harbor full length nascent transcripts. Second, we find that the frequencies of these ATS classes
253  change in gene- and sex-specific fashion along the germline developmental axis, suggesting

254 developmental regulation. Finally, we show that only one ATS class, the cATS, correlates with

255 transcriptional productivity, suggesting an impact of ATS class on gene expression.

256

257 Two ATS classes with distinct extents of transcriptional progression and transcriptional output

258 Classically, ATS are thought to harbor multiple transcripts that vary in degree of completeness

259 (Darzacq et al., 2007; Femino et al., 1998; Mcknight and Miller, 1976). The discovery of iATS and cATS
260  demonstrates that ATS can exist in different states with distinct extents of transcriptional progression
261  through a gene. The iATS are detected only with the 5’ probe set and this ATS class must be dominated
262 by partial transcripts; by contrast, cATS are detected with both 5’ and 3’ probe sets and must include
263  complete or nearly complete transcripts, likely in addition to partial transcripts (Figure 7A). This

264  interpretation is consistent with previous studies that used smFISH to investigate transcriptional

265 progression (Bartman et al., 2019; Coté et al., 2020; Darzacq et al., 2007; Pichon et al., 2018). Moreover,
266 alternative explanations seem unlikely. The lack of an overlapping exon signal at iATS might be explained
267 if the spliced long intron was tethered to the site while full-length transcripts were released rapidly.

268 However, introns are typically degraded quickly (Clement et al., 1999) or moved to nuclear speckles for
269 degradation (Daguenet et al., 2012; Dias et al., 2010; Galganski et al., 2017), and a rapid release of full-
270 length transcripts is inconsistent with the negative correlation between iATS frequency and

271  transcriptional output (Table 1C). We therefore favor the idea that iATS and cATS sites differ in their
272  extents of transcriptional progression (Figure 7A).

273 We do not understand the mechanism responsible for formation of these two ATS classes. The

274  simplest explanation is that transcriptional elongation is slowed or paused at iATS, perhaps in the long
275  firstintron. That slowing or pausing cannot be the same as “promoter-proximal pausing”, which occurs
276  ~20-60 bp downstream of transcriptional initiation and would not generate a transcript detectable with
277  thefirst intron probe (Adelman and Lis, 2012; Jonkers and Lis, 2015; Sheridan et al., 2018). If pausing
278 does occur at iATS, it could be coupled to splicing (Alexander et al., 2010; Mayer et al., 2015; Nojima et
279 al., 2015; Saldi et al., 2016). However, splicing pauses detected to date in other systems are short, on
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280 the order of seconds to minutes (Alpert et al., 2017; Martin et al., 2013; Singh and Padgett, 2009).

281  Another plausible explanation is that transcription is aborted at iATS. Abortive transcription occurs in
282  Drosophila embryos, where mitosis truncates transcription of very long genes in cells with very short cell
283 cycles (Gubb, 1986; Kwasnieski et al., 2019; Shermoen and O’Farrell, 1991; Swinburne and Silver, 2008;
284  Tadros and Lipshitz, 2009). However, in the iATS reported in our work, elongation through each of the
285 genes investigated is predicted to take <15 minutes, based on rates of 1-4kb/sec (Darzacq et al., 2007;
286 Martin et al., 2013; Singh and Padgett, 2009), far less than the ~6hr cell cycle in the progenitor zone
287 (Albert Hubbard and Schedl, 2019); thus, iATS are unlikely to be the result of aborted transcription at
288 mitosis. Differentiating among these various mechanisms is challenging in the C. elegans germline, and
289 iATS per se have not yet been reported in cultured cells. Nonetheless, although speculative, we suggest
290  thatiATS result from transcriptional pausing, perhaps during RNAP Il elongation or splicing of the long
291  firstintron.

292
293 Graded cATS frequency is coupled to a graded transcriptional output
294 One of our most striking findings is that frequencies of the two ATS classes, iATS and cATS, are

295 patterned in development. Whereas the probability of a nucleus harboring any ATS was essentially the
296  same for all germ cells in the two regions investigated, the frequencies of the two ATS classes changed
297  dramatically and reciprocally as germ cells mature. Indeed, the mpk-1 and lag-3 frequencies were

298 clearly graded in the hermaphrodite progenitor zone. For both of these genes, iATS frequency started
299 high in GSCs within the niche and dropped as their daughters left the niche and moved through the

300 progenitor zone; conversely, cATS frequency started low and increased across the same region. These
301 reciprocally graded iATS and cATS frequencies likely reflect graded and regulated changes in the ability
302  of an ATS to complete transcription through the gene.

303 An important corollary of the iATS class with its partial transcripts is that existence of an active

304  transcription site does not ensure production of mRNAs. The iATS frequency had a pattern opposite to
305 that of transcriptional yield, measured both as production of full-length nascent transcripts and mature
306 mRNAs, whereas the cATS frequency pattern aligned well with these two measures of transcriptional
307  output. Future smFISH studies must therefore consider not only formation of ATS, but the ATS class and
308 its productivity. This caution may be most important for genes with long introns or perhaps simply long
309 genes. We suspected that some aspect of the long first intron might be critical for producing the two
310  ATS classes but were not able to identify it with designer deletions. Regardless, for the genes

311 investigated in this work, we suggest that the regulated balance between cATS and iATS classes is an
312 important factor in driving gene expression.

313
314  ATS classes are gene-, stage- and sex-specific during germline development
315 The three genes investigated in this work—mpk-1, lag-1, and lag-3—encode key regulators of

316 development (see Introduction). In the germline tissue, they regulate stem cell maintenance, sex

317 determination, and several steps of differentiation (Figure 1B); elsewhere, they regulate embryogenesis
318 and post-embryonic somatic development (Priess, 2005; Sternberg, 2005). Here we consider how the
319 patterns of ATS class frequency relate to germline function. In hermaphrodites, pachytene cells act as
320 nurse cells for oocytes (Wolke et al., 2007) and all three genes produce maternal mRNAs (Stoeckius et
321 al., 2014), consistent with their high cATS frequency and abundant transcriptional yield to load maternal
322 MRNAs into the oocyte. Little is known about lag-1 and lag-3 function in germline differentiation; by
323  contrast, mpk-1 is critical (see below).

324 The functions of patterned cATS frequencies in the progenitor zone are more nuanced. The lag-1
325 and/ag-3 genes encode essential components of the Notch-dependent transcription factor complex to
326 maintain GSCs in response to niche signaling (Kershner et al., 2014; Lambie and Kimble, 1991; Lee et al.,
327 2016; Petcherski and Kimble, 2000). Consistent with that role, the lag-1 cATS frequency and
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328  transcriptional output are higher in GSCs than in the more proximal PZ (this work), and LAG-1 protein is
329  expressed similarly (Chen et al., 2020). The lag-3 cATS pattern was low in GSCs even though the LAG-3
330 proteinis clearly functioning there to maintain GSCs. The distribution of LAG-3 protein is not yet known.
331  One clue that it may be necessary to keep the LAG-3 protein a low level in GSCs is that LAG-3 forms a
332  complex in the nucleus with the Notch intracellular domain (NICD) (Petcherski and Kimble, 2000), and
333 abundance of nuclear NICD is vanishingly low (Crittenden et al., 1994; Sorensen et al., 2020). We

334  suspect that LAG-3 abundance is kept low to work with its low-abundance NICD companion for Notch-
335 dependent transcriptional activation. Moreover, mammalian Mastermind-like (MAML), a LAG-3

336 ortholog (Kitagawa, 2015; McElhinny et al., 2008; Wu and Griffin, 2004; Zhao et al., 2007), is often

337  overexpressed in cancers (Forghanifard et al., 2012; Wu and Griffin, 2004). Perhaps, a low lag-3 cATS
338 frequency maintains a low but functional level of LAG-3 and prevents overexpression that could induce
339 tumorigenesis.

340 The mpk-1 gene encodes ERK/MAPK, which functions at several steps of germline differentiation:
341  sperm fate specification, meiotic progression, and oocyte maturation (Arur et al., 2011; Church et al.,
342 1995; Min Ho Lee et al., 2007; Lopez 3rd et al., 2013; Morgan et al., 2013). These functions all rely on a
343 single germline-specific isoform, mpk-1b mRNA, which in hermaphrodites, generates low MPK-1B

344 protein in the PZ and increasing MPK-1B as germ cells progress through differentiation (Min Ho Lee et
345  al., 2007; Myon Hee Lee et al., 2007; Robinson-Thiewes et al., in preparation). As shown in Figure 7B,
346  the pattern of mpk-1 cATS frequency and transcriptional output in hermaphrodites conforms to the
347  pattern of MPK-1B protein expression and its established functions in meiotic progression and oocyte
348 maturation. Given its prominent role in germline differentiation, mpk-1 expression might have been
349 kept low in GSCs to maintain stem cells. However, germline sexual identity is established in the PZ

350 (Morgan et al., 2013, 2010) and mpk-1 also promotes sperm fate specification (Min Ho Lee et al., 2007).
351 Indeed, the mpk-1 cATS frequency was sexually dimorphic: 25% in GSCs of oogenic but ~60% in GSCs of
352  spermatogenic germline (Figure 7B). Therefore, a low cATS frequency is not required for stem cell

353 maintenance and is consistent with a role in preventing sperm fate specification in adult

354  hermaphrodites. More proximally, the mpk-1 cATS frequency increases and stays high in the early

355 pachytene region of oogenic hermaphrodites, presumably to generate its maternal load, but decreases
356  dramatically in the early pachytene region of spermatogenic adult males. Although the abundance and
357  activity of MPK-1/ERK are also regulated post-transcriptionally and post-translationally (Myon Hee Lee
358 et al., 2007; Yoon et al., 2017), regulation of ATS class, and hence regulation of transcriptional

359 progression, emerges as its earliest point of developmental control.

360
361  Future directions
362 A deeper understanding of ATS classes and their regulation is a challenge for future studies. One

363 key question that can now be addressed is whether iATS exist at other genes and outside the C. elegans
364  germline —in other tissues and other species. Although this seems likely, it remains speculation for now.
365  The literature reveals plausible iATS candidates in Drosophila and mouse (Shermoen and O’Farrell,

366 1991; Takashima et al., 2011), but the use of different methods in those studies make iATS equivalence
367  uncertain. Thus, identifying iATS in other genes, tissues, and organisms will demonstrate their general
368  significance and finding them in cultured cells will open their analysis to powerful biochemical and

369 genomic methods. The C. elegans germline is poised to conduct more refined smFISH analyses as well
370  as live imaging to probe the nature of iATS — does a pause occur, and if so, where in the gene and for
371 how long? However, iATS in the C. elegans germline exist in limited regions, and can be of low

372  frequency, both disadvantages for -omics methods. Regardless, the identification of a graded

373 developmental transition from the iATS class with its partial transcripts to cATS with its complete

374  transcripts opens the possibility of a new mode of transcriptional regulation.

375
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386  Methods

387

388  Strains and Maintenance: All strains were maintained at 20°C (Brenner, 1974) unless otherwise

389 indicated. See Table S3 for strain names and full genotypes. Most experiments were done using wild-
390 type N2 animals.

391

392  Allele generation: All mutations were made using the co-CRISPR method as described (Dokshin et al.,
393 2018; Paix et al., 2014) with guides listed in Table S4. All mutations were isolated at 25°C, but then

394  outcrossed 2X times to wildtype and either homozygosed or balanced with qCl [gls26] Il at 20°C.

395

396  smFISH probe design and specificity controls: All smFISH probe sets were designed using Stellaris probe
397  designer (https://www.biosearchtech.com/stellaris-designer), using the sequence of the first intron for
398 theintron probe set or the sequences of all exons for the exon probe set. For each probe set, a mask of
399 5 was used to maximize specificity. Each probe was compared to the C. elegans genome using BLAT
400 (https://genome.ucsc.edu/cgi-bin/hgBlat) for independent confirmation of sequence specificity. See
401  Table S1 for individual probe sequences and fluorophores conjugated to each probe set. RNA specificity
402 was confirmed using a-amanitin to inhibit RNA production following a published procedure (Lee et al.,
403  2016). Briefly, N2 mid-L4 worms were placed on a fresh plate 12 hr before the experiment. Adults were
404  washed off the plate with M9 and incubated in 500 pL M9 with 100 pg/mL a-amanitin, rotating in the
405 dark for 4 hrs. After incubation, gonads were extruded and stained using the smFISH protocol described
406  below. mpk-1 smFISH intron probe specificity was confirmed using the mpk-1 (q1084) large A and exon
407  probe specificity was confirmed using the mpk-1 (q1069) mutation, which carries a frameshift in the
408  mpk-1b specific first exon. lag-1 and lag-3 probe specificities were confirmed using RNAi with the

409 protocol from (Ahringer, 2006), because mutants are either embryonic lethal, L1 lethal, or lack germline
410 tissue (Christensen et al., 1996; Petcherski and Kimble, 2000). RNAi was performed HT115 bacteria

411  carrying either lag-1, lag-3, or empty vector were grown overnight and 100 uL seeded to each plate.
412 Bleach synchronized N2 worms were placed on empty and RNAi plates (L1s for lag-1 and L4s for lag-3);
413  for both genes, worms were grown to adulthood and their embryos processed for smFISH (see below).

414 smFISH: All steps were performed under RNase free conditions: the workspace, gloves, and pipettes
415 were routinely cleaned using RNase Zap (ThermoFisher, AM9780), RNase free tips were used, nuclease
416  free water (ThermoFisher, AM9932) and RNase free TE (ThermoFisher, AM9849) were used to make
417  buffers. The “original” mpk-1 smFISH probes were used in Figure 2E and “swapped” mpk-1 probes were
418 used for all other experiments (Table S5).

419 Gonad smFISH: All gonads were stained at the mid L4 + 12 hr timepoint, as described (Lee et al., 2017,
420 2016). Briefly, mid-L4 worms were picked to plates 12 hrs before gonad dissection. Hermaphrodites or
421 males were washed from plates with a M9+tween mixture and anaesthetized in 0.25 mM levamisole;
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422  after dissection, gonads were washed in 500 puL 1XPBS + tween (PBSTw) solution and fixed in 1 mL 3.7 %
423  formaldehyde in PBSTw for 20 minutes, rotating at room temperature. Gonads were then washed with
424 1 mL PBSTw and permeabilized with 1 mL PBSTw + 0.1 % Triton-X for 10 minutes, rotating at room

425  temperature. Gonads were then washed 2X with 1 mL PBSTw and left in 1 mL 70% ethanol (diluted in
426 nuclease-free water) overnight at 4 °C. The next day, ethanol was replaced with a 1 mL smFISH wash
427 (10% formamide, 2X SSC, and Tween-20) for 5 minutes. smFISH probes were diluted in hybridization
428 buffer (10% formamide, 2X SSC, 100 mg dextran sulfate per mL of buffer) with probe concentration

429 depending on the probe set (Table S5). Gonads were rotated at 37 °C overnight in the dark, washed in 1
430  mL smFISH wash + 1: 1000 DAPI (1 mg/mL) for 30 minutes, rotating in the dark at 37 °C and finally

431 quickly washed 2X with 1 mL smFISH wash. Gonads were mounted in 18 um Prolong Glass

432 (ThermoFisher, P36984), cured in the dark for 2 days at room temperature, and sealed with VALAP.

433 Slides were stored at -20 °C until imaged.

434  Embryo smFISH: Staining was modified from a previous protocol (Ji and van Oudenaarden, 2012) using
435  smFISH solutions described above. Embryos were washed from plates with M9. After spinning and

436  supernatant removal, bleaching solution (745 mL concentrated Clorox Bleach, 0.5 uL 4N NaOH, and

437  3.750 mL M9) was added, and samples rocked gently for 4 minutes at room temperature. After bleach
438 removal, embryos were washed 3X with M9 and transferred to an RNase free microcentrifuge tube with
439 1000 mL of fix solution. Tubes were immediately put in liquid nitrogen to freeze crack the eggshell and
440 then transferred to an ice bath and allowed to thaw for 20 minutes. After removal of the fix, embryos
441 were washed 1X 1 mL PBSTw, 70% ethanol was added, and samples were left overnight at 4 °C. The
442 next day, ethanol was replaced with 1 mL smFISH wash added for 5 minutes, which was replaced with
443 hybridization buffer and a probe set. Hybridizing embryos were rocked gently overnight at 37 °Cin the
444  dark. The next day, embryos were washed with 1 mL smFISH + 1:1000 DAPI (1 mg/mL) and rocked again
445 at 37 °C for 30 minutes in the dark. After DAPI, embryos were washed 2X with 1 mL smFISH wash,

446 mounted in 18 uL of Prolong Glass and cured for 2 days in the dark at room temperature. Slides were
447 sealed with VALAP and kept at -20 °C until imaged.

448

449 Biological replicates: Two biological replicates were done for all experiments performed with wildtype
450 hermaphrodites and males. To ensure the two replicates were exposed to essentially the same

451 conditions, animals for each replicate were raised on separate OP50 plates in the same incubator; their
452  gonads were dissected separately but in parallel; and smFISH was done separately but in parallel. For
453 imaging, one replicate was imaged one day and the other second was imaged the next day. Each

454  replicate was analyzed independently using the MATLAB code. For each type of experiment, the two
455 replicates were compared for all assessed measures using the student’s t-test. For all experiments,

456  replicates did not differ significantly and datasets were combined for presentation. For mpk-1 replicate
457 1, all 20 PZ images were used in downstream analyses; 19 of 21 EP images were used for analyses. For
458  mpk-1 replicate 2, 17 of 20 PZ images were used; 17 of 20 EP images were used. For lag-3 replicate 1,
459 13 of 20 PZ images were used for analyses; 18 of 20 EP images were used for analyses. For lag-3

460 replicate 2, 19 of 20 PZ images were used; 19 of 20 EP images were used. For male mpk-1 replicate 1, all
461 13 PZ images were used for analyses; 11 of 13 EP images were used for analyses. For male mpk-1

462 replicate 2, 11 of 12 PZ images were used for analyses; 11 of 12 EP images were used. See MATLAB

463 Image Processing for reasons selected images were removed. For smFISH of the mutants, wildtype was
464 done in parallel with the mutants, but only one replicate was done—see Figure S9 legend for details.
465

466  Image Acquisition: All smFISH stained gonads and eggs were imaged as described (Lee et al., 2016). All
467  smFISH images were captured using a Leica SP8 confocal microscope. For TAMRA dye (651 nm), Quasar
468 670 (633 nm), Quasar 570 (561 nm), and far red 610 (594 nm), 2% laser power was used for excitation,
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469  while DAPI was excited using 1.5% laser power (UV 405 nm). Fluorescence signals were collected as
470 follows: DAPI, 412-508 nm; TAMRA, 564-627 nm; Quasar 670, 650-700 nm; Quasar 570, 564-588 nm;
471 and far red 610, 600-680 nm.

472

473 MATLAB Image Processing:

474 Threshold determination: The program RunBatch was used to determine the optimal threshold value for
475 the relevant probe set for all images. Data from each image channel was then visualized using the

476  program “detectionCheck_mpk1” (available on GitHub with publication). The threshold value was

477 chosen that best captured intron and exon signals when compared to the raw image by manual

478 inspection. Once the optimal threshold value was determined, images were further processed in

479 MATLAB. An individual image was excluded from further analysis if the nuclear signal could not be

480 detected and/or no threshold value could accurately represent the visible signals.

481 MATLAB image processing: MATLAB workflow is summarized in Figure S4 and based on a previous

482 MATLAB code (Lee et al., 2016). Each channel—intron, exon, and DAPI—were independently detected.
483 Background from the intron channel was used to generate the 3D tissue model and mark gonad

484  boundaries in the image. Any exceptionally bright and/or irregular shaped signal outside the boundaries
485  was discarded as a contaminant. Candidate signals were independently examined and defined from the
486  intron and exon channels. For the intron channel, candidate signals were required to be nuclear, round,
487 and of an intensity value greater than the background. The percent of discarded intron probe- detected
488 signals per gonad varied: 0.5% for mpk-1, 0.02% for lag-1, and 4.3% for lag-3. For the exon channel,
489  candidate nuclear signals had to be nuclear, round, and of an intensity greater than the mean intensity
490  of a single mRNA. In addition, each signal was designated as nuclear (within DAPI boundary), in a

491 Voronoi defined cell of 3 um from the center of the nucleus, or in the shared cytoplasmic core or

492 “rachis” of the germline. Exon only detected nuclear signals were discarded (see Figure S4); their

493  detections varied per gonad depending on gene—3.2% for mpk-1, 3.5% for lag-1, and 2.8% for lag-3. If
494 DAPI did not form a sphere, which happened in cells on the boundary of the image window, any nuclear
495  ATS and cytoplasmic mRNAs were discarded.

496  MATLAB post-image analysis: Metadata from image processing were imported into MATLAB to score
497 raw data. The intensities from intron and exon probe sets were analyzed as described (Lee et al., 2016)
498  to confirm single molecule detection for each gene. For all three genes, over 96% of the cytoplasmic
499  exon signals clustered around one value that was deemed to correspond to a single mRNA. For each
500 gene, replicate 1 and replicate 2 were compared for all analyses with the student’s t-test. All data from
501 the replicates for a single gene and condition were not statistically different and combined. Data

502  acquired as a function of germline position were grouped into “bins” that corresponded to 5 um

503 windows spanning the length of the region of interest. Because cells have a 4.4 um diameter on

504 average, each bin approximates a row of germ cells. To calculate transcriptional probability, DAPI

505 defined nuclei were grouped into bins by position along the germline axis. For each bin, the number of
506  ATS positive, either iATS or cATS, cells were counted and compared to the total number of nuclei in the
507 same bin. For number of nascent transcripts in cATS, data were again grouped in bins. For each image,
508  the cATS signal was calculated from a comparison to the average intensity of a single cytoplasmic mRNA
509 in the same image. cATS intensities in each bin were added together and divided by the average mRNA
510 intensity to determine the number of nascent transcripts per cell row. To quantify mRNA abundance in
511 cells per row, we combined cytoplasmic exon probe signals from within a cell but excluded the rachis.
512 Binning those numbers by position generated the number of mRNAs within cells per row. To estimate
513  the number of mRNA per cell, we divided the number of mRNA per cell row by the number of nuclei in
514  the cell row. We calculated frequencies of iATS and cATS as their percentage of total ATS per germ cell
515 row, rather than per cell to avoid the cases of multiple loci firing in a single cell. All ATS were divided
516 into bins as described above and the number of iATS and cATS were counted for each bin. The counts
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517  were then converted into a percentage for each bin. Correlation tests relied on pair-wise comparisons
518  of five “compiled” datasets (percent cells with ATS, cATS frequency, iATS frequency, number of nascent
519  transcripts at cATS, and number of cellular mRNAs) that combined position-binned data. For example,
520 theiATS frequency compiled dataset was made by combining the position-binned data from the iATS
521 frequency analysis. After each compiled dataset was generated, Pearson’s correlation coefficients were
522  calculated for pairs of datasets (see Table 1 for specific comparisons).

523

524 Fertility assays: Worms were grown at 15°C, 20°C, or 25°C for at least one generation before scoring
525 fertility at each temperature. Worms were bleach-synchronized and grown to adulthood (L4 + 36 hr, L4
526  +24 hr, or L4 + 12 hr, respectively for each temperature). Adults were washed off plates with M9,

527 anesthetized in 0.25 mM levamisole, mounted onto 2% agarose pads, and scored for presence of

528 embryos using DIC on a Zeiss Axioskop microscope.

529

530  Progenitor zone length assay: All progenitor zone lengths were scored in gonads dissected from animals
531 raised at 20°C, as described (Crittenden et al., 2006). Briefly, gonads were dissected from L4 + 12 hr
532  adultsin 0.25 mM levamisole in PBSTw and fixed in 300 pL 2% paraformaldehyde in PBSTw for 10

533 minutes, rotating at room temperature. Gonads were then washed in 1 mL PBSTw 1X, permeabilized in
534 1 mL PBSTw + 0.5% BSA + 0.1% Triton-X for 10 minutes, rotating at room temperature, incubated with
535 1:1000 DAPI (1 mg/mL) for 30 minutes, rotating in the dark at room temperature, and washed 3Xin 1
536 mL PBSTw. After removing excess liquid, gonads were mounted in 10 uL Vectashield and kept at 4°C
537 until imaged using the 63/1.4 NA Plan Apochromat oil immersion objective of a Zeiss Axioskop

538 microscope. DAPI was visualized using the Carl Zeiss filter set 49. Images were taken as previous

539  described (Haupt et al., 2019).

540

541  Statistical analyses: All statistical tests were performed in MATLAB: student’s t-test (ttest2 function) and
542 Pearson’s correlation tests (corr function). Significance cutoff of p < 0.01 was used.

543
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Tables:

Table 1: Pearson’s correlation tests between measures of transcription

A. Transcriptional probability (% cells with any ATS) vs
transcriptional output (# mRNA in cells)

Gene | Correlation coefficient (r) | p value
mpk-1 | 0.0157 0.7456
lag-1 | 0.0725 0.1362
lag-3 | -0.0594 0.0594

B. cATS frequency (% ATS that are cATS) vs
transcriptional output (# mRNA in cells)

Gene | Correlation coefficient (r) | p value
mpk-1 | 0.4872 7.5725x10%8
lag-1 | 0.1272 0.0081
lag-3 | 0.4448 4.6640x10%°

C. iATS frequency (% ATS that are iATS) vs
transcriptional output (# mRNA in cells)

Gene | Correlation coefficient (r) | p value
mpk-1 | -0.4520 9.6179x10%
lag-1 | -0.1149 0.0169
lag-3 | -0.3836 6.5252x10°%°

D) Transcriptional output (# nascent transcripts)

vs transcriptional output (# mRNA in cells)
Gene | Correlation coefficient (r) | p value
mpk-1 | 0.8214 1.9340x10°1¢
lag-1 0.3807 2.3929x10%®
lag-3 0.8074 3.9855x10%
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Figures and legends:

. Transition Early
Progenitor Zone Zone Pachytene
GSCs primed for overt differentiation
differentiaton
B GSC sperm/oocyte meiotic o .
L N ogenesis
self-renewal decision progression
niche
signaling @.1 et ‘
2 [ lag-3 2 P
C — >
e e [EAE T COTUEE T e et 0l (-
mpk-1b

I |
* I - 1

5725 bp deletion

e mpk-1a {Hj— -

D [ T Y Il [ 10 11
lag-1a | +—i

500%p lag-1d [Il—H—3 0
E | [] I T A O I A I R | 1]} [ mi
lag-3a : c3243.7) = .

500 bp 6062 bp deletion lag-3b = . . ._-

Figure 1: C. elegans germline anatomy and key regulatory genes. A. Left, adult hermaphrodite with two U-shaped
gonadal arms (in color) that consist largely of germ cells maturing along a distal-proximal axis. In the distal gonad
(red square), germline progenitors divide mitotically (yellow) and then enter meiotic prophase (green); in the
proximal gonad, germ cells differentiate into sperm (blue) or oocytes (pink). Right, distal gonad. A single-celled
somatic niche (grey) maintains germ cells in a naive stem cell state (GSCs). The Progenitor Zone (PZ) includes GSCs
within the niche and their daughters primed to differentiate; more proximally, germ cells enter meiotic prophase
(green crescents). Transitions between germ cell states are marked as dashed lines. B. Regulators relevant to this
work. Color scheme as in A. The lag-1 and lag-3 genes encode niche signaling components, the LAG-1 CSL DNA
binding protein and LAG-3 Mastermind-like transcription factor (Christensen et al., 1996; Petcherski and Kimble,
2000); mpk-1 encodes MPK-1 ERK/MAP kinase, which promotes sperm fate specification, meiotic progression, and
oogenesis (Arur et al., 2011; Church et al., 1995; Min Ho Lee et al., 2007; Lopez 3rd et al., 2013; Morgan et al.,
2013). C-E. Architecture of genes encoding key regulators. Boxes, exons; lines, introns. Gene-specific colors in
exons denote coding regions and grey indicates untranslated regions (UTR). The direction of transcription is the
same for all genes (arrow in C). Short vertical lines above genes indicate sites of individual probes in the probe sets
used for smFISH; these probe sets target either the large first intron (green) or all exons (magenta). Red asterisk
marks site of a 1 bp frame-shifting insertion in the mpk-1b first exon, a mutant used as a control for mpk-1 exon
probe specificity. Deletions in mpk-1 and lag-3 long first introns were used to test for intron probe specificity. The
lag-1 gene makes four isoforms (lag-1a-d); lag-1a-c differ in size of exons 2 and 3 and for simplicity, lag-1a is
shown to represent lag-1a-c. The lag-3a first intron contains a predicted ncRNA C32A3.7.
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587 Figure 2: Identification of two types of active transcription sites. A-C. Maximum projections of smFISH images.
588 Left, intron probe set signals (green); middle, exon probe set signals (magenta); merge of both signals with DAPI
589 (cyan). Scale bar =5 um. D. Two classes of active transcription sites (ATS). Left, images; right, cartoons. A cATS
590 (complete ATS) is seen by overlapping intron and exon signals; an iATS (incomplete ATS) is seen by a unique intron
591 signal. E. ATS numbers, regardless of type, detected with either the intron probe set (intron) or the exon probe set
592 (exon) for each gene. Overlaps of the intron-detected and exon-detected spots were not determined in this

593 analysis. To test if high intron detection reflected fluorophore bias, the fluorophores conjugated to the original
594 mpk-1 intron and exon probes were swapped. *****p<0.0000001, Student’s t-test.
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Figure 3: Transcription of mpk-1, lag-1 and lag-3 in the distal progenitor zone. A. Gonadal region scored (dashed
red box) extends 12 germ cell diameters (gcd) into the progenitor zone (PZ) from the niche (grey). Numbers
indicate position as gcd along the distal-proximal axis from the distal end, according to convention; MATLAB scores
position in um from the distal end, with each gcd averaging ~4.4 um in this region (Lee et al., 2016). B-D and F-K. x-
axis represents position in gcd (top) and um (bottom). Number of gonads scored for each gene: mpk-1, n = 37; lag-
1, n=36; and lag-3, n = 32. B. Transcriptional probability measured as percentage of cells with at least one ATS,
including iATS and cATS. Line plots derived from data in Figure S6(A-C). Total number of cells scored: mpk-1, n =
6065; lag-1, n =5981; and lag-3, n = 4472. C. Transcriptional output measured as total number of nascent
transcripts at cATS, per cell row. We limited analysis to nascent transcripts at cATS, as explained in text and
detailed in Methods. Line plots derived from data in Figure S6(G-l). D. Transcriptional output measured as total
number of cellular mRNAs per cell row; mRNAs in rachis were excluded. Germ cell boundaries were determined
from MATLAB-generated Voronoi cells as described in Methods. Line plots derived from data in Figure S6(J-L).

Data for number of mRNA per cell in Figure S6(M-0). E. Detection of RNAs at iATS (above) and cATS (below). iATS
are seen uniquely with the intron probe set whereas cATS are seen with overlapping exon and intron probe sets.
The intron probe set spans 77% of the full-length transcript (excluding 3'UTR); by contrast, the exon probe set
spans only 23%. F-H. iATS and cATS frequencies as a function of position. Each bar shows percentage of total ATS
that are cATS (darker bars) or iATS (lighter bars). Numbers of total ATS (cATS plus iATS) scored: mpk-1, n = 5699;
lag-1, n = 6610; and lag-3, n = 4200. Standard errors are shown. I-K. Measures of transcription taken from panels
above and combined to highlight patterns of graded increase, decrease, or relative uniformity; individual lines
represent quite different measures and specific values are therefore not comparable. Transcriptional probability
(gray line) from panel 3B; cellular mMRNA abundance per row (dashed line) from panel 3D; cATS frequency (dark
colored line) and iATS frequency (lighter colored line) from panels 3G-I. See original panels for y-axis data ranges.
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Figure 4: Transcription of mpk-1, lag-1 and lag-3 in the Early Pachytene region. A. Gonadal region scored in this
figure (dashed red box) extends 12 gcd into the early pachytene region (EP) from the TZ/EP boundary. Numbers
mark position or cell row, measured in gcd and starting at the TZ/EP boundary; MATLAB scores position in um from
the same boundary with each gcd averaging ~4.4 um in this region. See Figure S7 for smFISH images. B-J.
Quantification of transcripts as a function of position, per cell row. Number of gonads analyzed for each gene:
mpk-1, n = 36; lag-1, n = 36; and lag-3, n = 37. x-axis represents cell position as gcd (top) and um (bottom) from the
TZ/EP boundary. B. Percent cells with one or more ATS, either cATS or iATS. Total cell number scored: mpk-1, n =
6249; lag-1, n =6064; and lag-3, n = 4625. Line plots from data in Figure S8(A-C). C. Transcriptional output
measured as total nascent transcripts at cATS per cell row (see text and Methods). Line plots from data in Figure
S8(G-I). D. Transcriptional output measured as total number of mRNAs in cells per row; mRNAs in rachis were
excluded. Cells were defined as described in Figure 2D. Line plots from data in Figure S8(J-L). Data for number of
MRNA per cell in Figure S8(M-0). E-G. iATS and cATS frequencies as a function of position. Bars show percentages
of total ATS that are cATS (darker bars) or iATS (lighter bars). Total number of ATS (either cATS or iATS) scored:
mpk-1, n =5749; lag-1, n = 10118; and lag-3, n = 4730. H-J. Measures of transcription taken from panels above
and combined to highlight patterns; individual lines represent quite different measures and specific values are
therefore not comparable. Transcriptional probability (gray line) from 4B. Number of mRNA in cells (dashed
colored line) from 4D. The cATS frequency (dark colored line) and iATS frequency (lighter colored line) from data in
4E-G. See original panels for y-axis data ranges.

17


https://doi.org/10.1101/2020.06.23.167338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.23.167338; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

638
—> C
L T I A A T O O A RO A T T /| .
mpk-1b - S——
P I * - e
5'A mid A 3'A ns ns
500bp large A ' g _ 30 - ns s
c T - |
B 8525y | T
Variant % fertile 15°C n % fertile 20°C n % fertile 25°C n g = E E * I T
i
WT 99 100 97 100 93 100 8 % 20 i T B
5 £ i i
5'A 100 100 98 100 90 100 S8154 | o
==
mid A 99 101 96 133 78 101 §310] Lo
D5
3'A 100 100 96 100 98 100 B _i_
o 5 T T T T T
large A 96 100 95 100 82 100 WT 5A midA 3'A large A
D gcd from distal end E gcd from distal end F gcd from distal end G gcd from distal end
5100 8 10 12 5100 10 12 £ 100 10 12 £ 100 8 10 12
» mm cATS » i cATS P mid A mm cATS » 3'A mmm cATS
2 mmiATS 2 mmiATS 2 mmmiATS 2 mmmiATS
g 80 g 8 g 80 g 80
o o 3 o
= = =1 =
E,' 60 E,' 60 g 60 E,' 60
& & & &
(7] (7] (7] (7]
= = = =
5 40 5 40 g 40 I 5 40
2 2 2 2
S 20 S 2 S 2 S 2
(7] (7] (2] (7]
T 0 < o Z 0 I 0
3 0 60 ] 60 o 0 10 20 30 40 50 60 o 0 60
um from dlstal end um from dlstal end pm from distal end pm from dlstal end
H gcd from distal end I gcd from distal end J gcd from distal end K gcd from distal end
100 0 2 4 6 8 10 12 100 0 2 4 6 8 10 12 100 0 2 4 6 8 10 12 100 0 2 4 6 8 10 12
mpk-1 mpk-1 mpk-1 mpk-1
S I 80 5 A I %0 mid A T 8 3'A
g g - g ) g
c c 60 c c 60
o o 3 o
F F] S F] .
T =3 =3 T -
e o 401 . L o 401
- - W - - B
2 2 2 2
< < 20 < 20 < 20
(3] (3] o (3]
0 0 10 20 30 40 50 60 0 0 10 20 30 40 50 60 0 0 10 20 30 40 50 60 0 0 10 20 30 40 50 60
639 pm from distal end pm from distal end pm from distal end um from distal end
640

641 Figure 5: mpk-1 intron deletion mutants and their effects. A. CRISPR-induced deletions in large first intron of the
642 endogenous mpk-1 locus. Conventions as in Figure 1. Barred lines show extent, position, and name of each

643 deletion. Each smaller deletion is ~1 kb and the large A is ~ 5.7 kb. Red asterisk marks site of 90 bp motif removed
644 by the 5’ A. B. Effects of intron deletions on fertility. Mutants were scored for production of embryos at 15°C,
645 20°C, and 25°C. C. Effects of intron deletions on Progenitor Zone length, scored as number of gcd from the distal
646 end to formation of DAPI-stained crescents marking entry into meiotic prophase, by convention. Number PZs
647 counted: WT, n=22; 5" A, n=26; mid A, n=12; 3’ A, n = 16; large A, n = 21. Student’s t-test determined statistical
648 significance. ***, p <0.00001. D-K. iATS and cATS frequencies as a function of position in the Progenitor Zone
649 (dashed red box in Figure 2A). Mutants and wildtype were grown and assayed in parallel under the same

650 conditions; number of individual probe binding sites removed was roughly equivalent for all three small deletions
651 (Table S1). Extended intron data in Figure S9. Number gonads scored: wildtype, n =16; 5" A, n =19; mid A, n = 20;
652 and 3’ A, n = 19. D-G. Bars show percentages of total ATS that are cATS (darker bars) or iATS (lighter bars) as a
653 function of position. Total number ATS scored: wildtype, n =2334; 5" A, n = 2305; mid A, n =3086; and 3’ A, n =
654 2355. H. cATS frequency in wildtype control done in parallel with mutants (dashed purple line) compared to cATS
655 frequency in wild-type from Figure 3 (solid purple line). I-K. cATS frequency of each mutant (solid line) compared
656 to wildtype control (dashed purple line).
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Figure 6: mpk-1 ATS pattern in males. A. Male germline architecture. Males have two somatic niche cells (gray).
Male progenitor and transition zones are longer than in hermaphrodite (Morgan et al., 2010), but male GSC pool
sizes are similar in the two sexes (Crittenden et al., 2019). Red boxes, regions analyzed by smFISH, the first 12 cell
rows of the PZ and the first 12 cell rows of early pachytene (EP) region. B & D. PZ data, conventions as in Figure 3.
Number of gonads, n = 24. C & E. EP data, conventions as in Figure 4. Number of gonads, n =22. B & C. iATS and
cATS frequencies as a function of position in the PZ (B) and EP (C). Bars show percentages of total ATS that are
cATS (darker bars) or iATS (lighter bars). Total number of ATS scored in PZ = 2195, and in EP = 1350. D & E. Male
mpk-1 cATS frequency (solid purple) compared to hermaphrodite cATS frequency (dashed purple) in the PZ (D) and
EP (E). Hermaphrodite data taken from Figure 3J for PZ and Figure 4H for the EP.
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671 Figure 7: Models for ATS class regulation in development. A. Molecular model of iATS, left, and cATS, right.
672 Above left, iATS hybridize uniquely to intron probe set; above right, cATS hybridize to both intron and exon probe
673 sets. Below left, nascent transcripts at iATS are proposed to consist of the first exon (Ex1) plus much of the long
674 first intron, but not more downstream exons (Ex2-7). Below right, nascent transcripts at cATS are proposed to
675 include both the first exon, the long first intron and downstream exons. See Discussion for possible mechanisms
676 that may be regulated to create these two ATS classes. B. Models for developmental effects of mpk-1 ATS class
677 regulation. Above, hermaphrodite (left) and male (right) gonads, using conventions as in Figure 1A. Below,

678 patterns of mpk-1 ATS class frequency and mpk-1 gene expression. Patterns of cATS frequency and mRNA numbers
679 are from this work (solid lines, dashed lines are extrapolated); patterns of MPK-1 protein abundance (purple

680 shading) was reported earlier (Min Ho Lee et al., 2007). See Discussion for biological relevance of sexually

681 dimorphic ATS class patterns.
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